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The D816V-mutated variant of Kit triggers
multiple signaling pathways and is considered essential for malignant transformation in mast cell (MC) neoplasms. We
here describe that constitutive activation
of the Stat5-PI3K-Akt-cascade controls
neoplastic MC development. Retrovirally
transduced active Stat5 (cS5F) was found

to trigger PI3K and Akt activation, and to
transform murine bone marrow progenitors into tissue-infiltrating MCs. Primary
neoplastic Kit D816Vⴙ MCs in patients
with mastocytosis also displayed activated Stat5, which was found to localize
to the cytoplasm and to form a signaling
complex with PI3K, with consecutive Akt

activation. Finally, the knock-down of either Stat5 or Akt activity resulted in growth
inhibition of neoplastic Kit D816Vⴙ MCs.
These data suggest that a downstream
Stat5-PI3K-Akt signaling cascade is essential for Kit D816V-mediated growth
and survival of neoplastic MCs. (Blood.
2008;112:2463-2473)

Introduction
Mast cells (MCs) are critical effector cells in innate and acquired
immunity.1,2 Under various circumstances and pathologic conditions,
MCs increase in number and accumulate in various tissues and organs.
In many cases, reactive MC hyperplasia is found.1 However, MCs (MC
progenitors) may also undergo neoplastic transformation.3,4 Disorders
that lead to enhanced proliferation and/or accumulation of neoplastic
MCs are well defined by WHO criteria.3-6
MCs are derived from pluripotent hematopoietic cells in the
bone marrow and undergo terminal maturation in their ultimate
tissue destinations under the influence of stem cell factor, also
known as Kit ligand.7-9 Studies in MC-deficient mouse strains
displaying mutations in the stem cell factor (SCF) gene or the gene
encoding the SCF receptor, c-Kit, as well as activating c-Kit
mutations that are considered to represent major transforming hits
in mastocytosis, underline the importance of SCF and Kit for MC
development.10-16 Binding of SCF to Kit induces activation of
various signaling molecules including phospholipase C, the Src
family tyrosine kinase, the scaffolding molecule Gab2, the MAP
Kinases Erk1/2, the JAK tyrosine kinase, the Phosphatidyl-inositol
3-kinase (PI3K), and the Stat transcription factors.17-19 Lessons
from gene deletion studies in mice have indicated that PI3K, Gab2,
and Stat5 play a critical role in MC development and function,
suggesting that these molecules may represent important downstream effectors of c-Kit signaling.20-22 Moreover, recent data have
shown that Stat5 and Gab2 are also required for signaling via the
high affinity IgE receptor Fc⑀RI that plays a critical role in MC
function and allergic response.23,24

Besides their physiologic role in MCs, accumulating evidence
suggests that persistent Stat5 and PI3K activation is frequently
found in hematopoietic neoplasms and solid tumors.25,26 It has also
been described that disease-related oncogenic tyrosine kinases like
Tel-Jak2, Bcr-Abl, Tel-PDGFR␤, mutated Kit or Flt3 receptors,
and the Jak2 (V617F) mutant, detectable in most myeloproliferative disorders (MPDs), induce constitutive activation of Stat5,
PI3K and its downstream effector, the serine threonine kinase
Akt.27-35 Moreover, Stat5 proteins were found to be required for
Tel-Jak2– and Bcr-Abl–induced MPDs,36-38 and other studies have
demonstrated the requirement of the PI3K/Akt pathway and Gab2
for Bcr-Abl–induced transformation.28,39 Direct evidence for the
involvement of Stat5 in hematopoietic cell transformation came
from the use of constitutively active Stat5 mutants Stat51*6 and
cS5F that are capable to induce an MPD and a multilineage
leukemia in mice.36,40 We have recently shown that the leukemogenic effect of cS5F is coupled with its capacity to activate the
PI3K/Akt signaling pathway in the cytoplasm of neoplastic cells
through complex formation with p85, the regulatory subunit of the
PI3K, and Gab2.41,42
We asked in the current study whether persistent Stat5 and Akt
signaling contribute to the transformation of MCs in mastocytosis.
The results of our study show that constitutively activated Stat5 and
the subsequent Akt-activation promote abnormal development of
MCs in vivo and in vitro. In addition, we show that Stat5 and Akt
are constitutively phosphorylated in neoplastic MCs isolated from
patients with KitD816V⫹ systemic mastocytosis, and that in these
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cells, activated cytoplasmic Stat5 proteins associate with PI3K.
Inhibition of Stat5 or Akt activity by shRNA or transducible,
dominant-negative recombinant TAT fusion proteins of Stat5 or
Akt were found to abrogate the growth of neoplastic MCs
expressing the oncogenic KitD816V mutant. In contrast, transduction of a TAT fusion protein containing the cS5F mutant promoted
SCF-induced hematopoietic stem cell (HSC) expansion and
MC development.
Collectively, these data suggest that activated cytoplasmic Stat5
is an important downstream effector molecule of oncogenic Kit
kinase activation, and that Stat5 oncogenic properties in MCs may
rely on the interaction with the PI3K/Akt kinase pathway.

Methods
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A23187 were purchased from Sigma-Aldrich (St Louis, MO), and the
multikinase inhibitor PKC412 that blocks the TK activity of wild-type and
mutant Kit was purchased from LC Laboratories (Woburn, MA).
Lentiviral vectors and transduction
Sense and antisense oligonucleotides (5⬘-GGAGAACCTCGTGTTCCTG3⬘) from the human Stat5a and Stat5b coding region were annealed and
introduced in pSuper plasmid 3⬘ of the polIII H1 promoter. polIII H1
promoter-shRNA Stat5 DNA fragment was then subcloned in the pTRIP/
⌬U36EF1␣ encoding the green fluorescent protein (GFP) lentiviral vector,
as previously described.44 An shRNA directed against luciferase protein
was used as control (Luc). Production of both shRNA-Stat5 and shRNALuc lentiviral vectors was performed as previously described.44 HMC-1
cells (106/mL) were incubated with the lentiviral particles at a multiplicity
of infection (MOI) of 10 for 24 hours and then intensively washed. Cells
were then maintained in Iscove medium during 2 days and GFP⫹ cells were
next sorted by FACS and cultured in the same medium for 9 days.

Animals, primary cell isolation, and cell culture
Introduction of recombinant retroviruses carrying cS5F and IRES-EGFP
(green fluorescent protein) or the IRES-EGFP vector alone in murine BM
cells and mice transplantation were done as previously described.40 Bone
marrow was harvested from hind limbs of leukemic and control mice
6 weeks after transplantation. BM cells from leukemic mice (cS5F mice)
were grown for 24 hours in RPMI 1640 with 10% fetal calf serum (FCS)
and SCF (10 ng/mL; Valbiotech, Paris, France) while BM cells from control
mice (GFPv mice) were grown in the same medium supplemented with
IL-3 (10 ng/mL). The next day, GFP⫹ cells were sorted by flow cytometry
and cultured in medium for 6 weeks. All mouse experiments were done in
accordance with the institutional policies of the Ludwig Boltzman Institute
for Cancer Research.
Human CD34ⴙ cell isolation and cell culture
Umbilical cord blood samples were collected from full-term deliveries after
informed consent was obtained from donors in accordance with the
Declaration of Helsinki. Cord blood was diluted with phosphate-buffered
saline (PBS) supplemented with 5 mM EDTA. Mononuclear cells were
collected after standard separation on Ficoll gradient. Purification of human
CD34⫹ cells was performed with an immunomagnetic bead separation kit
(MiniMACS; Miltenyi Biotec, Auburn, CA) according to the manufacturer’s instructions. The purity of the enriched CD34⫹ cells was approximately
95%. Cells were then cultured in RPMI medium supplemented with 10%
FCS, 2 mM L-glutamine, 10 IU penicillin, 10 g/mL streptomycin, and
10 ng/mL rhSCF (Valbiotech). The human mast cell leukemia (MCL) cell
line HMC-143 was kindly provided by Dr Joseph H. Butterfield (Mayo
Clinic, Rochester, MN). In this study, subclone HMC-1.2 carrying KIT
D816V was analyzed. HMC-1 cells were cultured in Iscove medium
supplemented with 10% FCS, 2 mM L-glutamine, 10 IU penicillin, and
10 g/mL streptomycin.
Patients
Twenty patients with systemic mastocytosis (SM) and 3 control cases
(normal bone marrow) were examined. Mastocytosis was diagnosed
according to established criteria.3 In the SM group, 15 patients had indolent
SM (ISM), 2 had smoldering SM (SSM), 2 had aggressive SM (ASM), and
1 had mast-cell leukemia (MCL). Data from these 15 patients are assembled
in Table 1. Informed consent was obtained before bone marrow biopsies
were taken. The study was approved by the institutional review board of the
Medical University of Vienna and was conducted in accordance with the
Declaration of Helsinki.

Purification of recombinant TAT-Stat5 and TAT-Akt proteins
The TAT-Stat5 and TAT-Akt fusion proteins were produced and purified as
previously described.42 A concentration of 10 M was routinely prepared
for each individual TAT-Stat5 and TAT-Akt preparation.
Flow cytometry analysis
Expression of cell-surface molecules was analyzed by flow cytometry. Cells
(5 ⫻ 105) were incubated for 30 minutes on ice in the dark with the
following PE-conjugated monoclonal antibodies: anti–human or –mouse
Fc⑀RI (eBioscience, San Diego, CA), anti–human or –mouse CD117 (BD
Bioscience, San Jose, CA), anti–human CD34 and with isotype control
PE-conjugated antibodies. After washes in PBS containing 3% bovine
serum albumin (BSA), and 0.1% sodium azide, expression of these antigens
was analyzed by FACS (Coulter Epics Elite cytometer; Beckman Coulter,
Fullerton, CA) and evaluated as the percentage of positive cells. For flow
cytometric detection of intracellular P-Y-Stat5, HMC-1 cells were incubated in control medium or medium containing PKC412 (1 M) for
4 hours. Then, cells were fixed in formaldehyde (1.6%), permeabilized by
ice-cold methanol (⫺20°C, 10 minutes), washed in PBS containing 0.1%
BSA, and stained with an Alexa488-conjugated monoclonal antibody
against P-Y-Stat5 (anti–phospho-Stat5(Y694):Alexa Fluor 488; BD Biosciences), or an isotype-matched control antibody (mIgG1-Alexa Fluor
488; BD Biosciences) for 15 minutes at room temperature (RT). Cells were
then washed in PBS/0.1% BSA and analyzed by FACS.
Immunoprecipitation, Western blotting, and antibodies
Cells were lysed in Laemmli buffer (0.0625 M, pH 6.8, SDS 2%, ␤-mercaptoethanol 5%, glycerol 10%). Equal amounts of each protein sample were
separated by electrophoresis on sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and blotted onto nitrocellulose membrane
(Bio-Rad, Hercules, CA). Blots were incubated as indicated with antibodies
raised against the following proteins: Stat5 (Transduction Laboratories,
Lexington, KY), HA (Roche, Basel, Switzerland), P-Y694/699-Stat5a/b,
P-Ser473-Akt (Cell Signaling Technology, Danvers, MA), Akt (Santa Cruz
Biotechnology, Santa Cruz, CA), p85 (Upstate Biotechnolgy, Lake Placid,
NY). Membranes were developed with the enhanced chemiluminescence
(ECL) detection system (GE Healthcare, Little Chalfont, United Kingdom)
using specific peroxidase-conjugated anti–IgG antibodies. Immunoprecipitation experiments and subcellular fractionation were performed as previously described.41,42
Immunohistochemistry and immunocytochemistry

Plasmids and reagents
The coding regions of wtStat5a, cS5F and dnStat5a (Stat5a⌬749), wtAkt
and dnAkt (K179M) were amplified by PCR and cloned at the KpnI/EcoRI
(Stat5) or NcoI/EcoRI sites (Akt) of the bacterial expression vector
pTAT-HA. The LY294002 PI3K inhibitor and the calcium ionophore

Immunohistochemistry was performed on serial consecutive sections from
paraffin-embedded, formalin-fixed tissues using the indirect immunoperoxidase staining technique as described.45,46 Either patient bone marrow
biopsies or murine stomach mucosa and submucosa sections of cS5F mice
and GFPv mice were stained. Sections were pretreated in 10 mM citrate
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buffer (pH 6.0) either in a microwave oven (␣-tryptase) or steamer (all
others) before staining with antibodies. Endogenous peroxidase was
blocked by PBS/H2O2. Tissues were treated with avidin/biotin blocker
(Vector Laboratories, Burlingame, CA) and Super Block (ID Labs, London,
ON) to block unspecific protein staining. Mouse-on-mouse blocking
solution (Vector Laboratories) was applied on sections stained with mouse
primary antibodies. For immunhistochemical analysis, sections were stained
with anti–tryptase antibody G3 (1:500; Chemicon, Temecula, CA), anti–PY-Stat5a/b antibody AX-1 with or without blocking peptide (1:1000;
Advantex Bioreagents, Conroe, TX), and anti–P-S473-Akt with or without
blocking peptide (P-S-Akt, no. 3787, 1:100; Cell Signaling Technology)
diluted in PBS pH 7.4/1% BSA. G3 or AX-1 antibodies were applied for
1 hour at RT, anti–P-S-Akt for 20 hours at 4°C. Subsequently, slides were
washed and incubated with a biotinylated anti–polyvalent IgG (ID Labs) for
10 minutes at RT, washed and exposed to streptavidin–horseradish peroxidase complex for 10 minutes (ID Labs). AEC (Sigma) was used as
chromogen. Slides were counterstained in Mayer Hemalaun and mounted in
Aquatex. To display organotypic structures, tissue sections were stained
with hematoxylin and eosin (H&E). To control for cytoplasmic localization
of P-Y-Stat5 staining, a different antigen retrieval protocol was used. A high
pH retrieval buffer (Ventana Medical Systems, Tucson, AZ; pH ⫽ 8.0) was
applied for 15 minutes at 95°C. Sections were incubated with the AX1
antibody at a dilution of 1:500 for 1 hour at RT. Subsequent antibody
reactivity was detected as described. Quantification of immunohistochemical stainings was performed with the HistoQuest analysis software (TissueGnostics, Vienna, Austria; www.tissuegnostics.com) using an average of
4 fields of view. The cutoff value for background staining was chosen using
the forward/backward gating tool of the HistoQuest software. Images were
captured with a PixeLINK camera and the corresponding acquisition
software on a Zeiss Imager Z.1 (magnification, ⫻400) at a color temperature of 1300K. For details on the quantification method, see Figure
S3 (available on the Blood website; see the Supplemental Materials link at
the top of the online article). For immunocytochemical analysis, cells were
spun on cytospin slides before staining with the AX1 or P-S-Akt antibodies.
Slides were counterstained with Mayer Hemalaun.
Histochemical staining
cS5F-BMMCs or human MCs were spun on cytospin slides, fixed with
Carnoy fluid, and incubated for 15 minutes with toluidine blue. For the
degranulation experiments, cS5F-BMMCs were incubated with or without
2 g/mL mouse IgE overnight at 37°C, washed, and incubated with
10 g/mL of affinity-purified anti–mouse Ig (H ⫹ L) for 30 minutes at
37°C before staining with toluidine blue.

Results
Constitutive activation of Stat5 induces abnormal development
of murine MCs in vivo and in vitro

Retroviral transduction of cS5F in murine bone marrow (BM) cells
leads to development of multilineage leukemia within 4 weeks
after transplantation in lethally irradiated wild-type recipient
mice.40 Disease is obvious in the spleen, bone marrow, and liver,
but we found that the stomach wall and colon are also strongly
inflamed (Figure S1A) and infiltrated with tryptase-positive MCs in
tissue sections, compared with control mice that underwent transplantation with GFPv BM cells (Figure 1). Staining with an
anti–P-Y-Stat5 antibody showed that these MCs abundantly express phosphorylated Stat5. We also observed a higher number of
tryptase-positive cells expressing P-Y-Stat5 in stomach and large
bowel submucosa and mucosa tissues (Figure 1A and Figures S1B
and S2). In addition to MC infiltrates, we also detected an
infiltration of intestinal walls by inflammatory cells of lymphoid
and myeloid origin. These cells were also found to express
P-Y-Stat5. Transplantation of BM cells transduced with wtStat5a or
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Figure 1. Constitutive activation of Stat5 induces mast cell hyperplasia and
leukemic cell infiltrates in the gastrointestinal tract of cS5F mice. (A) Immunohistochemical analysis of stomach walls of mice that underwent transplantation with
cS5F BM cells versus control mice that received GFPv BM cells (n ⬎ 6 mice analyzed
in each group and a representative example is shown). To detect neoplastic MCs,
sections of the stomach mucosa and submucosa of CS5F mice and control
GFPv-mice were immunostained with an antitryptase antibody (i-vi). The presence of
tyrosine694/695 phosphorylated Stat5 (P-Y-Stat5; vii-xii) and serine473 phosphorylated
Akt (P-S-Akt; xiii-xviii) was analyzed with specific antibodies on consecutive tissue
sections (original magnification, ⫻400). An overview of each staining on consecutive
sections is shown in the 2 panels labeled “Overview” (iii, iv, viiix, xv, xvi, xxi, xxii) for
leukemia cS5F and control GFPv mice (original magnifications, ⫻25 and ⫻100,
respectively). H&E staining is shown for organotypic structure comparison (xviiiixxiv). (B) Quantification of P-Y-Stat5, tryptase, and P-S-Akt stainings was performed
on consecutive sections using HistoQuest analysis software (results shown in the
scattergram plots are the mean of 4 fields of view for each staining). The cutoff values
for background staining were chosen manually using the forward/backward gating
tool of the HistoQuest software.

GFP-vector controls did not cause detectable leukocyte accumulations or MC infiltrates in the gastrointestinal tract.
Since oncogenic cS5F proteins activate the PI3K/Akt pathway
in bone marrow cells of leukemic cS5F mice,42 the expression of the
phosphorylated form of Akt in cS5F stomach mucosa and submucosa tissues was analyzed (Figure 1A). Staining with anti–Pser473Akt (P-S-Akt) antibody showed that cS5F-expressing MCs also
express P-S-Akt. All data were confirmed by direct quantification
of immunohistochemical stainings using the HistoQuest analysis
software (Figure 1B, Figure S3). Furthermore, higher magnification of the cS5F stomach submucosa section showed that cS5F is
mainly detected in the cytoplasm, which is in line with our previous
observation that constitutively active Stat5 has a predominant
cytoplasmic localization in myeloid leukemias (Figure S2). The
cytoplasmic localization of phosphorylated Stat5 was also confirmed with a different staining protocol with high pH antigen
retrieval47 (Figure S2).
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Figure 2. SCF-dependent activation of cS5F promotes the development of
murine mast cells in vitro. (A) Bone marrow (BM) cells from cS5F mice were
cultured in presence of SCF (10 ng/mL) or Flt3L (10 ng/mL) and viable cells were
enumerated daily using the trypan blue dye exclusion method. (B) cS5F-BM cells
were deprived of SCF for 3 hours and then restimulated for the indicated times. Cell
extracts were prepared and analyzed by Western blot with anti–P-Y-Stat5 and
anti–Stat5 antibodies. (C) Two-week-old cS5F-BM cells grown in culture in presence
of SCF were analyzed for expression of Fc⑀RI and c-Kit by flow cytometry.
(D) cS5F-BM–derived MCs (cS5F-BMMCs) were incubated with anti-IgE alone or/and
IgE. Alternatively, cells were treated with DMSO or A23187 and stained with toluidine
blue. (E) cS5F-BMMCs and GFPv-BMMCs were treated or not with LY294002 (1 M)
for 3 days and the percentage of viable cells was determined daily with the trypan
blue dye exclusion assay. Results shown are representatives of 3 independent
experiments.

cS5F-induced proliferation of murine bone marrow cells and
subsequent MC development is dependent on c-Kit receptor
and PI3K activation

MCs originally arise from hematopoietic progenitors in the bone
marrow.7-9 We isolated GFP-positive bone marrow (GFP⫹ BM)
cells from different leukemic cSrF mice, 6 weeks after transplantation, to analyze the growth factor requirement of primary MCs in
vitro. We first addressed whether activation of Kit is required to
support cS5F-induced BM cell growth. cS5F BM cells were
incubated at the indicated times with SCF or Flt3L (fetal liver
tyrosine kinase-3 ligand) as control, and cell proliferation was
determined (Figure 2A). Respective results showed that growth of
cS5F BM cells required the continuous presence of SCF but not
Flt3L. We also found that persistent phosphorylation of cS5F is
dependent on Kit activity in these primary leukemic cells (Figure
2B). To investigate whether expression of cS5F could trigger MC
differentiation in vitro, freshly isolated GFP⫹ BM cells from cS5F
mice were grown in culture in the presence of SCF for 2 weeks.
Expression of Fc⑀RI and c-Kit receptors were then analyzed by
flow cytometry. Interestingly, 96% of GFP⫹-cS5F BM cells expressed Fc⑀RI and c-Kit surface receptors (Figure 2C). Almost
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100% of the cells contained toluidine blue–positive granules
confirming that they were MCs (Figure 2D). It is well established
that antigen-induced cross-linking of IgE bound to Fc⑀RI initiates
MC activation and granule mediator release.48 We determined by
toluidine blue staining whether cS5F-BM–derived MCs (cS5FBMMCs) could be activated to release granule content by crosslinking IgE-receptors. Anti-IgE treatment of cS5F-BMMCs or
treatment with the calcium ionophore A23187 induced degranulation of these cells (Figure 2D). These findings suggest that
activation of cS5F supports the development of functional MCs
induced by SCF. These results are of interest, as development of
normal murine MCs from their bone marrow progenitors is
believed to require the presence of IL-3, not only SCF49 (Figures
S4A,B). Thus, our data suggest that expression of cS5F bypasses
the requirement of IL-3. Recent data on activation of the IgE
receptor implied the involvement of an autocrine IL-3 loop,50 but
we were not able to detect IL-3 mRNA or protein in our
cS5F-BM–derived MC model (Figure S4C,D), excluding an IL-3
autocrine loop. In addition and in sharp contrast to cS5F-BMMCs,
we were not able to detect the phosphorylation of Stat5 upon
stimulation with SCF in normal GFPv-BMMCs, indicating that
persistent activation of cS5F proteins via SCF stimulation can
replace IL-3 as trigger of MC development (Figure S4E). We then
asked whether activation of PI3K is also required for cS5F-induced
MC growth and survival. cS5F-BMMCs and control GFPvBMMCs were left untreated or were treated with the PI3K inhibitor
LY294002 (1 M) for 3 days, and the percentage of viable cells
was then determined (Figure 2E). Growth of cS5F-BMMCs was
completely abrogated by LY294002 at a concentration that did not
affect GFPv-BMMCs proliferation, indicating that activation of the
PI3K/Akt pathway is necessary to sustain the proliferation and
survival of cS5F-BMMCs.
Stat5 and Akt are constitutively activated in neoplastic MCs in
patients with mastocytosis

Activating mutations of Kit are considered essential for the
development of mastocytosis.3,14,15,51 To investigate whether mastocytosis is also associated with constitutive Stat5 and Akt activation,
immunohistochemical analysis was performed on bone marrow
sections obtained from patients with KitD816V⫹ systemic mastocytosis (SM) with anti–P-Y-Stat5, P-S-Akt, and antitryptase antibodies. In normal bone marrow, activated Stat5 was mainly detected in
megakaryocytes and in some myeloid progenitor cells. By contrast,
in the bone marrow in SM, numerous MC infiltrates were detected
and more than 95% of all spindle-shaped cells (MCs) were found to
be tryptase-positive cells and to express P-Y-Stat5 as determined
by immunohistochemistry (same bone marrow and same patients)
without any difference among patients (Figure 3A). In particular, in
serial sections obtained from the same patients, more than 80% of
the spindle-shaped cells (MCs) were found to react with the
anti–P-Y-Stat5 antibody AX-1. Similarly, we found that neoplastic
MCs in SM in the serial sections examined frequently express
P-S-Akt (Figure 3B). Activated Stat5 and activated Akt were
detectable in neoplastic MCs in all patients examined, including
5 with indolent systemic mastocytosis (ISM), 2 with smoldering
SM (SSM), 1 with aggressive SM, and 1 patient with mast-cell
leukemia (MCL), all classified according to WHO criteria3 (Table
1). We did not stain for P-S-Akt in ASM and MCL due to a lack of
material. A most intriguing finding was that both P-Y-Stat5 and
P-S-Akt could be localized predominantly to the cytoplasmic
compartment of neoplastic MCs in all mastocytosis patients.
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Proliferation of neoplastic MCs requires activation of Stat5

Figure 3. Immunohistochemical detection of P-Y-Stat5 and P-S-Akt in neoplastic human mast cells. (A) Adjacent bone marrow (BM) sections from a patient with
indolent systemic mastocytosis (ISM) and normal bone marrow (normal BM) sections
were stained with an antibody against tryptase for MC detection (brownish staining)
and an antibody against P-Y-Stat5 (brownish staining). (B) Similarly, bone marrow
sections from a patient with indolent systemic mastocytosis were stained with an
antibody against P-Ser473-Akt antibody. Higher magnification of the immunostaining
(⫻400) is also shown.

Cytoplasmic localization of P-Y-Stat5 and P-S-Akt in
neoplastic MCs

We next extended our analysis to isolated neoplastic MCs from a
patient with MCL. The human MCL cell line HMC-1 is known
to display the oncogenic Kit mutant D816V.43 Both types of
malignant MCs expressed P-Y-Stat5 and P-S-Akt in these
staining experiments (Figure 4A-C). The specificity of the
immunostainings could be confirmed by using blocking phosphopeptides and by Western blot analysis (Figure 4B, Figure S6).
Confirming our immunohistochemical staining results, P-YStat5 was primarily detected in the cytoplasm of leukemic MCs
although a significant fraction of P-Y-Stat5 was also found in the
nucleus of HMC-1 cells. Next, cell fractionation experiments
were made to better quantify and analyze nuclear versus
cytoplasmic P-Y-Stat5. Only a minor fraction colocalized to the
nucleus, whereas cytoplasmic P-Y-Stat5a and P-Y-Stat5b were
much more abundant (Figure 4D,E). Cell fractionation was
controlled by cytoplasmic Raf-1 and nuclear Topoisomerase-I.
Nuclear P-Y-Stat5 proteins remain transcriptionally active and
contribute to growth of HMC-1 cells (Figure S5). Finally, we
were able to show by flow cytometry that persistent activation of
Stat5 in HMC-1 cells is dependent on KitD816V TK activity
since PKC412, a Kit TK inhibitor, abrogated the expression of
phosphorylated Stat5 in these neoplastic MCs (Figure 4F).
Collectively, these data suggest an important function of
P-Y-Stat5 downstream of KitD816V in the cytoplasm of human
neoplastic MCs, supporting our results with oncogenic mice that
underwent transplantation with cS5F.

We next determined whether activation of Stat5 was necessary for
the growth of neoplastic human MCs (HMC-1). For this purpose,
we directly transduced recombinant Stat5 proteins fused to the
protein transduction domain of the HIV TAT protein into MCs. We
first aimed to analyze the effect on MC growth of TAT-Stat5
proteins. Three TAT-Stat5 fusion proteins (Figure 5A) were applied: the wild-type form (TAT-wtStat5a), a constitutively active
Stat5 mutant (TAT-cS5F), and a Stat5 mutant that lacks the
transactivation domain (TAT-dnStat5a). These Stat5 variants were
generated and purified from bacterial extracts (Figure 5B). Transduction efficiency of the 3 different TAT-Stat5 proteins in HMC-1
cells was verified by Western blotting with anti–HA and anti–Stat5
antisera (Figure 5C). Efficient and equal transduction of the
3 proteins was observed. Their effect on growth of HMC-1 cells
was determined. Cells were left untransfected or were transduced
with the TAT-Stat5 fusion proteins for 9 days, and the number of
living cells was then evaluated by trypan blue exclusion (Figure
5D). Transduction of TAT-dnStat5 proteins abolished the growth of
HMC-1 cells in these experiments, whereas transduction of TATcS5F and TAT-Stat5 proteins slightly increased their proliferation
(Figure 5D). To further substitute our findings we used knockdown of expression of Stat5 in HMC-1 cells. For that purpose we
developed and used lentiviral vectors expressing Stat5 shRNA.
HMC-1 cells were transduced with recombinant lentivirusexpressing Stat5 shRNA (or luciferase shRNA as control), and
thereafter Stat5 expression and cell growth were determined. In
these experiments we found that inhibition of Stat5 (Stat5a and
Stat5b) expression completely blocked HMC-1 cell growth (Figure
5E,F). Taken together, these data provide evidence that growth of
neoplastic MCs requires persistent Stat5 activity.
c-Kit signaling promotes the growth of human hematopoietic
progenitor cells and MC development through Stat5

SCF-binding to the Kit receptor induced proliferation of human
CD34⫹ cells and MC development.7-9,52 Furthermore, murine MC
development and function are abrogated in stat5a/b⌬N mice.22 Little
is known so far about the role of Stat5 in SCF-induced human MC
development. We first determined whether SCF could activate
Stat5 in human CD34⫹ cells. Phosphorylation and nuclear localization of Stat5 after binding of SCF to Kit was strong, as shown by
both Western blot and immunocytochemistry analysis with an
anti–P-Y-Stat5 antibody, confirming that SCF signals through Stat5
in human CD34⫹ cells (Figure 6A). Similar results were obtained
with the SCF-dependent human MC line LAD-2 (Figure S4F). We
then transduced human CD34⫹ cells with the different TAT-Stat5
fusion proteins to analyze the role of Stat5. Expression of the
3 TAT-Stat5 proteins in transduced CD34⫹ cells was detected
12 hours after addition to the cell cultures (Figure 6B). The levels
of transduced TAT-Stat5 proteins were equivalent to endogenous
Stat5 and remained stable for at least 48 hours (not shown).
TAT-Stat5 proteins (10 nM) were therefore added every 48 hours to
the CD34⫹ cell cultures to evaluate their biologic activities (Figure
6C). In the absence of SCF, none of the fusion proteins were able to
promote the growth of CD34⫹ cells (data not shown). In contrast,
the numbers of CD34⫹ cells transduced with the TAT-wtStat5a and
TAT-cS5F were significantly enhanced in the presence of SCF
(10 ng/mL), whereas no growth promotion was seen with the
TAT-dnStat5a–transduced cells. TAT-wtStat5a and TAT-cS5F were
similar in their ability to promote growth of CD34⫹ cells during the
first 10 days of culture. However, after this period, we found a
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Figure 4. Detection and localization of P-Y-Stat5
and P-S-Akt in isolated neoplastic mast cells.
(A) Expression of P-Y-Stat5 and tryptase was also
evaluated by immunocytochemistry in isolated neoplastic MCs (from a patient with mast cell leukemia [MCL])
and normal isolated BM cells. (B) Detection of P-YStat5 and P-S-Akt in neoplastic MCs obtained from
patients with MCL in the absence or presence of a
blocking phospho-peptide. (C) Immunodetection of P-YStat5, P-S-Akt, and tryptase in the human HMC-1
neoplastic MC line. The P-S-Akt staining was also
performed in the presence of a blocking phosphopeptide. (D,E) Cytoplasmic and nuclear extracts
(CE and NE) were prepared from HMC-1 cells and
analyzed by Western blotting using the indicated antibodies. (F) Detection of cytoplasmic P-Y-Stat5 in HMC-1
cells by FACS. Cells were cultured in control medium
(solid line, open graph) or 1 M PKC412 (solid line,
gray graph) at 37°C for 4 hours followed by FACS using
an antibody against P-Y-Stat5. The dotted line represents the buffer control. The isotype control exhibited a
slight shift compared with the buffer control, but did not
change after exposure to PKC412 (not shown). Representatives of 3 independent experiments are shown.

growth advantage of CD34⫹ cells transduced with TAT-cS5F
(Figure 6C). We were able to expand these transduced cells for at
least 7 weeks in similar growth rates than obtained in 3-week
cultures. In addition, the TAT-wtStat5a and the TAT-cS5F fusion
proteins were found to promote SCF-induced MC development as
evidenced by expression of markers specific for the MC lineage,
including tryptase and Fc⑀RI, the high affinity IgE receptor.
Cell-surface expression of Fc⑀RI was determined by flow cytometry 30 days after transduction of TAT-wtStat5a or TAT-cS5F
proteins in CD34⫹ cells grown in presence of SCF. We consistently
found that transduction of TAT-wtStat5a or TAT-cS5F proteins
increased the percentage of cells expressing Fc⑀RI as compared
with nontransduced cells (25.1% vs 11.9% of total cells; Figure
6E). Fc⑀RI expression was approximately 2-fold elevated upon
TAT-cS5F transduction (⬃45%) compared with TAT-wtStat5a.
Cells transduced with TAT-cS5F show the presence of metochromatic granules after staining with toluidine blue. Immunocytochemical analysis with antitryptase antibody revealed that almost 80% of
these cells were tryptase positive (Figure 6E). Overall, these data
provide evidence that SCF-mediated expansion of human hematopoietic progenitors and MC development require P-Y-Stat5 activity.

Stat5 associates with PI3K in human neoplastic MCs and
regulates cell growth through Akt kinase

Formation of a complex between Stat5 and PI3K, and the
consecutive activation of Akt, apparently promotes neoplastic MC
development in vitro and in vivo in mice that underwent transplantation with cS5F. We therefore determined whether such a complex
would also be present in neoplastic HMC-1 cells. For this purpose,
Stat5 was immunoprecipitated from HMC-1 cell extracts, and the
presence of coimmunoprecipitated p85 was assessed by Western
blot analysis (Figure 7A). Results from 2 different immunoprecipitation experiments demonstrated that p85 associated with Stat5 in
these neoplastic MCs. The specificity of this interaction was
confirmed by performing the reverse experiment and we were also
able to show the presence of Stat5 in the p85 immunoprecipitates
(Figure 7A right panel).
We recently reported the successful use of recombinant TATwtAkt (wild-type [wt]) and TAT-dnAkt (dominant-negative [dn])
proteins to demonstrate the crucial role of Akt in the transforming
properties of constitutively active Stat5 proteins.42 Thus, we freshly
purified these 2 recombinant proteins to analyze the requirement of
Akt in the proliferation of HMC-1 cells. In particular, cells were
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Figure 5. Biologic effects of Stat5 proteins on
neoplastic mast cell growth. (A) Schematic representation of TAT-Stat5 proteins. DBD indicates DNA binding domain; SH2, Src-homology domain 2; TAD, transactivation domain. (B) Purity of recombinant TAT-Stat5
proteins was assessed by Coomassie blue staining on
SDS-PAGE. L indicates bacterial lysate; E, eluate
fraction. (C) HMC-1 cells were transduced with the
different TAT-Stat5 proteins (10 nM) during 24 hours.
Lysates from transduced cS5F-BM cells were prepared
and analyzed by Western blotting with the indicated
antibodies. (D) HMC-1 cells were transduced or not
with 10 nM of the different TAT-Stat5 proteins during
9 days and the number of living cells was determined
every 3 days using the trypan blue dye assay. Results
are the mean of 3 independent experiments. (E) HMC-1
cells were transduced with recombinant lentiviruses
expressing a Stat5 shRNA or a luciferase shRNA as
control. GFP⫹ cells were sorted by flow cytometry and
cultured in normal medium for 9 days. Cell extracts
were then prepared and analyzed by Western blot with
indicated antibodies. (F) The number of viable GFP⫹
cells expressing Stat5 or luciferase shRNAs was also
enumerated every 3 days. Representatives of 2 independent experiments are shown.

incubated with TAT-wtAkt or TAT-dnAkt proteins (100 nM) for 3,
6, or 9 days, and then cell growth was determined. Transduction of
TAT-dnAkt inhibited the proliferation of HMC-1 cells whereas
TAT-wtAkt was without any detectable effects (Figure 7B). In
control Western blot experiments with anti–HA and anti–Akt
antibodies, we showed that both TAT-Akt fusion proteins were
efficiently transduced into HMC-1 cells (Figure 7C). We next
analyzed whether inhibition of both Stat5 and Akt activities could
synergistically increase the growth inhibitory response in neoplastic MCs. In these experiments, HMC-1 cells were incubated with
recombinant TAT-Stat5 (wt or dn), TAT-Akt (wt or dn) proteins, or
a mixture of both proteins before determining cell growth (Figure
7D). Results showed that transduction of TAT-dnStat5 or TATdnAkt alone inhibited HMC-1 cell growth, but addition of both
proteins did not further increase the growth inhibitory effect.
Similar results were obtained by incubating HMC-1 cells with the
PI3K inhibitor LY294002 and the TAT-dnStat5 protein (data not
shown). We next determined the effect of transduced TAT-dnStat5
or TAT-cS5F on the levels of phosphorylated Akt in HMC-1 cells.
We found that whereas TAT-cS5F increases Akt phosphorylation,
transduction of TAT-dnStat5 in HMC-1 cells inhibited Akt phosphorylation, indicating that Stat5 regulates Akt activity in HMC-1 cells.
These data were also confirmed through the use of pharmacologic

inhibitors. In fact, addition of LY294002 did not result in decreased
Stat5 activation. As expected and in line with our data above, Akt
phosphorylation was abrogated when using an inhibitor of Stat5
activation (Figure S6). Collectively, these data indicate that constitutive activation of Stat5 and Akt are interconnected to promote
MC growth via a shared signaling pathway triggered by oncogenic
Kit receptors.

Discussion
Activating mutations of tyrosine kinases are often associated with
the development of hematologic malignancies. For instance, BcrAbl and point mutations in Jak2 kinase (Jak2V617F) or in c-Kit
(KitD816V) are responsible for myeloproliferative and MC proliferative disorders. These oncogenic tyrosine kinases activate distinct signaling pathways that play a role in cell growth and
survival.28,29,33-35 Activation of the PI3K/Akt pathway and Stat5 are
commonly induced by these oncogenes, and their constitutive
activation may be sufficient to transform hematopoietic cells. Here,
we demonstrate that persistent activation of Stat5 and Akt in bone
marrow cells of cS5F mice results in an increased growth of MCs in
vivo and enhanced Kit-dependent development of MCs in vitro.
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Figure 6. Analysis of Stat5 function in human
CD34ⴙ cells via c-Kit signaling. (A) Purified human
CD34⫹ cells from umbilical cord blood were stimulated
with recombinant SCF (10 ng/mL) or IL-3 (10 ng/mL)
for 30 minutes. Tyrosine phosphorylation of Stat5 was
evaluated by Western blot analysis using an anti–P-YStat5 antibody. SCF-mediated activation of Stat5 in
CD34⫹ cells was also analyzed by immunocytochemistry with an anti–P-Y-Stat5 (AX1) antibody. (B) Human
CD34⫹ cells were transduced or not (PBS) with the
different TAT-Stat5 proteins (10 nM) for the indicated
times. After extensive washes, the presence of recombinant TAT-Stat5 proteins in CD34⫹ cells were analyzed by Western blotting with the indicated antibodies.
(C) CD34⫹ cells (50 ⫻ 103; n ⫽ 4) were cultured in the
presence of SCF (10 ng/mL) for 20 days. TAT-Stat5
proteins (10 nM) were added or left away (PBS) every
2 days in culture and cells were enumerated every
5 days. (D) Transduced cells grown for 30 days in the
presence of SCF were analyzed for expression of
Fc⑀R1 by flow cytometry. Immunocytochemical analysis (IC) was also performed on TAT-cS5F proteintransduced cells with an antitryptase antibody. (E) The
presence of metachromatic granules was detected
after staining with toluidine blue. Results shown are
representative of 4 independent experiments.

Most importantly, we provide evidence that constitutive activation of Stat5 and Akt are detectable in neoplastic MCs in patients
suffering from systemic mastocytosis and MCL. We also show
that P-Y-Stat5 and P-S-Akt proteins promote MC growth,
suggesting that persistent Stat5 and Akt activation has an
important role in mastocytosis. This observation was supported
by our finding that abrogation of Stat5 or Akt activity is
followed by inhibition of growth of neoplastic MCs expressing
the oncogenic KitD816V mutant.
We have recently shown that activated Stat5 is primarily
located in the cytoplasm of leukemic cells in myeloid leukemias.42 In the present study, we confirmed these findings also to
neoplastic MCs of mice and men. These findings suggest that
besides its nuclear function as a transcription factor, the highly
expressed and tyrosine-phosphorylated Stat5 might also have an
important role as an effector or signaling adaptor in the
cytoplasm to amplify (eg, Kit-dependent) oncogenic signaling.
In fact, based on our results, we hypothesize that cytoplasmic
Stat5, and the Stat5/PI3K complex with consecutive activation
of Akt, play important roles in malignant growth of MCs.
P-Y-Stat5 interacted with the cytoplasmic scaffolding adapter
Gab2 in HMC-1 cells and expression of a Gab2 mutant deficient
in PI3K binding inhibited HMC-1 cell growth (Figure S7). Our
data from neoplastic MCs are in line with data from myeloid
leukemias, where we found that phosphorylated Stat5 proteins
form a signaling complex with the p85 regulatory subunit and
Gab2.41,42 Thus, Stat5, Gab2, and PI3K/Akt may act in concert
via a common (Kit-dependent) oncogenic signaling pathway in
neoplastic MCs. The essential role for Stat5, Gab2, and PI3K
expression in MC development and function came from knockout mouse analysis.20-24,53,54 Interestingly, mice deficient in p85
or Gab2 have a profound defect in gastrointestinal MCs, while

development of MCs in other tissues remained unaffected.20
These data are consistent with our observations that cS5Finduced PI3K activation (via formation of a Stat5/Gab2/p85
signaling complex) promotes in particular the development of
gastrointestinal MCs.
In contrast to our data, it was recently shown that neoplastic
MCs in systemic mastocytosis display nuclear P-Y-Stat5.47 On the
other hand, we and others have shown that cytoplasmic P-Y-Stat5
can be detected in the cytoplasmic compartment in AML.42,55 The
reason for the discrepancy concerning nuclear as opposed to
cytoplasmic P-Y-Stat5 detection in neoplastic MCs remains unknown. One reason may be the differences in the staining protocols
applied. In fact, depending on the technique applied, the nuclear or
the cytoplasmic portion of P-Y-Stat5 may be optimally visualized.
This would also be in line with the hypothesis that P-Y-Stat5 in
neoplastic (mast) cells can fulfill important functions in both the
cell nucleus and the cytoplasm. Based on our data in HMC-1 cells,
an attractive hypothesis would be that both the DNA-binding and
PI3K/Akt-triggering activities contribute to the oncogenic potential
of Stat5. Irrespective, our data suggest that KitD816V signals via
P-Y-Stat5 in neoplastic MCs. It is questionable if Stat5 is also an
important signaling effector in further diseases associated with
oncogenic Kit mutations like in gastrointestinal stromal tumors
(GISTs) or acute myeloid leukemias.
Despite the important role of MCs in immunity, allergic
response, or inflammatory diseases models in mice, signaling
properties of human MCs or signaling effectors that are involved in
human MC development are still poorly understood. It was
therefore important to demonstrate here that activation and tyrosine
phosphorylation of Stat5 after SCF binding to c-Kit is required to
promote expansion of human hematopoietic progenitors and consecutive MC development. It was previously shown that human
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Figure 7. P-Y-Stat5 interacts with PI3-kinase in
HMC-1 cells. (A) Stat5 (left panel) or p85 (right panel)
was immunoprecipitated from HMC-1 cell extracts with
specific or isotype control antibodies. The presence of
p85 (left panel) or Stat5 (right panel) in the immunoprecipitates was detected by Western blot. (B) HMC-1
cells were also transduced with 100 nM TAT-wtAkt or
TAT-dnAkt for 9 days and the number of living cells was
determined every 3 days using the trypan blue dye
assay. Results are the mean of 3 independent experiments. (C) Lysates from transduced HMC-1 cells were
analyzed by Western blotting using anti–HA and anti–
Akt antibodies. (D) HMC-1 cells were transduced or not
(NaCl) with the TAT-wtStat5, TAT-dnStat5, TAT-wtAkt,
and TAT-dnAkt fusion proteins or a mixture of TATwtStat5/TAT-wtAkt or TAT-dnStat5/TAT-dnAkt proteins
(ratio 1:1) for 3 days. Cell growth was determined using
the trypan blue dye assay. (E) Extracts from HMC-1
cells, either untreated (NaCl) or transduced with TATcS5F and TAT-dnStat5 recombinant proteins for 6 days,
were analyzed by Western blot with anti–P-S-Akt and
anti–Akt antibodies. Representatives of 3 independent
experiments are shown.

MCs arise from a pluripotent CD34⫹ progenitor cell population
that also give rise to eosinophils, basophils, Monocytes, and
neutrophils.7,9,56 Thus it is conceivable that the growth-promoting
effect of the TAT-Stat5 proteins on CD34⫹ cells affects the entire
cell population. Importantly, our data also suggest that deregulated
Stat5 activity due to oncogenic c-Kit signaling promotes neoplastic
cell development in part through an uncontrolled mitogenic effect
on hematopoietic stem cells (HSCs). This idea is also supported by
recent work demonstrating a critical role of Stat5 in HSC selfrenewal and/or expansion in mammals.57-59
The activation of Stat5 in myeloid diseases and MC neoplasms
suggests that small inhibitor molecules targeting Stat5 or Akt might
be relevant for the treatment of patients suffering from these
malignancies. Such novel targeted drugs may be of special interest
for those cases that are resistant against conventional kinase
inhibitors, which have been described in patients with CML but
also in patients with mastocytosis.60-62 In fact, although new
Kit-targeting drugs have been described to counteract growth of
neoplastic MCs in most patients,33,63,64 resistance may develop
within a short time.62,65 Therefore, drugs targeting the Stat5-Akt
axis are an alternative and complementary strategy in the treatment
of systemic mastocytosis.
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and grant SFB F28 to R.M.), and Cent pour Sang la Vie. N.H.
was supported by the French and Algerian Ministry for Research
and Technology and ARC.

Authorship
Contribution: N.H., C.B., K.F., K.S., R.K., S.M.-L., L.K., M.K.,
and S.Y. designed and performed research; V.G.-G., J.G., L.B., and

From www.bloodjournal.org at CNRS BiblioVie on March 12, 2009. For personal use only.
2472

BLOOD, 15 SEPTEMBER 2008 䡠 VOLUME 112, NUMBER 6

HARIR et al

I.D.-F. contributed analytical tools and analyzed data; K.L. analyzed data and wrote the paper; and P.V., R.M., and F.G. designed
research, analyzed data, and wrote the paper.
Conflict-of-interest disclosure: The authors declare no competing financial interests.
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