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Abstract

Internal tandem duplications in the fms-like tyrosine kinase receptor (FLT3-1TDs) confer a poor
prognosis in acute myeloid leukemia. We hypothesized that increased recruitment of the protein
tyrosine phosphatase, Shp2, to FLT3-1TDs contributes to FLT3 ligand (FL)-independent
hyperproliferation and STATS5 activation. Co-immunoprecipitation demonstrated constitutive
association of Shp2 with the FLT3-ITD, N51-FLT3, as well as with STATS5. Knock-down of Shp2
in Baf3/N51-FLT3 cells significantly reduced proliferation while having little effect on WT-
FLT3-expressing cells. Consistently, mutation of N51-FLT3 tyrosine 599 to phenylalanine or
genetic disruption of Shp2 in N51-FLT3-expressing bone marrow low density mononuclear cells
reduced proliferation and STATS5 activation. In transplants, genetic disruption of Shp2 in vivo
yielded increased latency to and reduced severity of FLT3-1TD-induced malignancy.
Mechanistically, Shp2 co-localizes with nuclear phospho-STATS, is present at functional
interferon-y activation sites (GAS) within the BCL2L1 promoter, and positively activates the
human BCL2L1 promoter, suggesting that Shp2 works with STAT5 to promote pro-leukemogenic
gene expression. Further, using a small molecule Shp2 inhibitor, the proliferation of N51-FLT3-
expressing bone marrow progenitors and primary AML samples was reduced in a dose-dependent
manner. These findings demonstrate that Shp2 positively contributes to FLT3-1TD-induced
leukemia and suggest that Shp2 inhibition may provide a novel therapeutic approach to acute
myeloid leukemia.
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INTRODUCTION

Acute myeloid leukemia (AML) is a lethal disease with only a 20% cure rate at 5 years post-
diagnosis. Internal tandem duplications (ITDs), in-frame insertions or duplication of several
amino acids near the juxtamembrane domain, in fms-like tyrosine kinase receptor (FLT3),
are seen in approximately 25% of AML patients and confer a poor prognosis (1-3). FLT3-
ITD receptors are constitutively phosphorylated (4-8) and function in a ligand-independent
manner. Despite substantial effort devoted to the development of FLT3 kinase inhibitors, as
single agents, the activity of these inhibitors in AML is limited (9). Therefore, clarification
of the effector molecules promoting transformation or FLT3-1TD-expressing leukemic cells
is needed to identify novel targets for therapy.
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Shp2 is a protein tyrosine phosphatase containing two tandemly arranged SH2 domains at its
amino terminal end (N-SH2 and C-SH2), a central phosphatase domain (PTP), and a
carboxy terminal tail with tyrosine phosphorylation sites (Y580 and Y542) that potentially
regulate its catalytic activity (10-12). Although Shp2 is widely expressed, homozygous
mutant (Shp2—/—) embryonic stem (ES) cells are unable to contribute to hematopoietic
tissues of chimeric mice, suggesting a rigorous requirement for Shp2 in hematopoietic cell
growth (13). Several Shp2 gain-of-function mutations have been described in myeloid
malignancies (14-18), and the Shp2 protein is overexpressed in human AML samples (19).
Given that Shp2 is critical for normal hematopoiesis (13, 20), that dysregulated Shp2
function contributes to myeloid malignancies, and that Shp2 has been shown to interact with
WT FLT3 tyrosine 599 (21), which is commonly duplicated in FLT3-1TDs (1, 4, 7, 22, 23),
a positive role for Shp2 in FLT3-1TD-induced signaling and leukemogenesis is implied;
however, a functional role for Shp2 in oncogenic FLT3-1TD-induced leukemogenesis has
not previously been demonstrated.

The best-described neomorphic signal induced by FLT3-1TDs is constitutive activation of
the transcription factor signal transducer and activator of transcription, STATS5. While WT
FLT3 modestly activates STAT5, cells bearing FLT3-1TDs demonstrate robust constitutive
STATS5 phosphorylation (4-7, 24-26). However, the collaborating molecules promoting
enhanced STATS5 activation are unknown. In vitro studies indicate that Shp2 negatively
regulates both STAT3 and STATS5 (27-32); however, paradoxically, Shp2 plays a positive
role in activating STAT5 phosphorylation and regulating STAT5-responsive gene
expression in mammary epithelial cells (33-36). Furthermore, although Shp2 is
conventionally presumed to be a cytoplasmic signaling protein, robust Shp2 expression has
been detected in the nuclei of human AML samples (19); however, the role of nuclear Shp2
in the setting of AML has never been investigated.

Given the well-documented role of Shp2 in WT FLT3-induced signaling (21, 37-39), in
STAT5-mediated cell growth and gene expression (33-36), and in hematopoietic progenitor
and stem cell function (13, 20, 40-42), we hypothesized that Shp2 contributes to FLT3-1TD-
induced leukemogenesis mechanistically by working with STAT5 to promote STAT5-
responsive gene expression and functionally by contributing to hematopoietic progenitor
proliferation. We demonstrate that Shp2 is constitutively associated with FLT3-1TD and
STATS in FLT3-ITD-expressing cells, that mutation of the previously-defined Shp2-binding
site on FLT3, Y599 (21), reduces FLT3-1TD-induced hyperproliferation and STAT5
phosphorylation, and that genetic disruption of Shp2 increases the latency to FLT3-1TD-
induced malignancy in vivo. We further demonstrate that Shp2 co-localizes with nuclear
phospho-STATS5, that Shp2 is detected at levels similar to that of STAT5 at two functional
STATS5-responsive elements within the human BCL2L1 promoter, and that reduced Shp2
expression results in reduced human BCL2L1 promoter activity. Lastly, we demonstrate that
a novel Shp2 inhibitor, 11-B08, inhibits the proliferation and STATS5 activation of FLT3-
ITD-bearing cells as well as primary human AML samples. Collectively, these findings
demonstrate that the protein tyrosine phosphatase, Shp2, positively contributes to FLT3-
ITD-induced leukemogenesis, and provide mechanistic and functional rationale for targeting
Shp2 as a novel therapeutic modality in AML.
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EXPERIMENTAL PROCEDURES

Cell Lines and Patient Samples

HL60, MV411, or Baf3 cells transduced with WT-FLT3 or N51-FLT3 (43) were utilized for
functional and biochemical studies. For Shp2 knock-down studies, WT FLT3- and N51-
FLT3-transduced Baf3 cell lines or MV411 cells were transfected with a vector encoding U6
polymerase lll-directed Shp2-specific short-hairpin RNA (shRNA) or scrambled ShRNA
(Origene #TR501795) and selected in 1 ug/mL puromycin (Baf3 cells) or 0.25 pg/mL
puromycin (MV411 cells). Blast cells from the bone marrow of individuals with AML were
obtained at the time of diagnostic testing after informed consent. Approval was obtained
from the institutional review boards of Indiana University School of Medicine. Low density
cells were isolated over Ficoll-Hypaque and processed as described previously (44). 11-B08
was synthesized as previously described (45).

Animal Husbandry

Mice bearing floxed Ptpn11 alleles and the Mx1Cre transgene (Shp2floX/flox:MxCre+) (46)
and negative control (Shp2floX/flox-MxCre-) animals received three intraperitoneal injections
with 300 ug polyl:polyC (Sigma, St Louis, MO) to induce Ptpnl1 recombination. Recipient
mice for all transplant assays were F1 (first generation cross between C57BI/6 and BoyJ,
CD45.2+;CD45.1+) and were bred in the Indiana University In Vivo Therapeutics Core. All
mice were maintained under specific pathogen-free conditions at the Indiana University
Laboratory Animal Research Center (Indianapolis, IN) and this study was approved by the
Institutional Animal Care and Use Committee of the Indiana University School of Medicine.

Retroviral Transduction of Murine Bone Marrow Cells

Murine bone marrow low density mononuclear cells (LDMNCs) were retrovirally
transduced (MSCV-WT-FLT3, MSCV-N51-FLT3, MSCV-N51-FLT3Y599F1, MSCV-
N51-FLT3Y599F1/2) as previously described (47). Cells were sorted for enhanced green
fluorescent protein positive (EGFP) using fluorescence activated cell sorting (FACS) and
subjected to 3H-thymidine incorporation assays (48), apoptosis assays, or differentiated to
macrophages for biochemical assays (47).

Immunoprecipitation and Immunoblots

To examine the FLT3-Shp2 interaction, FLT3 was immunoprecipitated with anti-FLT3
(C-20, Santa Cruz Biotechnology) and protein A sepharose beads (CL-4B, GE Healthcare).
Blots were probed with anti-Shp2 (C-18, Santa Cruz Biotechnology) and re-probed with
anti-FLT3. To examine Shp2-STATS interaction, proteins were immunoprecipitated anti-
Shp2 (C-18, Santa Cruz Biotechnology) or with anti-STAT5 (C17, Santa Cruz
Biotechnology), and blots were probed reciprocally with anti-STATS (C17) or anti-Shp2
(C-18), respectively. To examine Shp2 and STAT5 phosphorylation, signals were detected
with anti-phospho-Shp2 and anti-phospho-STATS, respectively (Cell Signaling, Beverly,
MA). Nuclear and cytoplasmic proteins were isolated using NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Scientific). Enrichment of cytoplasmic and nuclear
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extracts was verified by probing with anti-GAPDH (Biodesign International, Saco, ME) or
with anti-PARP1 (A-20, Santa Cruz Biotechnology).

Thymidine Incorporation and Apoptosis Assays

Transduced cells were washed and starved in 0.2% BSA for 4 to 8 hours, depending on cell
type, followed by culture in IMDM plus 10% fetal bovine serum (FBS) in the absence or
presence of indicated growth factors. Cells were subsequently pulsed with 1.0 uCi of [3H]
thymidine for 6 to 8 hours and harvested using an automated 96-well cell harvester (Brandel,
Gaithersburg, MD). For apoptosis assays, transduced EGFP+ bone marrow LDMNCs were
cultured in IMDM plus 2% FBS with DMSO (control) or with 5 uM, 15 uM, or 30 uM II-
B08 and incubated overnight at 37°C. Cells were stained with allophycocyanin (APC)-
conjugated annexin V and propidium iodide (P1) and analyzed by flow cytometry.

Immunofluorescence Confocal Microscopy

MV411 or HL60 cells were loaded into 35 mm glass bottom microwell dishes (MatTek
Cultureware, Ashland, MA), fixed with methanol/acetone (1/1) at —20° C, and air dried at
room temperature. Cells were blocked with 2% BSA, 10% goat serum in PBS, incubated
with anti-Shp2 (BD Biosciences, #610621) or anti-phospho-STATS5 (Cell Signaling
Technology, #9314), secondarily stained with Alexa-647 goat anti-mouse and Alexa-488
goat anti-rabbit, respectively, and counterstained with DAPI 5 pg/mL. Cells were imaged on
Olympus FV1000-MPE confocal/multiphoton microscope (Olympus America Inc, Center
Valley, PA) using UPLAPO 60X W/NA:1.20 objective lens. Samples were scanned at
405nm, 488nm, 635nm excitation wavelength, and images were collected at 461nm, 520nm,
and 668nm emission wavelength, respectively. To quantify the co-localization of Shp2 and
phospho-STATS in MV411 and HL60 cells, co-localization analysis was performed using
Metamorph software (Measure Colocalization plugin, Universal Imaging, Downington, PA).

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitaton assays were performed using a ChlP assay kit (Upstate
Biotechnology, Lake Placid, NY). Extracts were sonicated to shear chromatin DNA
followed by immunoprecipitation using anti-STAT5 (N20, Santa Cruz Biotechnology), anti-
Shp2 (C18, Santa Cruz Biotechnology), or normal rabbit IgG (Millipore). Immuoprecipitates
were washed and eluted with low and high stringency buffers. Histone-DNA crosslinks were
reversed, proteins were digested with proteinase K, and DNA was recovered by phenol/
chloroform extraction. Quantitative PCRs using SYBR green were conducted using forward
primer 5’-CCC AGG GAG TGA CTT TCC GAG GAA-3’ and reverse primer 5’-TCG AAA
GCA CCA GTG GAC TCT GA-3’, which generates a 90-bp band spanning the human
BCL2L1 promoter including two interferon-y activation sites (GAS, consensus sequence
TTCN,-N4GAA) (49). The immunoprecipitated fragments were expressed as a percentage
of the total chromatin used in the sample. Amplified fragments were additionally
electrophoresed on agarose gels to validate fragment size and sequenced for verification of
the predicted BCL2L1 promoter fragment.
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Reporter Assays

Puromycin-selected MV411 cells were transfected with pBCL2L1-L (human BCL2L1
promoter, -356 to -1, cloned into pGL3-basic, Promega, driving luciferase expression) and
pTK-RL (Progmega, internal control), and assays for luciferase and Renilla luciferase were
conducted as previously described (50).

Transplant Studies

Bone marrow LDMNCs were isolated from Shp2floX/flox:MxCre+ animals (C57BI/6
background, CD45.2+) and lineage depleted (Lin-) (EasySep, Stem Cell Technologies,
Vancouver, CA). Lin- cells were retrovirally transduced with MSCV-N51-FLT3 and sorted
to homogeneity as described previously. 1 x 10° transduced cells were injected
intravenously into lethally irradiated (1100 cGy split dose) F1 recipients (CD45.2+;
CD45.1+) with 1 - 1.5 x 10° F1 spleen LDMNCs for radioprotection. Transplanted animals
recovered for 4 — 6 weeks, and then animals were separated into two groups for treatment
with either PBS (positive control animals) or 300 pg polyl:polyC.

Statistical Analyses

For Shp2 knockdown Baf3, MV411, and HL60 cell line studies, unpaired, two-tailed,
Student’s t test was used. For combined data from murine primary cell studies, comparisons
were conducted using random effects ANOVA to deal with repeated measurements within
each independent assay. The P-value for pairwise comparisons was adjusted using Tukey’s
method (51). For transplant studies, malignancy specific survival was analyzed using Kaplan
Meier estimation where malignancy-related death was the pertinent event. Mice alive at the
last day of follow-up were incorporated into the analysis with time to event censored as the
last day known alive. Mice whose deaths were not related to malignancy were also
incorporated into the analysis with time to event censored as the death time. P values were
generated using the log-rank tests. For effect of 11-B08 on primary human AML cell
proliferation, linear mixed effects models with random intercepts were used to evalute the
effects of different 11-B08 concentrations. For all analyses, statistical significance is set at
0.05.

RESULTS

Shp2 is constitutively associated with FLT3 and STAT5 in FLT3-ITD-expressing cells

To examine if Shp2 interaction with FLT3 and STATS5 is enhanced in FLT3-1TD-expressing
cells, we utilized Baf3 cell lines expressing WT FLT3 or a FLT3-1TD termed “N51-FLT3”
which contains an insertion of 7 amino acids (Figure 1A) (22, 26, 52). Shp2 was recruited to
WT FLT3 in a FL-responsive manner (Figure 1B, lanes 1-2), while Shp2 was strongly and
constitutively associated with N51-FLT3 (Figure 1B, lanes 3—-4). Furthermore, the Shp2-
STATS interaction was significantly higher in N51-FLT3-expressing cells compared to WT
FLT3-expressing cells (Figures 1C and 1D), providing biochemical evidence that the
contribution of Shp2 to FLT3-1TD-induced leukemogenesis may be mediated through
interaction with and activation of STAT5.
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Knockdown of Shp2 significantly reduces hyperproliferation of FLT3-ITD-expressing cells

Using Shp2-targeted shRNA, Shp2 expression was reduced by at least 50% in Baf3/WT-
FLT3 and Baf3/N51-FLT3 cells (Figure 1E, lower panel). Baf3/WT-FLT3 cells expressing
Shp2-specific ShRNA demonstrated no reduction in proliferation compared to cells
expressing scrambled shRNA. However, the Baf3/N51-FLT3 cells expressing Shp2-specific
shRNA demonstrated significantly reduced proliferation, implying that FLT3-1TD-bearing
leukemic cells may be more sensitive to Shp2 inhibition than WT FLT3-expressing cells. By
immunoblot, Baf3/N51-FLT3 cells with reduced Shp2 also demonstrated diminished
phospho-STATS5 (Figure 1F). Co-immunoprecipitation assays demonstrated that STAT5 and
phospho-STATS persisted in the FLT3-1TD-containing complex even in the absence of
Shp2 (Figure 1G), indicating that while Shp2 positively contributes to STAT5 constitutive
activation and hyperproliferation in FLT3-1TD-expressing cells, loss of Shp2 does not ablate
STATS interaction with FLT3-ITD.

Genetic disruption of Ptpnll reduces FLT3-ITD-induced hyperproliferation and STAT5
hyperphosphorylation

To corroborate the sShRNA studies, we utilized mice bearing a conditional deletion of
Ptpni1, the gene encoding Shp2. At 4 to 6 weeks of age, the Shp2floX/flox: Mx1Cre* and
Shp2flox/flox:Mx1Cre~ mice were treated with polyl:polyC to induce Cre expression in the
hematopoietic compartment. Figure 2A demonstrates the predicted Ptpn11 allele
recombination and reduced Shp2 expression in bone marrow LDMNCs following
polyl:polyC treatment. Bone marrow LDMNCs were transduced with WT-FLT3 or N51-
FLT3, sorted for EGFP (Supplemental Figure 1), and subjected to 3H-thymidine
incorporation. Similar to that found with shRNA-mediated reduced Shp2 expression, genetic
disruption of Shp2 caused a significant reduction in the proliferation of N51-FLT3-
expressing cells (Figure 2B) and resulted in reduced STAT5 phosphorylation (Figure 2C).

Mutation of N51-FLT3 tyrosine (Y) 599 and duplicated Y599 to phenylalanine (F) reduces
FLT3-ITD-induced hyperproliferation and STAT5 hyperphosphorylation

As reduced Shp2 expression resulted in reduced FLT3-1TD-induced proliferation, we next
examined the functional role of Y599, shown previously to bind Shp2 and promote WT
FLT3 signaling (21). We generated point mutants of N51-FLT3 including N51-
FLT3Y599F1 bearing tyrosine () to phenylalanine (F) mutation at the original Y599, and
N51-FLT3Y599F1/2 bearing Y to F mutation at both the original and duplicated Y599
(Figure 2D). While mutation of the original Y599 alone failed to reduce proliferation or
STATS5 phosphorylation, mutation of both the original and duplicated Y599 significantly
reduced cellular proliferation and phospho-STATS levels (Figure 2E and 2F). Given that
Shp2 has been shown to interact with Y599 of WT FLT3 (21), these findings imply that
Shp2 specifically contributes to FLT3-1TD-induced hyperproliferation, and support a model
whereby increased Shp2 recruitment to FLT3-1TD original and duplicated Y599 residues
promotes STATS hyperactivation.
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Genetic disruption of Ptpnll reduces FLT3-ITD+ malignancy-induced death in vivo

Murine bone marrow cells transduced with FLT3-1TDs have been reported to induce
myeloproliferative disorder (MPD) following transplantation in vivo (26). We hypothesized
that genetic disruption of Ptpnl1l in N51-FLT3 expressing cells in vivo would decrease the
severity of and increase the latency to malignancy-induced death. Lin— bone marrow cells
from Shp2flox/flox:Mx1Cre* animals were retrovirally transduced with N51-FLT3, sorted to
homogeneity, and transplanted into lethally irradiated recipients (Figure 3A). Given that
previous reports indicated that polyl:polyC-induced loss of Shp2 severely inhibited the
engraftment of Shp2floX/flox-Mx1Cre* cells (42), we transplanted animals with N51-FLT3-
transduced cells first, and then treated with polyl:polyC to delete Shp2 (Figure 3A). Four —
six weeks following transplantation, peripheral blood was collected, and animals were
divided into two groups with equal CD45.2 chimerism, EGFP expression, and peripheral
WBC counts for treatment with either phosphate buffered saline (PBS, control animals) or
polyl:polyC (to induce disruption of Ptpn11, experimental animals) (Figure 3A and
Supplemental Figure 2A — 2C).

Animals were followed over 12 months, and spleen and bone marrow were collected for
histopathologic diagnosis at the time of death. PBS-treated animals with histopathologic
evaluation (n=18) all died by 41 weeks post-transplantation (Figure 3C). The majority of
PBS-treated animals died of hematologic malignancy (16/18), either myeloproliferative
disorder (n=8), a mixed myelo-/lymphoproliferative disorder (n=6), or lymphoproliferative
disorder (n=2) (representative histopathology of myeloproliferative disorder [Supplemental
Figure 2D i and 2D ii] and lymphoproliferative disorder [Supplemental Figure 2D iii]). In
contrast, significantly fewer animals with Shp2 deletion (polyl:polyC-treated) succumbed to
malignant disease (10/16) including myeloproliferative disorder (n=8), mixed myelo-/
lymphoproliferative disorder (n=1), and lymphoproliferative disorder (n=1), and displayed
significantly longer survival (Figure 3C). Furthermore, animals with deletion of Shp2 with a
histopathologic diagnosis of malignancy exhibited significantly smaller spleen sizes at the
time of death compared to the PBS-treated animals with malignancy (Figure 3B). Overall,
these findings demonstrate that animals bearing deletion of Shp2 displayed a reduced
severity of and increased latency to N51-FLT3-induced malignancy, as well as a
significantly prolonged survival (Figure 3C).

Shp2 and STAT5 co-localize in the nucleus of FLT3-ITD-expressing cells

To investigate a mechanism of how Shp2 functions to promote STATS5 activation and FLT3-
ITD-induced leukemogenesis, we utilized the human FLT3-1TD positive AML-derived cell
line, MV411, and the human FLT3-1TD negative cell line, HL60. MV411 cells serve as a
good model as they are derived from a human sample, express FLT3-1TD under
endogeneous promoter regulatory elements, and demonstrate the canonical constitutive
hyperactivation of STATS5 found in FLT3-1TD+ leukemias (Figure 4A). Furthermore,
similar to that observed in the Baf3 cell lines stably expressing N51-FLT3 (Figure 1B),
MV411 cells demonstrated constitutive interaction of Shp2 with FLT3, in contrast to the
FLT3-1TD negative HL60 cells (Figure 4B). Although Shp2 is conventionally described as a
cytoplasmic protein, previous studies demonstrated nuclear localization of Shp2 in AML
samples (19). We used a biochemical approach to compare Shp2 and STATS cellular
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distribution between FLT3-1TD-expressing MV411 and HL60 cells. As expected, the
MV411 cells had increased nuclear-localized STAT5 and activated phospho-STATS5 (Figure
4C). Total Shp2 levels were similar in the cytoplasmic and nuclear fractions in both the
MV411 and HL60 cells, consistent with its previously defined obligatory role in
hematopoietic cell growth. However, notably, tyrosine phosphorylated Shp2 (C-terminal
tyrosine 580) was substantially higher in the FLT3-ITD-expressing MVV411 cells in both the
cytoplasmic- and nuclear-enriched fractions compared to the HL60 cells (Figure 4C).

We next utilized in situ immunofluorescence to examine nuclear distribution of Shp2 and
potential co-localization with phospho-STAT5. Consistent with the cell fractionation
studies, nuclear expression of Shp2 was observed in both MV411 and HL60 cells (observe
co-localization of DAPI and Shp2 in both cell types, Figure 5A); however, nuclear Shp2
distribution in the MV411 cells was strongly concentrated in punctated microdomains,
whereas nuclear Shp2 expression in the HL60 cells was smoothly distributed. Furthermore,
upon merging of images, nuclear Shp2 co-localized strongly with nuclear phospho-STAT5
at a significantly higher level in MV411 cells compared to HL60 cells (Figures 5A and 5B).

FLT3-ITD-expressing hematopoietic cells demonstrate increased association of Shp2 at
the BCL2L1 promoter

Given nuclear co-localization between Shp2 and STATS in FLT3-1TD-expressing cells, we
hypothesized that Shp2 may be present in a protein complex with STATS5 at reported
STATS5-regulated gene promoters known to augment leukemic cell growth. We chose to
examine the BCL2L1 promoter, a STAT5-responsive promoter which regulates expression
of the prosurvival protein, Bcl-X . Bel-X_ is particularly relevant to the current studies as its
expression has been shown to contribute to leukemogenesis (53, 54), to be upregulated in
primitive hematopoietic progenitors expressing constitutively activated STAT5 (55), and to
be downregulated in hematopoietic progenitors bearing knockdown of Shp2 expression (56).
Within the human BCL2L1 promoter region, two functional interferon-y activation sites
(GAS) that bind STAT5 and regulate BCL2L1 expression have been defined (Figure 6A)
(49). Serving as a positive control, immunoprecipitation with anti-STATS5 in the MV411
cells resulted in increased amplification of this region compared to the HL60 cells using
ChIP analysis (Figure 6B). Immunoprecipitation with anti-Shp2 yielded levels of the
amplified BCL2L1 promoter region similar to that of anti-STATS5 in the MV411 cells
(Figure 6B), suggesting that Shp2 is within a protein complex binding the BCL2L1 GAS
consensus sequence(s). Amplified PCR products immunoprecipitated with both anti-STAT5
and anti-Shp2 were sequenced to verify the predicted amplified BCL2L1 promoter region
(data not shown). To evaluate the functional implications of Shp2 on the BCL2L1 STAT5-
binding GAS response elements, the human BCL2L1 proximal promoter was assessed for its
ability to direct luciferase expression in the presence and absence of Shp2 in MV411 cells.
In MV411 cells lacking Shp2 expression, STAT5 activation was reduced which correlated
with reduced BCL2L1 promoter activity (Figure 6C). Together, findings from the
immunofluorescence, ChlP, and luciferase assays support a model that Shp2 co-localizes
with STAT5 in a protein complex within the nuclei of FLT3-1TD-expressing hematopoietic
cells to augment pro-leukemogenic gene expression.
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Pharmacologic inhibition of Shp2 reduces FLT3-ITD-induced cellular proliferation,
survival, and STATS5 activation

Given the demonstrated positive role of Shp2 in FLT3-1TD-induced hyperproliferation,
STATS activation, and malignant disease using genetic analyses, we next examined if
pharmacologic inhibition of Shp2 would induce a similar effect. 11-B08 is a Shp2-specific
inhibitor that we recently identified from a library of indole salicylic acid derivatives (45).
Using WT-FLT3- and N51-FLT3-transduced cells, a modest but statistically non-significant
reduction in the proliferation of WT FLT3-expressing cells was observed. However,
proliferation of N51-FLT3-expressing cells was substantially reduced in a dose-dependent
fashion by 11-B08 (Figure 7A). Furthermore, treatment with 11-B08 promoted apoptosis of
N51-FLT3-expressing cells in a dose-dependent manner and to a greater extent than that of
WT FLT3-expressing cells (Figure 7B).

We next examined if pharmacologic inhibition of Shp2 reduced STATS5 phosphorylation,
similar to genetic disruption of Ptpn11 (Figure 2C). Although it was not possible to
determine if 11-B08 treatment reduced WT FLT3-induced STAT5 activation due to
undetectable levels of phospho-STAT5 in the WT FLT3-expressing cells (Figure 7C, lanes 1
—4), 11-B08 clearly reduced the baseline and FL-stimulated phosphorylation of STAT5 in
N51-FLT3-expressing cells (Figure 7C, compare lanes 7 and 8 to lanes 5 and 6). As Y580
phosphorylation has been proposed to promote Shp2 catalytic activity (10, 12), we examined
the effect of 11-B08 on Shp2 Y580 phosphorylation. While Shp2 phosphorylation was
significantly reduced in 11-B08-treated N51-FLT3-expressing cells (Figure 7C, compare
lanes 7 and 8 to lanes 5 and 6), 11-B08 demonstrated no effect on the FL-induced Shp2
phosphorylation in the WT FLT3-expressing cells, consistent with 11-B08 exerting only a
modest effect on the proliferation and survival of WT FLT3-expressing cells (Figures 7A
and 7B).

We additionally found that 11-B08 reduced proliferation of both FLT3-1TD+ and FLT3-ITD
- primary AML samples in a dose-dependent manner in the presence of various
hematopoietic growth factor cocktails (Figure 7D and Figure 7E, compiled proliferation data
from both FLT3-1TD+ and FLT3-ITD- patients combined). Thus, while our studies have
largely focused on the role of Shp2 in a model of FLT3-1TD+ AML, considering that Shp2
is overexpressed in a broad sampling of AML cases (19) and that 11-B08 demonstrates
activity against both FLT3-1TD- and FLT3-ITD+ primary AML samples, Shp2 inhibition is
potentially applicable more generally for novel therapeutics in AML.

DISCUSSION

Acute myeloid leukemia (AML) continues to be an extremely challenging disease to treat,
thus, new mechanisms of disease origination and progression continue to be pursued. A
rational starting point for defining novel disease-inducing molecular aberrations is by
extending the understanding of well-described mutations in AML, such as ITDs within
FLT3. Our initial studies in Baf3 cells transduced with either WT-FLT3 or N51-FLT3
demonstrated constitutive interaction between Shp2 and FLT3 as well as with STAT5 in
N51-FLT3-expressing cells. Using standard knockdown techniques, we observed a
significant reduction in the proliferation of N51-FLT3 transduced Baf3 cells. Our findings
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are in contrast to that of Miller et al., who found that shRNA-mediated reduced Shp2
exerted little effect on FLT3-ITD-induced leukemogenesis (57). It is possible that reduced
Shp2 expression was compensated by alternative pathways in the immortalized 32D cell line
used in this study. To overcome these potential problems, we performed studies using
primary hematopoietic progenitors bearing conditionally targeted alleles of Ptpn11. We
observed a level of correction similar to the sShRNA studies using the Ptpn11 knockout cells,
supporting a positive role of Shp2 in FLT3-ITD-induced hyperproliferation. While we did
not see complete correction of FLT3-1TD-induced hyperproliferation in the Shp2
knockdown or conditional Ptpn11 knockout studies (Figures 1E and 2B, respectively), it is
possible that residual Shp2 expression after culture in vitro contributed to residual
proliferation of the FLT3-1TD-expressing cells. Additionally, the persistence of STAT5 and
phospho-STATS5 in the FLT3-1TD-containing complex even upon reduced Shp2 expression
(Figure 1G) indicates that FLT3-1TD bears the capacity to utilize Shp2-independent means
of interaction with STATS5. One potential alternative means of STATS5 interaction with
FLT3-1TD is via Gab2 and/or p85a, previously shown to positively contribute to FLT3-
ITD-induced signaling (58) and to interact with constitutively activated STAT5 (59).

While several studies have demonstrated that Shp2 is critical for normal hematopoietic
primitive progenitor and stem cell function (13, 20, 29, 40-42, 56), it was unclear if genetic
deletion of Shp2 would similarly reduce the function of these cells in vivo when transduced
with the N51-FLT3 oncogene. However, even when delaying polyl:polyC treatment to 4 — 6
weeks post-transplant, genetic deletion of Shp2 resulted in a reduced severity of and
increased latency to N51-FLT3-induced malignancy. Among the animals bearing
polyl:polyC-induced genetic disruption of Shp2, the lympho- or myleoproliferative disease
appeared qualitatively more indolent by histopathological evaluation (data not shown) and
the spleen sizes were significantly reduced (Figure 3B). Thus, while reduced Shp2
expression likely slows the growth of hematopoietic cells via its participation in several
cytokine receptor and receptor tyrosine kinase signaling pathways, our findings clearly
demonstrate that loss of Shp2 expression curtails N51-FLT3-induced transformation and
disease development in vivo.

Shp2 functions positively in several ways to promote cellular signaling (10, 60, 61);
however, a specific mechanism of how Shp2 may be promoting leukemogenesis in the
context of FLT3-ITD and hyperactivated STAT5 has never been examined. Given that Shp2
has been described to work in the nucleus with STATS to promote gene expression in
mammary epithelial cells (35), we hypothesized that Shp2 may similarly work with STAT5
in the context of AML. We found that Shp2 co-localizes with phospho-STATS in the nuclei
of FLT3-1TD-bearing MV411 cells and, consistently, upon immunoprecipitation with anti-
Shp2, a segment of the BCL2L1 promoter containing functional STAT5 binding sites was
amplified at a level similar to immunoprecipitation with anti-STAT5. To our knowledge,
this is the first report that Shp2 functions at a STAT5-responsive promoter element in the
context of hematopoietic or leukemic cells.

We extended our genetic findings to pharmacologic studies utilizing the Shp2 phosphatase-
specific inhibitor, 11-B08, and found that 11-B08 treatment effectively reduced Shp2 and
STATS phosphorylation, consistent with reduced proliferation of N51-FLT3-transduced
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cells. Interestingly, these studies additionally indicated that Shp2 phosphorylation is induced
only upon FL stimulation in WT FLT3-expressing cells, while it is constitutively
phosphorylated in the N51-FL T3-expressing cells (Figure 7C, compare lanes 5 and 6 to
lanes 1 and 2). The FL-dependent phosphorylation of Shp2 in WT FLT3-expressing cells
along with the constitutive, FL-independent phosphorylation of Shp2 in the N51-FLT3-
expressing cells implies that Shp2 may be a direct target of FLT3-1TD kinase activity,
consistent with the findings of Heiss et al. (21). The correlation of 11-B08-induced reduction
of both Shp2 and STATS5 phosphorylation suggests that Shp2 phosphatase function
promotes STATS activation via the dephosphorylation, and thus activation, of a STAT5-
activating kinase, such as the Src family kinases (SFK). This notion merits further
investigation as it is corroborated by the findings that the SFK are also recruited to Y599 of
WT FLT3 (21), that Shp2 dephosphorylation of SFK promotes Src kinase activity (10), and
that SFK have been found to promote FLT3-ITD-induced hyperproliferation and STAT5
activation (62-64).

Altogether, our biochemical, genetic, and pharmacologic findings lead to a proposed model
of how Shp2 may positively contribute to FLT3-1TD-induced leukemogenesis
(Supplemental Figure 3). We propose that Shp2 has increased recruitment to FLT3-ITD, in
part due to duplicated Y599. Furthermore, given our observation of substantial co-
localization between Shp2 and phospho-STATS in the nuclei of FLT3-ITD-bearing MV411
cells, we propose the novel idea that in addition to promoting FLT3-ITD-induced STAT5
hyperactivation, Shp2 may also function with STATS5 to promote pro-leukemogenic gene
expression. Collectively, this model supports the premise that Shp2 contributes positively to
enhanced proliferation and transformation in AML, and implies that pharmacologic
inhibition of Shp2 may provide a novel therapeutic approach to acute myeloid leukemias.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The protein tyrosine phosphatase, Shp2, interacts constitutively with FLT3 and STAT5
in FLT3-N51-expressing Baf3 cells and functionally contributesto FL T 3-1TD-induced

hyperproliferation

(A) Schematic diagram showing amino acid duplication for the FLT3-N51 internal tandem
duplication (ITD). (B) Total cellular protein extracts from baseline and FL-stimulated
Baf3/WT-FLT3 or Baf3/N51-FLT3 cells were isolated, immunoprecipitated (IP) with anti-
FLT3 and immunoblotted (IB) with anti-Shp2 and anti-FLT3. Total cellular protein extracts
were immunoprecipitated (IP) with (C) anti-STATS5 or (D) anti-Shp2 and immunoblotted
(I1B) with anti-Shp2 or anti-STATS5, respectively. (E) 3H-thymidine incorporation and
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immunoblot analyses of Shp2 expression in Baf3/WT-FLT3 and Baf3/N51-FLT3 cells
transfected with scrambled shRNA (SC) or shRNA specifically targeting Shp2 (KD).
Representative of two independent experiments with similar results, n=4, *p<0.05 for N51
KD v. N51 SC, statistical analysis using unpaired, two-tailed, student’s t test. (F)
Immunoblot analysis of Shp2 expression, STAT5 phosphorylation, and total STAT5
expression in Baf3/N51-FLT3 cells transfected with scrambled shRNA (SC) or shRNA
specifically targeting Shp2 (KD). (G) Total cellular proteins from Baf3/N51-FLT3 cells
transfected with scrambled shRNA (SC) or Shp2-specific sShRNA (KD) were isolated,
immunoprecipitated (IP) with anti-FLT3 and immunoblotted (I1B) with anti-STATS5, anti-
phospho-STATS5, anti-Shp2, and anti-FLT3.
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Figure 2. Genetic disruption of Ptpn1l or mutation of N51-FL T3 tyrosine (Y) 599 and duplicated
Y599 to phenylalanine (F) diminishes FL T3-1 TD-induced hyperproliferation and STAT5
phosphorylation

(A) Genomic DNA isolated from polyl:polyC—treated Shp2flox/flox:Mx1Cre- (negative

control) and Shp2floX/flox:Mx1Cre+ tail and bone marrow LDMNCs was subjected to PCR
for the original flox allele (~1300 bp) and the polyl:polyC-induced recombined null allele
(~400 bp) and protein from bone marrow LDMNCs from polyl:polyC-treated
Shp2flox/flox:pMx1Cre- and Shp2floX/flox-Mx1Cre+ mice was analyzed by immunoblot to
examine Shp2 expression. (B) 3H-thymidine incorporation assay of transduced, sorted bone
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marrow progenitors in the absence and presence of FL 50 ng/mL; two independent
experiments combined with n=4 replicates per experiment, *p<0.0001 for N51-FLT3 v.
WT-FLT at baseline in Cre— cells, ~p<0.0001 for N51-FLT3 v. WT-FLT in response to FL
in Cre— cells, *p<0.0001 for N51-FLT3 in Cre+ cells v. Cre- cells at baseline, and
**p<0.0001 for N51-FLT3 in Cre+ cells v. Cre- cells in response to FL, statistical analysis
performed using random effects ANOVA. (C) Immunoblot analysis of STAT5
phosphorylation and total STAT5 expression in exponentially growing transduced, sorted
bone marrow LDMNCs from polyl:polyC-treated Shp2flox/flox:Mx1Cre- and

Shp2flox/flox: Mx1Cre+ mice. (D) Schematic diagram indicating mutation of N51-FLT3 to
N51-FLT3Y599F1 or N51-FLT3Y599F1/2. (E) Murine bone marrow LDMNCs were
transduced with WT-FLT3, N51-FLT3, N51-FLT3Y599F1, or N51-FLT3Y599F1/2, sorted
by FACS, and subjected to 3H-thymidine incorporation assay in the absence and presence of
FL 50 ng/mL; representative of two independent experiments with similar results, n=5 — 8,
*p<0.05 for N51-FLT3Y599F1/2 v. N51-FLT3 at baseline and in the presence of FL 50
ng/mL, statistical analysis using unpaired, two-tailed, student’s t test. (F) Immunoblot
analysis of STAT5 phosphorylation, total STAT5, and FLT3 expression in retrovirally
transduced and sorted WT-FLT3-, N51-FLT3-, N51-FLT3Y599F1-, or N51-
FLT3Y599F1/2-expressing bone marrow-derived macrophages in the absence and presence
of FL.
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Figure 3.
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(A) Schematic diagram showing transplant design. Lin— bone marrow cells from
Shp2flox/flox:Mx1Cre* animals (C57BI/6 background, CD45.2+) were retrovirally

transduced with N51-FL T3, sorted to homogeneity, and transplanted into lethally irradiated
F1 recipients (first generation cross between C57BI/6 and BoyJ, CD45.1+, CD45.2+) with
100,000 to 150,000 F1 splenocytes for radioprotection. (B) Spleen weight from mice at
death with histopathologic diagnosis of malignancy comparing PBS-treated mice (control)
to polyl:polyC-treated mice (genetic deletion of Shp2), n=16 in the PBS group and n=10 in
the polyl;polyC group, p<0.05 by unpaired, two-tailed student’s t test. (C) Kaplan-Meier
analysis of malignancy specific survival of mice transplanted with N51-FLT3-transduced
Shp2flox/flox: Mx1Cre+ cells comparing PBS-treated mice (control) to polyl:polyC-treated
mice (genetic deletion of Shp2), n=16 in the PBS group and n=10 in the polyl;polyC group,
p=0.024 by log-rank test.

Leukemia. Author manuscript; available in PMC 2014 February 07.



1duosnuey Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Nabinger et al.

A

3,200

MV411

Counts
1.000 2,000

wl w2 W Wt WS WP
APC-A

3,200

2,000
1

Count
1,000

a -

T2 %)

HL60

W W Wt WS S W2
APC-A

Page 22

— Unstained
— P-STATS

Phospho-STAT5-APC

Figure4. Increased levels of phospho-Shp2 are found in the cytoplasmic and nuclear

HL60
3
&
oQ\&q c}e'o‘
\g O
Q) D
p-STAT5
w p-Shp2
. s Shp2
w— PARP-1

e e GAPDH

compartments of MV411 cells compared to HL60 cells
(A) Intracellular staining of phospho-STAT5 in MV411 and HL60 cells assessed by flow

cytometry. (B) Total cellular extracts from exponentially growing HL60 or MV411 cells
were immunoprecipitated (IP) with anti-FLT3 and immunoblotted (I1B) with anti-Shp2 and
anti-FLT3. (C) Nuclear and cytoplasmic proteins were isolated from MV411 and HL-60
cells and assessed for phospho-STATS and phospho-Shp2 by immunablot.
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Figure5. Shp2 and phospho-STATS5 co-localize in the nuclei of MV411 cells
(A) Immunostaining for Shp2 and phospho-STATS was performed in MV411 and HL60

cells and cells were imaged using confocal microscopy. (B) Quantification of co-localization
of Shp2 and phospho-STATS. A region of interest (ROI) was selected for analysis, and the
% of red channel (Shp2 staining) above threshold that co-localized with green pixels
(phospho-STATS staining) above threshold (area A over B) was calculated. Co-localization
was conversely examined calculating the % of green channel above threshold that co-
localized with red pixels above threshold (area B over A). The region of overlap co-
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localization data were calculated, and data were logged from the entire image stack for each
cell analyzed to an Excel spreadsheet, n=13 MV411 cells and 11 HL60 cells analyzed,
*p<0.05 for MVV411 v. HL6O cells, statistical analysis using unpaired, two-tailed, student’s t
test.
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Figure 6. Shp2 co-occupies the human BCL2L 1 promoter with phospho-STAT5 and regulates
BCL2L1 promoter activity

(A) Schematic diagram demonstrating the human BCL2L1 promoter with two functional
interferon-y activation sites (GAS sites, consensus sequence TTCN,-N4GAA) at -344 to
-335 and -329 to — 321 upstream of the BclX|_ translation start codon highlighted in red with
arrows indicating the primers used to amplify the region for ChlP. (B) For ChIP analysis,
isolated lysates from HL60 or MV411 cells were immunoprecipitated with either anti-
STATS or anti-Shp2 followed by quantitative PCR using of purified DNA fragments using
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primers specific for the human BCL2L1 promoter. The immunoprecipitated fragments were
expressed as a percentage of the total chromatin used in the sample and normalized to
immunoprecipitation with normal rabbit 1gG. Representative of 3 independent experiments,
n=3, *p<0.005 for fragments pulled down by STAT5 from MV411 v. HL60 cells and
**p<0.0005 for fragments pulled down by Shp2 from MV411 v. HL60 cells, statistics
performed using unpaired, two-tailed student’s t test. (C) Puromycin-selected MV411 cells
(scrambled, SC or Shp2 knockdown, KD) were transfected with pBCL2L1-L and pTK-RL
and protein lysates were assayed for luciferase and Renilla luciferase (left panel).
Representative of 3 independent experiments with similar results, n=3, *p<0.05 for KD v.
SC. Protein lysates were also analyzed for Shp2 expression and phospho-STATS levels
(right panel, representative immunoblot from 3 independent experiments).
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Figure 7. Phar macologic inhibition of Shp2 diminishes FL T3-1TD-induced hyperproliferation in
murine cellsand inhibitsprimary AML cell proliferation

(A) 3H-thymidine incorporation assay of murine bone marrow LDMNCs (C57BI/6)
transduced with either MSCV-WT-FLT3 or MSCV-N51-FLT3 in the absence or presence of
increasing concentrations of 11-B08; two independent experiments combined with n=4-6
replicates per experiment, *p=0.002 for N51-FLT3, 5 uM 11B-08 v. N51-FLT3, baseline,
**p<0.0001 for N51-FLT3, 10 pM, 15 pM, or 20 uM v. N51-FL T3, baseline, statistical
analysis performed using random effects ANOVA. (B) Apoptosis as measured by the
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presence of Annexin V on the surface of murine bone marrow LDMNCs transduced with
either MSCV-WT-FLT3 or MSCV-N51-FLT3 in the presence of increasing concentrations
of 11-B08, representative of two independent experiments, p=3, statistics performed using
unpaired, two-tailed student’s t test. (C) Immunoblot analysis of STAT5 and Shp2
phosphorylation in retrovirally transduced and sorted WT-FLT3- and N51-FLT3-expressing
bone marrow-derived macrophages in the absence and presence of Shp2 inhibitor, 11-B08.
(D) 3H-thymidine incorporation of primary AML cells cultured in GM-CSF 1 ng/mL + FL
50 ng/mL, data represented as % of average proliferation in the absence of 11-B08 for each
independent sample, n=2 FLT3-ITD+ and n=5 FLT3-ITD- samples (n=7 total), *p<0.05 at
25 and 50 M for 11-B08-induced inhibition. (E) 3H-thymidine incorporation of primary
AML cells cultured in GM-CSF 1 ng/mL + IL3 10 ng/mL, data represented as % of average
proliferation in the absence of 11-B08 for each independent sample, n=2 FLT3-ITD+ and
n=4 FLT3-ITD- samples (n=6 total), *p<0.05 at 50 pM for 11-B08-induced inhibition;
statistical analysis performed using linear mixed effects models with random intercepts to
evaluate the effects of different 11-B08 concentrations.
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