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Internal Tandem Duplication in FLT3 Attenuates Proliferation and
Regulates Resistance to the FLT3 Inhibitor AC220 by Modulating
p21¢dn1a and Pbx1 in Hematopoietic Cells
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INTRODUCTION

Internal tandem duplication (ITD) mutations in the Fms-related tyrosine kinase 3 (FLT3)
gene (FLT3-ITD) are associated with poor prognosis in patients with acute myeloid leukemia
(AML). Due to the development of drug resistance, few FLT3-ITD inhibitors are effective
against FLT3-ITD" AML. In this study, we show that FLT3-ITD activates a novel pathway
involving the cyclin-dependent kinase inhibitor p21€%™2 (p21) and pre-B cell leukemia
transcription factor 1 (Pbx1) that attenuates FLT3-ITD cell proliferation and is involved in the
development of drug resistance.

MATERIALS AND METHODS

Animals

Specific pathogen-free female C57BL/6 mice, were purchased from CLEA Japan, Inc.
p217" mice were provided by Dr. H.E. Broxmeyer of the Indiana University School of Medicine.
All experiments with animals in this study were approved by the Ethics Committee for Animal
Experimentation of Shimane University and they were handled according to our institutional
guidelines.

Cell culture, plasmid transfection, retroviral transduction and shRNA knockdown

Ba/F3 cells expressing wild-type FLT3 or FLT3/ITD (N51) obtained from a patient with
AML were provided by Dr. D. G. Gilliland of Harvard Medical School. Retroviral transduction
of human wild-type FLT3 and N51-FLT3-ITD in an MSCV-IRES-EGFP vector into mouse bone



marrow cells was performed. After sequential infections, the GFP* cells were sorted using a
fluorescence-activated cell sorting (FACS) Aria II were cultured in semisolid methylcellulose or
0.3% agar without hematopoietic growth factors. Colony formation was scored after 7 or 14 days.
In replicate liquid cultures, cells were stained for c-kit, Sca-1 and standard lineage markers at the
time of plating or after incubation in liquid culture. For shRNA-mediated knockdown of Pbxl,
bone marrow cells from the p21™* and p21”- mice were transduced with a control shRNA or
Pbx1 shRNA using a pSINsi-mU6 plasmid. To transduce shRNAs targeted against p2/ and/or
PbxI into the FLT3-ITD* Ba/F3 cells, non-transfected Ba/F3 cells were transduced with
MSCV-FLT3-ITD (N51)-EGFP using a retrovirus. The GFP-positive cells were sorted and
electroporated with a p2/ shRNA that had been cloned into the pBAsi-mU6 Pur DNA vector.
Stable transformants were selected with puromycin. The cells were subsequently transfected with
a pSINsi-mU6 plasmid containing a Pbx! shRNA, and G418-resistant cells were selected and
used for the analyses.

cDNA microarrays and quantitative RT-PCR
Following transduction of N51-FLT3-ITD in MSCV-IRES-EGFP into lineage negative

bone marrow cells obtained from p21** and p21”" mice, the GFP', c-kit", Sca-1%,
lineage-negative (KSL) cells were isolated by FACS. Freshly isolated control KSL cells from the
same donors were used for the subsequent comparisons. The sorted cells were subjected to a
differential mRNA microarray analysis, which was performed by Miltenyi Biotec. In separate
experiments, the total RNAs isolated from sorted p21** and p217- KSL cells, with or without
FLT3-ITD, were reverse transcribed and subjected to quantitative RT-PCR (Q-RT-PCR).

Statistical analysis

The data are expressed as the means + standard errors of the mean (SEM). Significant

differences were determined using a two-tailed Student’s #-test in Microsoft Excel™ .

RESULTS AND DISCUSSION

The ectopic expression of FLT3-ITD significantly enhanced growth factor-independent cell
proliferation and up-regulated p21 expression in both mouse bone marrow KSL cells and Ba/F3
cells. The loss of p21 expression enhanced growth factor-independent proliferation and
sensitivity to cytarabine (Ara-C) as a consequence of concomitantly enriching the S+G>/M phase
population in FLT3-ITD" cells. These data suggest that although FLT3-ITD enhances the growth
factor-independent proliferation of the cells, the concomitant increase in p2l expression
attenuates their proliferation.

To identify the potential mechanisms by which p21 attenuates the proliferation of
FLT3-ITD*KSL cells, we compared the gene expression profiles of p21™*and p217- FLT3-ITD*
KSL cells. P21 deletion in FLT3-ITD* KSL cells resulted in the modulation of the expression

levels of 111 mRNAs that were either unaffected or differentially regulated in normal bone



marrow KSL cells. Of these 111 genes, 12 were deregulated in human AML stem cells. The
transcription factor Pbx1, which regulates the function of hematopoietic stem and progenitor
cells and is deregulated in AML stem cells, was up-regulated in FLT3-ITD* KSL cells upon p21
deletion. However, Pbx1 was not affected by p21 deletion in normal KSL cells. The enhanced
cell proliferation following the loss of p21 was partially abrogated when Pbx1 expression was
silenced in FLT3-ITD" primary bone marrow colony-forming cells and Ba/F3 cells. These data
suggest that the p21-mediated inhibition of the proliferation of FLT3-ITD" cells is mediated, at
least in part, by Pbx1.

When FLT3-ITD was antagonized with AC220, a selective inhibitor of FLT3-ITD, p2/
expression was decreased and a rapid decline in the number of viable FLT3-ITD" Ba/F3 cells;
however, the cells eventually became refractory to AC220. Overexpressing p21 in FLT3-ITD*
Ba/F3 cells delayed the emergence of cells refractory to AC220, whereas p21 silencing
accelerated their development, suggesting that blocking p21 by FLT3-ITD inhibition facilitates
the emergence of FLT3-ITD" cells that are refractory to AC220. These data indicate that
targeting FLT3-ITD can eradicate growth-inhibitory signals by inhibiting p21 expression,
thereby potentially contributing to FLT3-ITD* AML progression.

Our data suggest that the deregulation of p21 expression in FLT3-ITD" cells contributes to
resistance to chemotherapy in two distinct ways. FLT3-ITD" cells undergo quiescence by
up-regulating p21 expression, which enhances their resistance to conventional chemotherapeutic
drugs, such as Ara-C. In contrast, the disruption of the expression and/or function of p21
resulting from FLT3-ITD inhibition contributes to the emergence of FLT3-ITD" cells that are
refractory to FLT3-ITD inhibitors. This result suggests that antagonizing p21 function can
sensitize FLT3-ITD" cells to chemotherapy, whereas activating p21 may aid in inhibiting the
development of FLT3-ITD" cells that are refractory to FLT3-ITD inhibitors.

CONCLUSION
We demonstrate that FLT3-ITD attenuates FLT3-ITD" cell proliferation by modulating the

p21/Pbx1 axis. Although the FLT3-ITD-mediated increase in p21 expression increases resistance

to Ara-C by reducing cell cycle progression, disruption of p21 expression using an FLT3-ITD
inhibitor accelerates the development of refractory FLT3-ITD" cells. These results suggest that
the deregulated expression of p21 and/or Pbx1 by FLT3-ITD likely contributes to the refractory
phenotype of FLT3-ITD" AML cells. P21 and/or PBX1 may represent additional therapeutic
targets for patients with FLT3-ITD" AML, particularly those who are refractory to FLT3-ITD
inhibitors.
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