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Abstract

FLT3 is one of the most frequently mutated genes in acute leukemias. However, the role in
leukemogenesis of wt FIt3, which is highly expressed in many hematological malignancies, is
unclear. We show here that in mouse models established by retroviral transduction of leukemic
fusion proteins deletion of FIt3 strongly inhibits MLL-ENL and to lesser extent p210BCR-ABL_
induced leukemogenesis, but has no effect in MLL-AF9 or AML1-ETO9a models. FIt3 acts at the
level of leukemic stem cells (LSCs), as a fraction of LSCs in MLL-ENL, but not in MLL-AF9-
induced leukemia, expressed FIt3 in vivo, and FIt3 expression on LSCs was associated with
leukemia development in this model. Furthermore, efficiency of MLL-ENL, but not of MLL-AF9-
induced leukemia induction was significantly enhanced after transduction of FIt3* compared to
FIt3™ wt myeloid progenitors. However, FIt3 is not required for immortalization of bone marrow
cells invitro by MLL-ENL and does not affect colony-formation by MLL-ENL LSCs in vitro,
suggesting that in vitro models do not reflect the in vivo biology of MLL-ENL leukemia with
respect to FIt3 requirement. We conclude that wt FIt3 plays a role in leukemia initiation in vivo,
which is, however, not universal.
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INTRODUCTION

Leukemogenesis is a multistep process involving genomic rearrangements that generate
aberrant transcription factors or signaling proteins, mutations in tumor suppressors or genes
encoding signaling proteins, epigenetic changes, and dysregulated microRNA function and
expression[1]. FLT3, a receptor tyrosine kinase expressed on early multipotential and
lymphoid hematopoietic progenitors in the mouse and also on HSCs in humans[2-5], is one
of the most frequently mutated genes in AML. Mutations cause constitutive activation, and
are often associated with worse prognosis[2]. FLT3 inhibitors have thus far shown
disappointing clinical results[6, 7]. The role of wild-type (wt) FIt3 in leukemogensis has not
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been examined in depth, however. Wt FLT3 is highly expressed in many hematological
malignancies[2], in particular acute myeloid (AML) and lymphoid (ALL) with MLL (Mixed
Lineage Leukemia) rearrangements[8-10]. Furthermore, FIt3 kinase blockers induce
apoptosis in some MLL cell lines with high wt FLT3 expression or with mutated FLT3[11].
In contrast, another report showed minimal cytotoxicity of FLT3 inhibitors in infant ALL
with MLL rearrangements in vitro[10]. These studies focused on leukemic blasts and on cell
lines however, and not on in vivo models of leukemic stem cells[8]. In acute (AML) and
chronic (CML) myeloid leukemias, leukemic stem cells (LSCs) are critical for initiation and
propagation of leukemia[12]. Targeting the LSC is likely critical to achieve complete
molecular remission and cure of leukemia[13, 14]. Data on the role of wt FIt3 signaling in
leukemogenesis in vivo are conflicting. Overexpression of wt FIt3 collaborates with NUP98-
HOX in the induction of AML in mice, suggesting a role in pathogenesis[15]. However,
latency and mortality of leukemia after transplantation of FIt3~/~ and wt BM transduced
with MLL-ENL [16], MLL-CBP [16], and Meis/Hoxa9 [17], downstream targets of several
MLL fusion proteins[18-20], was similar, arguing against a pathogenic role of wt FIt3 in
vivo in this model. Given this controversy, we examined the role of wt FIt3 in
leukemogenesis more closely.

MATERIALS AND METHODS

Mice

C57BL/6J mice (CD45.2* B6) were purchased from The Jackson Laboratory and C57BL/
6.SJL-PtprcaPep3b/BoyJ (CD45.1* B6) mice from the National Cancer Institute. FIt37/~
mice were obtained from Dr. I. Lemischka (Mount Sinai School of Medicine). Animals were
housed in a specific pathogen-free facility. Experiments and animal care were performed
with approval from the Institutional Animal Care and Use Committee of Mount Sinai School
of Medicine and Columbia University Medical Center.

Mouse genotyping

PCR genotyping of FIt3~ ~ mice was performed with primers for wild type allele (FIt3F 5’-
tccacgttgttcectctace-3’, FIt3R 5’-tatgtgggcaatttggcetct-3’) and for mutant allele (Neo514F 5°-
tgcegegctgttetectet-3’, Neol164R 5’-aagcggccattttccaccat-3°).

Antibodies and cytokines

FITC-conjugated anti-B220, PE-conjugated anti-FLT3, -Mac1, -1gG2a, and 1gG1, PECy7-
conjugated streptavidin, APC-eFluor 780-conjugated anti-c-kit, -CD45.1, and APC-
conjugated anti-B220 were purchased from eBiosciences. PE-conjugated anti-CD16/32 and
-B220, PerCP-Cy5.5—conjugated anti-CD45.2, -B220, -hNGFR, and -streptavidin, APC-
conjugated anti-c-kit and -Gr1, APC-Cy7-conjugated anti-CD19, Pacific Blue-conjugated
anti- B220, Alexa Fluor 647-conjugated anti-pSTAT5(pY694), and -CD34, and biotinylated
anti-hNGFR were purchased from BD Biosciences, PECy7-conjugated anti-CD150, Pacific
Blue-conjugated anti-Scal were purchased from BioLegend. Biotinylated Mouse Lineage
Mixture (MLM15) was purchased from Invitrogen. Biotinylated anti-Thy1.1 was purchased
from Southern Biotech. Recombinant mouse SCF, IL-11, IL-6, IL-3, FIt3L, and GM-CSF
were purchased from PeproTech.

Cell sorting and flow cytometry

Bone marrow (BM) cells were prepared by flushing or crushing the femora and tibia of mice
with cold DMEM (Cellgro) containing 2% FBS (Atlanta Biologicals) and penicillin/
streptomycin (Cellgro). BM cells were stained and isolated using FACSAriall (Beckon
Dickinson), MoFlo (CytoMation) sorters, or InFlux cell sorter (Beckon Dickinson). Flow
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cytometric analysis was performed on a 5 or 6-laser LSRII or on a 3-laser FACSCantoll
with DiVa software (BD Biosciences) and analyzed using FlowJo software (Tree Star). For
analysis of BrdU incorporation, cells were exposed to BrdU for 2 hours and then fixed,
treated with DNase to expose BrdU epitopes, and stained with APC-conjugated anti-BrdU
antibodies (BD Biosciences) as recommended by the manufacturer.

In vitro culture

Cells were plated in triplicate in 35-mm non-tissue culture plates in 1.5% methylcellulose
(Sigma) with IMDM (Cellgro) containing 30% FBS (Atlanta Biologicals), IL-3 (10ng/ml),
SCF (50ng/ml), IL-6 (10ng/ml), GM-CSF (10ng/ml), and / or FIt3L (50ng/ml). Colony
formation was scored after 7 days. Immortalized cells isolated from tertiary round
methylcellulose cultures were maintained in RPMI11640 (Cellgro) with IL-3 (6 ng/ml), IL6
(10 ng/ml), SCF (20 ng/ml), GM-CSF (10 ng/ml), with or without FIt3L (10 ng/ml).

Plasmid construct and retroviral transduction

pMSCV-MLL-ENL and pMSCV-AML-ETO9%a-IRES-GFP were purchased from Addgene.
pPMSCV-MLL-AF9-IRES-YFP and pMSCV-p210BCR-ABL_IRES-hNGFR were obtained
from Dr. Y. Aifantis (Howard Hughes Medical Institute, New York University School of
Medicine). Murine FIt3 coding region (NM_010229.2) was synthesized by GenScript and
cloned into pUC57 plasmid. cDNAs were cloned into pMSCV-IRES-GFP or pMSCV-IRES-
hNGFR backbones. Plasmids were transfected into Plat-E cells (Cell Biolabs) with
Lipofectamin LTX (Invitrogen). For retroviral transduction, 6 to 8-week old donor mice
were injected with 150 mg/kg, IP, of 5-fluorouracil (Sigma). After 5 days BM cells were
cultured in RPMI11640 with IL-3 (6 ng/ml), IL6 (10 ng/ml), SCF (20 ng/ml), IL11 (10 ng/
ml) for 24 hours, followed by incubation with viral supernatant and 4 pug/ml of polybrene
(Sigma). Plates were then centrifuged at 2500 rpm for 90 minutes at 30°C.

Quantitative RT-PCR

RNA was isolated using RNAeasy micro kit (Qiagen), and reverse-transcribed using
SuperScript 111 (Invitrogen), according to the manufacturer's instructions. Gene expression
were measured by TagMan PCR using Gene Expression MasterMix and Gene Expression
Assays (Applied Biosystems). All probes were purchased from inventoried stocks of
Tagman Gene Expression Assays (Applied Biosystems). 18S RNA was used as internal
control. Thermal cycling conditions included an initial step at 95°C for 10 minutes, followed
by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute on a ViiA 7 Real-Time PCR
System (Applied Biosystems). Comparative Ct method (AACt) was used for analysis. All
samples were analyzed in triplicate.

Transplantation assays

Statistics

Transduced BM cells were injected into lethally irradiated (550 cGy followed by 700 cGy at
3 hours interval) recipient mice. In transplant analysis using immortalized cells or purified
cells, 2.0 x 10° helper BM cells were co-injected. Moribund mice were euthanized and BM
cells were analyzed with flow cytometer to confirm development of leukemia.

Student 2-tailed t test for paired samples was used, and data represent mean + SEM. For
survival analysis, Log-rank (Mantel-Cox) test was used.
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Differential requirement for FIt3 signaling in mouse models of leukemia

FIt3~ ~ and wt littermate BM cells (CD45.2*) were transduced with bicistronic retroviral
vectors expressing p210BCR-ABL AML-ETO9a, MLL-AF9 or MLL-ENL (Fig. S1) and a
reporter gene (YFP, GFP or hANGFR) separated by an internal ribosomal entry site (IRES)
sequence, and transplanted into congenic CD45.1* wt recipients, a well-established strategy
to model human leukemia in the mouse[21-25]. Cell number was adjusted so that a similar
number of transduced (reporter gene expressing) wt and FIt3~ ~ cells were injected in each
independent experiment (table S1).

MLL-ENL and MLL-AF9 induce a myelomonocytic AML [21, 22, 24, 26], consisting of
Mac1*Gr1* cells with intermediate forward and side scatter (Figure 1a). MLL-AF9 induced
leukemia with similarly short latency and 100% mortality after transplantation of both
FIt3~/ ~ and wt littermate transduced BM (Figure 1a). In the MLL-ENL model, however,
only 1 out of 34 recipients of transduced FIt3~ =~ BM developed leukemia while 30% of
recipients of wt littermate BM died (Figure 1a, P=0.005). Transduction efficiency (0.45—
2.13%) and therefore, the number of transduced cells injected (3,600-16,800) were
relatively low in these particular cohorts. Similar data were obtained in cohort (n=10) with
higher transduction efficiency (7%) (Table S1). As latency and mortality are cell dose-
dependent, we performed another repeat experiment with hNGFR as a reporter instead of
GFP, which yielded a much higher transduction efficiency (25.4%), and injected a higher
dose of purified transduced cells (2.5x10°) together with 2x10° helper BM cells. As
expected, latency was much shorter and mortality was 100% when wt BM cells were
transplanted. However, only 20% mortality was observed when FIt3~ ~ BM cells were
transplanted (Figure 1b, solid lines). The lower mortality in mice receiving FIt3~ = MLL-
ENL-transduced BM therefore did not depend on transduction efficiency or dose of
transduced cells. Furthermore, we retrovirally restored FIt3 expression in FIt3~ = BM cells,
and injected 2.5x10° purified FIt3:GFP* MLL-ENL:hNGFR™ cells (Figure 1b, upper
panels). Mortality and latency in these recipients were similar to that of mice receiving
MLL-ENL-transduced wt BM cells (Figure 1b, lower panel). All leukemic cells in these
mice expressed FIt3 on the cell surface (Fig. 1c). Furthermore, FIt3~ = MLL-
ENL:hNGFR*FIt3:GFP* leukemic BM cells expressed more FIt3 mRNA than primary BM
cells, and than FIt3~/ = FIt3~/ ~ MLL-ENL:hNGFR* leukemic BM cells that were not
transduced with FIt3 (Fig. 1d). Overexpression of FIt3 in wt cells did not induce mortality or
leukemia over the observation period (not shown). Together, these data definitively prove
that FIt3 strongly enhances leukemogenesis in the MLL-ENL model, and exclude subtle
variation in genetic background as the reason for the observed differences in MLL-ENL
leukemogenesis in FIt3~ ~ and wt littermate BM.

Similar to the MLL-AF9 model, deletion of FIt3 did not affect latency and mortality in
leukemia induced by AML-ETQ09a, a splice variant of AML1-ETO that induces AML with a
very immature linkit'°F1t3-phenotype in mice[27] (Figure 1a). However, in mice
transplanted with BM transduced with p210BCR-ABL 'which induces a chronic myeloid
leukemia (CML)-like disease with short latency and rapid accumulation of mature
granulocytes, FIt3 deletion prolonged survival (P=0.03, Fig. 1a, pooled data from two
independent cohorts).

We conclude that wt FIt3 plays a role in leukemogenesis, which is, however, not universal.
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Multilineage engraftment of wt and FIt3~/ =~ MLL-ENL BM cells

Although deletion of FIt3 does not affect engraftment of murine HSCs and myelopoiesis [5],
we assessed whether MLL-ENL-transduced FIt3~ = BM cells engrafted. MLL-ENL:GFP*
cells initially established multilineage (T, B and myeloid) hematopoiesis both in recipients
of wt and of FIt3~ ~ BM (Figure 2a,b). In a fraction of recipients of wt cells, the myeloid
MLL-ENL:GFP™* population increased steeply after 15 weeks as leukemia developed.
Although some of these mice displayed relatively high lymphoid reconstitution, lymphoid
leukemia was never observed.

These data rule out the possibility that decreased leukemogenesis by MLL-ENL in FIt3~/ -
BM cells is caused by impaired engraftment of transduced cells.

Differential expression of FIt3 in MLL-ENL and MLL-AF9 LSCs in vivo

To explain the differential role of FIt3 in leukemogenesis, we first examined FIt3 expression
on PB leukemic cells. Both in the MLL-ENL and in the MLL-AF9 model PB leukemic cells
expressed FIt3 (Figure 1a), while in the AML-ETO9a model and the p210BCR-ABL model,
FIt3 was absent. Therefore, the differential FIt3 requirement among these models cannot be
explained by variation in the expression of FIt3 on peripheral leukemic cells.

We next concentrated our studies on LSCs. Human and mouse LSCs have been identified in
populations that are not normally self-renewing, such as granulocyte-macrophage (GMP)
and common myeloid progenitors (CMP) [21-24]. In CML, however, the LSC is derived
from very early progenitors, while the LSC underlying blast crisis bears a GMP
phenotype[14]. We focused on the MLL-ENL and MLL-AF9 leukemia models because of
the nearly absolute difference in FIt3 requirement between them. We defined LSCs here
broadly as lin"Scal~c-kit* cells. Both in MLL-ENL and MLL-AF9-induced leukemia,
virtually all reporter positive lin"Scal™c-kit* cells expressed CD16/32, consistent with a
GMP-like phenotype (Figure 3a). Expression of CD34 was low however, but appeared
somewhat higher in MLL-ENL than in MLL-AF9 cells (Figure 3a). In contrast, the
remaining non-leukemic lin"GFP~ compartment contained LSK cells, while the

lin~Scal kit* fraction showed a normal distribution of megakaryocyte/eyrthroid progenitors
(CD34°CD16/327), CMPs (CD34*CD16/327) and GMPs (CD34*CD16/32*) (not shown).
In recipients of wt BM, leukemic MLL-AF9:GFP™* lin"Scalc-kit* cells were predominantly
FIt3~, while 8 to 45% of leukemic MLL-ENL:GFP™ lin"Scalc-kit* cells expressed Flt3
(Figure 3a,b), a finding consistent with a role for FIt3 in the function of LSCs in the MLL-
ENL, but not in the MLL-AF9 model. We next more carefully analyzed the lin"Scal kit*
compartment in leukemic and non-leukemic mice. Among non-leukemic mice (< 30% GFP*
myeloid cells in the PB and clinically healthy) transplanted with MLL-ENL:GFP-transduced
BM and analyzed between days 90 and 110 (see Fig. 1a), the fraction of lin"Scalc-kit*
cells as a percentage of the total GFP* population was significantly lower in recipients of
FIt3~/ ~ than of wt BM (Figure 3c), supporting a role for FIt3 in the generation of MLL-
ENL-expressing lin"Scal~c-kit* cells. Furthermore, among recipients of MLL-ENL-
transduced wt BM analyzed 90 to 110 days after transplantation, significantly fewer
lin~Scalc-kit* cells expressed detectable FIt3 in non-leukemic than in leukemic mice
(Figure 3d), again supporting a role for FIt3 in the generation of putative LSC in vivo.

To further confirm the role of FIt3 in leukemogenesis, we isolated FIt3* or FIt3~ wt CMP/
GMPs (lin~Scal kit"*CD34*) cells, from wt BM., and transduced these with MLL-ENL:GFP
or MLL-AF9:GFP. We transplanted 2,000 transduced FIt3* or FIt3~ CMP/GMPs with 2x10°
helper BM cells into lethally irradiated syngeneic recipients. Mortality was significantly
higher in mice transplanted with MLL-ENL:GFP*FIt3* CMP/GMPs than in mice
transplanted with MLL-ENL:GFP*FIt3~ CMP/GMPs (Figure 3e, left). In contrast the
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mortality of mice transplanted with FIt3* or FIt3~ MLL-AF9:GFP* CMP/GMPs was similar
(Figure 3e, right). These data demonstrate that FIt3 acts at the level of leukemia-initiating
cells in the MLL-ENL leukemia.

We next examined whether FIt3 is required for leukemia maintenance in the MLL-ENL
model. We isolated FIt3* or FIt3~ MLL-hNGFR™* lin"Scalkit* cells from leukemic mice
and examined their in vivo secondary leukemia-initiating capacity. In contrast to the data
obtained in primary transplantation, however, 1,000 FIt3* and FIt3™ cells were equally
efficient at inducing leukemia and mortality after secondary transplantation (Figure 3f).
These data suggest that FIt3 is not required for maintenance of LSCs, possibly because of
acquisition of secondary mutations.

Taken together, our observations show that FIt3 strongly enhances leukemia initiation in the
MLL-ENL, but not in the MLL-AF9 model, but that FIt3 does not appear required for the
maintenance of LSCs.

MLL-ENL, but not MLL-AF9 increases FIt3 responsiveness of putative LSCs in vitro

BM cells immortalized by MLL-ENL and MLL-AF9 form replatable colonies (AML-CFUs)
in semisolid media[21, 22, 24, 26]. It is believed that AML-CFUs may reflect LSCs in vivo.
We transduced wt and FIt3~ =~ BM cells with MLL-ENL and MLL-AF9 constructs. We
plated MLL-ENL or MLL-AF9 immortalized cells in methylcellulose cultures supported by
IL3, IL6, KL and GM-CSF with or without FIt3L. Cells were subsequently replated in
secondary and tertiary cultures. MLL-ENL:GFP* and MLL-AF9:GFP* cells formed large
colonies, while reporter-negative cells only formed small colonies that showed no replating
capacity (not shown). Serial replating capacity was similar in wt and FIt3~ ~ BM cells both
in the MLL-ENL and MLL-AF9 models, even when FIt3L was present in the cytokine
cocktail. Furthermore, the frequency of colony-initiating cells was similar in wt and FIt3~/ -
BM cells transduced with MLL-ENL or ML-AF9 (Figure 4a). BM cells immortalized in
vitro and propagated in the presence of IL3, IL6, KL, GM-SCF and FIt3L contained a
population of lin“kit™ cells that uniformly expressed CD16/32, while CD34 was low to
absent (Figure 4b). Although it has been shown that AML-CFCs express Mac and Grl in the
MLL-AF9 model[26], AML-CFUs were highly enriched in the lin“kit* fraction in both
MLL-ENL and MLL-AF9-transduced cells (Figure 4c). In contrast to their phenotype in
vivo, however, in vitro propagated lin~kit" cells generated after transduction with either
MLL-AF9 or MLL-ENL did not express detectable FIt3 (Figure 4d), explaining why
addition of FIt3L or genetic deletion of FIt3 did not affect AML-CFU formation in MLL-
ENL-immortalized cells. Finally, similar to normal lin“kit* cells (Fig. 4e, left), among
reporter-positive lin“kit* cells isolated from mice with MLL-ENL leukemia, the FIt3*
fraction was enriched in CFUs even though FIt3L was not present in the growth factor
culture (Figure 4e), right. This is again surprising, as leukemic FIt3* and FIt3~ linkit* cells
show similar leukemogenic capacity in secondary recipients (see Figure 3f). Thus, in vitro
culture of MLL-ENL-immortalized BM cells does not reflect the role of FIt3 in MLL-ENL
leukemogenesis in vivo.

As we have established that FIt3 strongly enhances leukemia-initiation by MLL-ENL, but
not MLL-AF9, we next explored whether these MLL fusions would in turn differentially
affect FIt3 responsiveness. As FIt3 is not expressed on MLL-ENL lin~kit* cells in vitro, we
examined the effect of MLL-AF9 and MLL-ENL on FIt3 responsiveness by transducing
FIt3~ = BM cells with FIt3 and either MLL-ENL or MLL-AF9, and culturing these in liquid
cultures supported by IL3, IL6, GM-SCF, KL with or without FIt3L. In MLL-ENL, but not
in MLL-AF9-immortalized Flt3-expressing cells, addition of FIt3L increased the lin~kit*
fraction (Figure 5a,b). These findings were further corroborated using BrdU pulse (Figure
5¢). FIt3L only enhanced BrdU incorporation in lin~kit* cells expressing FIt3:GFP and
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MLL-ENL:hNGFR, and not in lin"kit" cells expressing FIt3:GFP and MLL-AF9:hNGFR.
Furthermore, FIt3L did not affect BrdU incorporation in lin* cells in either model. To
confirm that overexpression of FIt3 is sufficient to induce activation, we measured
expression of Flt3 and activation of Stat5 by FIt3L. FIt3~ ~ MLL-ENL:hNGFR*FIt3:GFP*
and MLL-AF9:hNGFR*FIt3:GFP™* cells have increased expression of Flt3 (Figure 5d).
When these cells were stimulated with FIt3L, phosphorylation activation of Stat5 was
observed by phosphoflow (Figure 5e), indicating that these expression levels are sufficient
to induce activation of signaling downstream of FIt3.

These data indicate that MLL-ENL, but not ML-AF9 specifically renders putative LSCs
more responsive to the proliferative effect of FIt3, and suggest reciprocal synergy between
FIt3 and MLL-ENL at the level of putative LSCs.

Gene expression in FIt3** and FIt3~/ =~ MLL-ENL lin—Scal~kit* cells

We measured expression of genes involved in the pathogenesis of AML in MLL-
ENL:GFP*lin~Scalkit* cells and MLL-AF9:GFP*lin"Scalkit* cells before the onset of
leukemia (MLL-ENL: between days 60 and 75, MLL-AF9: day 20). The expression of
genes that are induced (MCL1)[28] or suppressed (PU.1, C/EBPa)[29] by FIt3-1TD and not
by wt FIt3, and play a role in FLT3-1TD expressing leukemias was similar in FIt3~ ~ and in
FIt3*"* cells (Figure 6). Surprisingly, however, genes involved in leukemia induced by MLL
fusions were expressed more highly in FIt3~ ~ than in FIt3** MLL-ENL:GFP*lin"Scal kit*
cells. These genes included Pbx2 and Pbx3[20], HoxA genes (HoxA7, HoxA10)[30, 31], and
Axin1[32]. For some, the increase was near significant (Axin2, Hoxa9) [19, 31, 33] (Figure
6). Axins are of interest, as Wnt signaling is required for LSC renewal in leukemias induced
by overexpression of Meis1 and HoxA9 [32], two critical targets of MLL-fusions, including
MLL-ENL[18]. In contrast to MLL-ENL, no differences in gene expression were observed
between FIt3*/* and FIt3~ ~ MLL-AF9 LSCs.

DISCUSSION

We have shown here that FIt3 signaling strongly enhances leukemogenesis in some mouse
models of human leukemia, in particular of MLL-ENL leukemia. In the absence of FIt3,
only rare recipients developed MLL-ENL leukemia, irrespective of the number of
transduced cells injected, and therefore irrespective of latency and mortality, but not in the
MLL-AF9 or AML-ETO9a models. In addition, there was a statistically significant increase
in survival in the p210BCR-ABL model, where disease occurs with very short latency. The
effect of FIt3 on leukemia-induction by MLL-ENL was not due to differences in the genetic
background of FIt3~ ~ and wt mice as FIt3~ ~ mice were fully backcrossed onto the
C57BL/6 background and as wt littermates were used as controls. Furthermore, restoration
of FIt3 expression in MLL-ENL-transduced FIt3~ ~ BM restored its leukemogenic capacity,
while overexpression of FIt3 in wt BM had no effect. Overexpression of FIt3 has been
shown to induce a slowly progressing myeloproliferative disease. The observation period in
our experiments was too short to observe this disease however, as it only becomes detectable
six months after transplantation[34]. Together, these data support the conclusion that FIt3
signaling strongly enhances MLL-ENL, and to a lesser extent p210BCR-ABL
leukemogenesis.

This effect of FIt3 signaling on leukemia initiation in vivo is also not caused by enhanced
engraftment of transduced cells. We found, somewhat surprisingly, that in the period
preceding leukemia development, transplanted MLL-ENL-transduced wt and FIt3~ ~ BM
cells established multilineage hematopoiesis with equal efficiency. This was never observed
before, although in at least one publication[22], there is some evidence of B and T cell
reconstitution, even when mice are leukemic. It is likely that because we used a relatively
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low number of transduced BM cells to induce leukemia in this particular experimental
cohort, latency was long, thus allowing us to observe multilineage reconstitution by
transduced HSCs.

A fraction of MLL-ENL, but not of MLL-AF9, LSCs expressed FIt3, while deletion of FIt3
was associated with a significantly lower frequency of MLL-ENL:GFP* lin~Scal kit*
LSCs. Furthermore, within the cohort of recipients of Wt MLL-ENL-transduced BM where,
due to the low number of injected transduced cells, not all mice developed leukemia,
expression of FIt3 on lin~Scal kit* cells was significantly higher in leukemic than in non-
leukemic mice. These observations suggest that the effect of FIt3 is situated at the level of
LSCs in the MLL-ENL model. This idea was further corroborated by the much higher
efficiency of leukemia induction by MLL-ENL-transduced FIt3* CMP/GMPs than by their
FIt3™ counterparts, while no such difference was observed after transduction with MLL-
AF9. Remarkably however, expression of FIt3 became irrelevant in secondary
transplantations. These data suggest that FIt3 is predominantly required for the
establishment of LSCs in vivo, and not, or less so, for their subsequent maintenance. It is not
excluded that FIt3 becomes dispensable in secondary transplantations because of additional
accumulated mutations that allow maintenance of LSCs in a Flt3-independent fashion.

It is remarkable that a widely used in vitro assay of LSCs, the AML-CFU assay, is not
reflective of in vivo behavior in the MLL-ENL model. Even though ex vivo isolated FIt3*
MLL-ENL* lin~kit* cells were enriched in AML-CFUs, they were as effective as their FIt3~
counterparts at inducing leukemia in secondary recipients. Furthermore, in contrast to LSCs
in vivo, FIt3 is not expressed on lin~Scal kit* cells in cultures of MLL-ENL transduced BM
cells and does not affect AML-CFU potential. The cells are nevertheless capable of
responding to FIt3, as retroviral expression of FIt3 in MLL-ENL-immortalized cells
enhanced their proliferation in response to FIt3L. This was not the case in MLL-AF9-
immortalized cells, again demonstrating the irrelevance of FIt3 signaling for MLL-AF9
leukemia.

The mechanism underlying the differential effect of FIt3 signaling in MLL-ENL and MLL-
AF9 LSCs is not clear. Among MLL rearrangements, MLL-ENL and MLL-AF9 fusion
proteins share overlapping pathogenetic mechanisms, including fusion with a nuclear
protein, interaction with Menin, recruitment of the H3K9 methyltransferase hDOTL1L and
activation of MEIS and HOXA9[31, 35]. Although FIt3 has been shown to be dispensable
for leukemogenesis induced by MEIS/HOXAS9 overexpression[17], we find that FIt3
enhances MLL-ENL, but not MLL-AF9 leukemogenesis. Our data therefore suggest a
partially distinct mechanism of action of MLL-ENL compared to MLL-AF9. A partially
distinct mechanism of action of MLL-ENL and MLL-AF9 is also suggested by the different
distribution of types of leukemia caused by these MLL fusions in humans. MLL-AF9 is
more strongly associated with AML, while MLL-ENL is found in both AML and ALL[35].
As many genes believed to be essential for MLL-induced leukemogenesis are in fact
expressed more highly in FIt3~ ~ than in wt MLL-ENL lin~Scalkit* cells, it is likely that
FIt3 affects a mechanism essential for MLL-ENL, but not for MLL-AF9.

In a recent paper, Albouhair et al. [16] argue that FIt3 does not play a role in MLL-ENL
leukemia. However, the MLL-ENL retroviral plasmid did not contain a reporter gene, and
there is no mention of transduction efficiency. It is therefore not clear that the number of
MLL-ENL positive cells transplanted was similar in FIt3*/* and FIt3~/~ cohorts. As we
showed in Fig.1 and table S1, there is dose dependence in the initiation of MLL-ENL
leukemia. Furthermore, the controls were not littermates. Thus, any differences in
leukemogenic capacity may have been obfuscated. Similar to our data however, Albouhair
et al[16] did not find differences in AML-CFU and in secondary engraftment of leukemias.
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Another recent paper, however, did indicate a role for FIt3 signaling in MLL-AF9 leukemia.
Jiang et al.[36] showed that miR-150 is downregulated in this model, and targets, among
others, FIt3. shRNA inhibition of FIt3 caused a slight delay in mortality, while FLT3-ITD
accelerated leukemia development. However, given its fundamentally different signaling
characteristics[37-39], FLT3-1TD cannot simply be considered a hyperactive form of FIt3.
Furthermore, ShRNAs may have off-target effects, and no data on appropriate controls were
presented. We believe that our data, using BM cells where FIt3 is deleted, convincingly
demonstrate that FIt3 signaling is not required in this model, but strongly enhances
leukemogenesis in the MLL-ENL model.

It is possible that in leukemias where LSCs express FIt3, treatment with FIt3 inhibitors
might be beneficial by targeting LSCs. The clinical efficacy of FIt3 kinase inhibitors has
been disappointing however, although most studies focused on leukemias with mutated FIt3,
which might not be critical for LSC maintenance[6]. Given our evidence that FIt3 plays a
role in leukemia initiation in vivo, rather than maintenance, it is possible that the level of
FIt3 signaling might also predispose to the development of some leukemias. We have shown
previously that FIt3 signaling in HSPCs shows mouse strain-dependent variation[40], and
that a coding polymorphism in the gene, Prdmi6, underlies this variation. Prdm16 allelic
variation regulates FIt3 signaling through modulation of the transcriptional activity of
peroxysome proliferator-activated receptor-y (PPARY), although it is unclear how PPARYy
affects FIt3 signaling[41]. It is interesting to note however that the human populations show
extensive germline coding variation in the same region of Prdm16 (Fig. S2, data extracted
from the HapMap project). It will therefore be of interest to determine whether this coding
variation is associated with leukemia predisposition.

In conclusion, we have shown that FIt3 plays a role in leukemogenesis in the MLL-ENL
model, which is not accurately reflected in AML-CFU assays in vitro.
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Figure 1. Requirement for FIt3 in mouse models of leukemia

(a) Phenotypes of leukemic cells and survival in mice transplanted with non-sorted wt or
FIt3~7 =~ BM transduced with MLL-ENL, MLL-AF9, AML1-ETO9a or p210BCR-ABL
Representative plots gated on reporter-positive cells in PB (when >30%). As FIt3 ~ cells
transduced with MLL-ENL rarely induced leukemia, FIt3 expression in wt MLL-ENL blasts
was compared with GFP*Gr1*Mac1* PB cells from recipients of FIt3~ = BM. (b) Survival
of mice transplanted 2x10° helper BM cells and sorted 2.5x10° wt or FIt3™ ~
FIt3:GFP*MLL-ENL:hNGFR™* or MLL-ENL:hNGFR*-transduced BM cells (isolated
according to the gates in the upper panels). (c) Expression of FIt3:GFP and MLL-
ENL:hNGFR in the PB of leukemic mice transplanted with FIt3~ ~ FIt3: GFP*MLL-
ENL:hNGFR™ transduced BM cells. (d) FIt3 mRNA expression in primary BM cells,

FIt37 =~ BM cells transduced with MLL-ENL:hNGFR, and leukemic cells from mice
transplanted with FIt3~ ~ BM cells transduced with MLL-ENL:hNGFR and FIt3:GFP (n=3).
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Figure 2. FIt3” ~ MLL-ENL:GFP cells establish long-term, multilineage hematopoiesis

(a) Representative flow cytometric analysis of the reconstitution of the PB of recipients of
FIt3~/ = BM transduced with MLL-ENL:GFP 6 weeks after transplantation. (b) Fraction of
MLL-ENL:GFP*, myeloid (Mac1*Gr1*), T (Thy1.1%), and B (B220*) cells in the PB of
mice transplanted with wt or FIt3~ ~ MLL-ENL:GFP-transduced BM cells.
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Figure 3. FIt3 expression on leukemic stem cells

(a) Expression of CD34, c-kit, Scal, CD16/CD32 and FIt3 on leukemic BM lin"Scal kit*
cells in mice transplanted with wt MLL-ENL:GFP and MLL-AF9:GFP-transduced BM. (b)
Fraction of leukemic lin"Scalkit* cells expressing FIt3 in mice transplanted with wt MLL-
ENL:GFP and MLL-AF9:GFP-transduced BM. (c) Fraction of lin“kit* cells among MLL-
ENL:GFP* cells in mice transplanted with wt or FIt3~ ~ MLL-ENL:GFP-transduced BM
prior to the onset of leukemia in recipients of wt BM (90-110 days after transplantation). (d)
Fraction of FIt3* cells in non-leukemic and leukemic (>30% GFP* myeloid cells in PB)
mice transplanted with wt MLL-ENL:GFP-transduced BM. (e) Survival of mice
transplanted with 2x10° helper BM and 2,000 FIt3* or FIt3~ MLL-ENL: GFP* wt CMP/
GMPs (left) or MLL-AF9: GFP* wt CMP/GMPs (right). (f) Survival of mice transplanted
with 2x10° helper BM and 1,000 FIt3* or FIt3~ MLL-ENL: GFP* linkit* cells from
leukemic primary recipients.
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Figure 4. Characteristics of AML-CFUs in vitro

(a) Secondary and tertiary replating efficiency of AML-CFU grown from wt and FIt3~ -
BM cells immortalized MLL-ENL or MLL-AF9 in the presence of IL3, IL6, KL and GM-
CSF, with and without FIt3L (n=3). (b) Expression of CD34, Scal, c-kit, and CD16/CD32
on wt BM cells transduced and immortalized with MLL-ENL:GFP and MLL-AF9:GFP and
cultured for 3 weeks in the presence of GM-CSF, KL, IL3, and IL6. (¢) AML-CFUs in
lin~kit* and lin* cells after immortalization of wt BM cells with MLL-ENL and cultured for
three weeks in the presence of GM-SCF, IL3, IL6 and KL (n=3). (d) Expression of FIt3 on
linTkit* cells immortalized by MLL-ENL or MLL-AF9 and grown in the presence of 1L3,
IL6, KL, GM-CSF, and FIt3L. Red: isotype control. (¢) CFU formation in normal (left) and
leukemic reporter-positive (right) FIt3* and FIt3™ lin~kit* cells isolated from MLL-ENL
leukemic mice (n = 4).

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kamezaki et al.

+FIt3L

a -FIt3L

% lin-kit+ cells

FIBL - + - +

ENL AF9
*
o d *
C L ENL e Ao o
W e
£ s
8 G ¢
=]
%4 4 °
Ez 2 T T T
® @@‘" & & @ &
FitaL + -+ RN " AN
B S

lin+ lin- lin+ lin- < & &
e Fit3™- BM Fit3™~ MLL-ENL* Fit3™- MLL-AF9*
o] P o A
j; i 0 I
[ f
il | © | :‘
.l | 0 w0 f ‘.‘
{1 [ 1
oA . 1
® ?"‘“ﬂ‘ - b T—ry L —
0w 1 w0 [] ¢ w* 0t
WT BM Fit3”~ MLL-ENL*Fita* Fit3”~ MLL-AF9*Fit3*
g £ “1 i 1 i
1 1 - b i |
i il ‘\‘H i
o 1 1" 80 ‘J ‘ g
o] [ |
1 f it [
qol |
o] ‘ | 20 ‘
S S A W— I NN N N
o w w r 1wt o 10 p '
= —— FIt3L+
pStat5 - --- FIt3L-

Figure 5. MLL-ENL enhances FIt3 responsiveness
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(a) Representative example of the effect of FIt3L on the frequency of lin“kit* cells grown in
the presence of IL3, IL6, GM-CSF and KL from FIt3~7 ~ BM cells transduced with MLL-

ENL and FIt3. (b,c ) Effect of FIt3L on the frequency of linkit* cells (b) and BrdU

incorporation in lin* and lin~kit* cells (c) grown in the presence of IL3, IL6, GM-CSF and
KL from FIt3~ ~ BM cells transduced with MLL-ENL or MLL-AF9 and FIt3 (n=4). (d) FIt3
mRNA expression in primary bone marrow cells, FIt3~ ~ BM cells transduced with MLL-
ENL and / or FIt3, and FIt3~ ~ BM cells transduced with MLL-AF9 and / or FIt3. (e) pStat5
expression in primary bone marrow cells, FIt3~ =~ BM cells transduced with MLL-ENL

and / or FIt3, and FIt3~ ~ BM cells transduced with MLL-AF9 and / or FIt3 with or without

FIt3L (50ng/ml) stimulation.
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Figure 6. Gene expression in Wt and FIt3~/~ LSCs

gPCR for genes indicated on top of each panel in MLL-ENL:GFP*lin"Scal kit* BM cells
from mice transplanted with WT and FIt3~ ~ BM cells (60-75 days after transplantation)
(left for each transcript; n=3 triplicate experiments) and MLL-AF9:GFP*lin"Scal kit* BM
cells from mice transplanted with WT and FIt3~ ~ (right for each transcript; n=2 triplicate
experiments) BM cells (20 days after transplantation). * P<0.05.
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