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Systemic mastocytosis is a neoplastic disease of mast
cells harboring the activating KIT mutation D816V. In
most patients, mast cell infiltration in the bone marrow
is accompanied by marked microenvironment altera-
tions, including increased angiogenesis, osteosclerosis,
and sometimes fibrosis. Little is known about the mast
cell-derived molecules contributing to these bone mar-
row alterations. We show here that neoplastic mast cells
in patients with systemic mastocytosis express oncosta-
tin M (OSM), a profibrogenic and angiogenic modulator.
To study the regulation of OSM expression, KIT D816V
was inducibly expressed in Ba/F3 cells and was found to
up-regulate OSM mRNA and protein levels, suggesting
that OSM is a KIT D816V-dependent mediator. Corre-
spondingly, KIT D816V HMC-1.2 cells expressed signif-
icantly higher amounts of OSM than the KIT D816V~
HMC-1.1 subclone. RNA interference-induced knock-
down of STAT5, a key transcription factor in KIT
D816V* mast cells, inhibited OSM expression in HMC-1
cells, whereas a constitutively activated STAT5 mutant
induced OSM expression. Finally, OSM secreted from
KIT D816V* mast cells stimulated growth of endothelial
cells, fibroblasts, and osteoblasts, suggesting that mast
cell-derived OSM may serve as a key modulator of the
marrow microenvironment and thus contribute to the
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pathology of systemic mastocytosis. (4m J Pathol 2011,
178:2344-2356; DOI: 10.1016/j.ajpath.2011.01.020)

Systemic mastocytosis is a clonal disease of myelomas-
tocytic progenitors.” The clinical manifestation of the dis-
ease is variable, ranging from an indolent course to
highly aggressive variants with short survival time. Based
on clinical findings, four major subtypes of systemic mas-
tocytosis have been defined by the World Health Orga-
nization: indolent systemic mastocytosis, mastocytosis
with an associated clonal hematological non-mast cell
lineage disease, aggressive systemic mastocytosis, and
mast cell leukemia.? The pathological hallmark of sys-
temic mastocytosis is the multifocal dense infiltrate of
mast cells in the bone marrow. Apart from mast cell
infiltrates, alterations in the bone marrow microenviron-
ment, including increased angiogenesis, thickened bone
trabeculae, and sometimes bone marrow fibrosis, are
found in these patients.®>® These bone marrow altera-
tions are detectable independent of the category of mas-
tocytosis, presence of eosinophilia, or the mast cell bur-
den. It has also been shown that bone marrow stromal
cells support growth and differentiation of mast cells.®=°
So far, however, little is known about the interplay be-
tween neoplastic mast cells and stromal cells and its
relevance for the pathogenesis of systemic mastocytosis.

The receptor tyrosine kinase KIT and its ligand, stem
cell factor (SCF), play a pivotal role in mast cell differen-
tiation and growth. In most patients with systemic masto-
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cytosis, neoplastic cells harbor the KIT mutation D816V,
which affects the ATP-binding domain of the KIT receptor
and results in a gain of function.’®='2 KIT D816V has
been shown to promote mast cell differentiation in a li-
gand-independent manner and to produce an indolent
mast cell disease in mice.'® Several studies have sug-
gested that the D816V mutation leads to a quantitative as
well as qualitative alteration in KIT-dependent signal-
ing.' ¢ In particular, various signal transduction path-
ways including the phosphoinositide 3-kinase (PI3-ki-
nase)/Akt pathway, the mitogen-activated protein kinases
(MAP kinases), and signal transducer and activator of
transcription 5 (STAT5) have been shown to be activated
by KIT D816V."* 'S Several observations suggest that
STAT5 may play a particular role in growth and survival of
normal and neoplastic mast cells. Specifically, STAT5-
deficient mice have a profound defect in mast cell devel-
opment."” It has also been reported that neoplastic mast
cells in systemic mastocytosis express phosphorylated
STATS5, and that inhibition of STAT5 negatively affects
mast cell growth.'®'® So far, however, the pathogenetic
significance of STAT5 activation in neoplastic mast cells
has not been defined.

Oncostatin M (OSM) is a pleiotropic cytokine be-
longing to the interleukin-6 (IL-6) family. Produced
mainly by activated T cells and monocytes, OSM can
elicit different biological effects, depending on the cell
type.?° Two types of human OSM receptors have been
described. The type | OSM receptor is composed of
gp130 and the leukemia inhibitory factor (LIF) receptor
B-subunit (LIFR),2"22 and the type || OSM receptor is
composed of gp130 and the OSM-specific receptor
B-subunit (OSMR).22 Initially, OSM was recognized by
its inhibitory activity against A375 melanoma cells.?*
Later, OSM was shown to act as a growth factor for
mesenchymal cells, including endothelial cells, fibro-
blasts, and osteoblasts.?>~28 Recently, OSM has been
implicated as an important cytokine in hematopoiesis.
Transplantation experiments with OSM-deficient mice
have shown that OSM stimulates stromal cells as well
as hematopoietic progenitors and is required for the
generation and maintenance of a proper microenviron-
ment in the bone marrow.?°-3"

In the present study, we examined the expression and
potential role of OSM in neoplastic mast cells. We found
that neoplastic mast cells express OSM in a constitutive
manner and that OSM expression is dependent on KIT
D816V and downstream STAT5. We also found that mast
cell-derived OSM stimulates the growth of microvascular
endothelial cells, osteoblasts, and fibroblasts, suggest-
ing a potential pathogenetic role of this mediator in sys-
temic mastocytosis.

Materials and Methods

Patients

Eighteen patients with systemic mastocytosis and seven
control subjects (staging of lymphomas or reactive bone
marrow) were examined. Mastocytosis was diagnosed
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according to World Health Organization criteria.? In the
systemic mastocytosis group, 14 patients had indolent
systemic mastocytosis, two had systemic mastocytosis
with associated clonal hematological non-mast cell lin-
eage disease, and two had mast cell leukemia (see Sup-
plemental Table S1 at http://ajp.amjpathol.org). Routine
staging included physical examination, abdominal ultra-
sound imaging, complete blood count, serum tryptase
measurement, bone marrow histology, IHC (tryptase and
CD25), cytologic examination of bone marrow cells on
Wright-Giemsa-stained bone marrow smears, flow cy-
tometry for detection of CD2 and CD25 in bone marrow
mast cells, and analysis of bone marrow cells for KIT
D816V by restriction fragment length polymorphism as
described previously.? Informed consent was obtained in
each case before blood examinations and bone marrow
puncture.

Reagents

Midostaurin (PKC412) was kindly provided by Johannes
Roesel and Paul Manley (Novartis Pharma AG, Basel,
Switzerland).®?> Recombinant human stem cell factor
(SCF) was purchased from Strathmann Biotec (Han-
nover, Germany). Recombinant murine IL-3 and human
IL-6 were from Miltenyi Biotec (Auburn, CA). RPMI 1640
medium, Iscove’s modified Dulbecco’s medium, Dulbec-
co’s modified Eagle’s medium, Dulbecco’s modified Ea-
gle’s medium/F12(1:1) without Phenol Red, MDCB131
medium, and fetal calf serum (FCS) were from Invitrogen
(Carlsbad, CA) and polybrene was from Sigma-Aldrich
(St. Louis, MO). The MAP kinase/extracellular signal-reg-
ulated kinase (MEK) inhibitor PD98059, the PI3-kinase
inhibitor LY294002, and piceatannol were purchased
from Calbiochem (La Jolla, CA).

Cells and Cell Culture

Ba/F3 cells with inducible expression of KIT D816V
(Ton.Kit.D816V) or wild-type KIT (Ton.Kit.wt)'® were
grown in RPMI 1640 medium with 10% FCS and IL-3 (1
ng/mL) at 37°C and 5% CO,. (Ba/F3 is a murine, IL-3-
dependent progenitor cell line.) The mast cell line
HMC-1 was kindly provided by Joseph H. Butterfield
(Mayo Clinic, Rochester, MN).®® Two subclones were
used: HMC-1.1, harboring KIT V560G but not KIT
D816V3* (referred to as KIT D816V~ HMC-1 cells), and
HMC-1.2, harboring KIT V560G as well as KIT
D816V3234 (referred to as KIT D816V* HMC-1 cells).
HMC-1 cells were cultured in Iscove’'s modified Dul-
becco’s medium with 10% FCS. The human microvas-
cular endothelial cell line HMEC-1 was kindly provided
by Edwin Ades (Centers for Disease Control and Pre-
vention, Atlanta, GA).2536 HMEC-1 cells were cultured
in MDCB131 medium with 10% FCS. hFOB 1.19 cells
(ATCC, Manassas, VA) were cultured in DMEM/F12
medium without Phenol Red with 10% FCS. After in-
formed consent was obtained, CD34* progenitor cells
were isolated from cord blood by magnetic-activated
cell separation using a CD34 MicroBead kit (Miltenyi
Biotec) and then were cultured in StemPro-34 serum-
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free complete medium (Invitrogen) in the presence of
SCF and IL-6 (both at 100 ng/mL). After 4 weeks, RPMI
1640 medium containing 10% FCS was used instead of
serum-free medium. Cytokines were replaced weekly.
After 7 weeks, 70% to 80% of cells were mature mast
cells, as evidenced by Wright-Giemsa staining.

Primary lung mast cells were prepared as described
previously.®” Lung tissue was obtained from patients un-
dergoing lobectomy for bronchiogenic carcinoma (n =
4), after informed consent was given. Tissue was placed
into Ca/Mg-free Tyrode’s buffer immediately after resec-
tion, then was cut into small pieces and washed in Ty-
rode’s buffer. Tissue fragments were then incubated in
collagenase type Il (1.5 mg/mL; Worthington, Lakewood,
NJ) at 37°C for 60 minutes. Dispersed cells were recov-
ered by filtration through Nitex cloth, washed in RPMI
1640 medium with 10% FCS and then filtered through a
cell strainer (70 uwm). Mast cells were purified by fluores-
cence-activated cell sorting on a FACSAria system (Bec-
ton Dickinson, Franklin Lakes, NJ) using a phycoerythrin-
labeled antibody against CD117 (Becton Dickinson) and
then were cultured in RPMI 1640 medium containing 10%
FCS and SCF (100 ng/mL) for 3 days.

The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Re-
view Board (local ethics committee) of the Medical Uni-
versity of Vienna.

Generation of Ba/F3 Cells with Conditional
Expression of STATS S710F

Ba/F3 cells expressing the reverse tetracycline-transac-
tivator®® were retrovirally transduced with the pRevTRE
plasmid (Clontech, Palo Alto, CA) containing murine
STAT5A S710F (kindly provided by Richard Moriggl, Lud-
wig Boltzmann Institute for Oncology Research, Vienna,
Austria).®® Cells were selected with puromycin (1 ug/mL)
and then cloned by limiting dilution. Expression of STAT5
S710F in the presence of doxycycline (1 ug/mL) was
analyzed by immunoblotting.

Knockdown of KIT and STAT5

For knockdown of KIT, a pLKO.1 clone containing a short
hairpin RNA (shRNA) targeting human KIT (5’-GCCGGTC-
GATTCTAAGTTCTAC-3") was obtained from Open Biosys-
tems (Huntsville, AL). For knockdown of STAT5, an olig-
onucleotide targeting human and murine STAT5A
and STAT5B™ (5'-GCAGCAGACCATCATCCTG-3') was
cloned into a modified pLKO.1 lentiviral vector. Recombi-
nant VSV-G pseudotyped lentiviruses were produced as
described previously.*' HMC-1 and Ton.Kit.D816V cells
were transduced in the presence of polybrene (7 wg/mL)
and were selected with puromycin (2 ug/mL) for 48 hours.
Knockdown of STAT5S was confirmed by immunoblotting
and knockdown of KIT by fluorescence-activated cell sort-
ing analysis.

IHC, Immunocytochemistry, and
Immunofluorescence

IHC was performed on FFPE bone marrow biopsy sec-
tions using the indirect immunoperoxidase staining
technique as described previously.'® Slides were pre-
treated in a microwave oven and endogenous peroxi-
dase was blocked by methanol/H,0, before sections
were incubated with anti-tryptase G3 antibody (Ven-
tana Medical Systems, Tucson, AZ) or a polyclonal
rabbit anti-OSM antibody (sc-129, dilution 1:500; Santa
Cruz Biotechnology, Santa Cruz, CA). In select exper-
iments, the OSM antibody was preincubated with a
blocking peptide (Santa Cruz Biotechnology). After
washing, slides were incubated with biotinylated horse
anti-mouse or goat anti-rabbit 1gG for 30 minutes,
washed, and exposed to avidin-biotin-peroxidase
complex for 30 minutes. 3-Amino-9-ethyl-carbazole
was used as chromogen. Slides were counterstained in
Mayer’'s hemalaun and mounted in Aquatex (Merck,
Darmstadt, Germany).

Immunocytochemistry was performed on cytospin
preparations of HMC-1 and lung mast cells as de-
scribed previously,’ using a polyclonal rabbit anti-
OSM antibody (Santa Cruz Biotechnology). Cytospin
slides were incubated with the primary antibody over-
night, washed, and thereafter exposed to biotinylated
goat anti-rabbit 1gG (Biocare Medical, San Diego,
CA) for 30 minutes. Streptavidin-alkaline-phosphatase
complex (Biocare Medical) was used as chromogen.
Antibody reactivity was made visible using neofuchsin.
Slides were counterstained in Mayer’s hemalaun and
mounted. For staining of phosphorylated STATS, the
anti-pSTAT5a/b antibody AX1 from Advantex BioRe-
agents (El Paso, TX) was used as described previ-
ously.’® Images were prepared using an Olympus
DP11 camera connected to an Olympus BX50F4 mi-
croscope equipped with 100%/1.35 UPlan-Apo objec-
tive lens (Olympus, Hamburg, Germany) and pro-
cessed with Adobe Photoshop CS2 software version
9.0 (Adobe Systems, San Jose, CA).

Immunofluorescence double labeling was per-
formed on formalin-fixed, paraffin-embedded bone
marrow and lung biopsy sections. Slides were pre-
treated in a microwave oven, blocked with 10% FCS,
and incubated with rabbit anti-OSM antibody (dilution
1:250) overnight. Sections were then incubated with
mouse anti-tryptase G3 antibody for 1 hour. After a
washing, slides were exposed to Alexa Fluor 555-con-
jugated anti-rabbit and Alexa Fluor 488-conjugated an-
ti-mouse secondary antibodies (Invitrogen). Nuclei
were counterstained with DAPI (Sigma-Aldrich). Im-
ages were acquired by confocal laser scanning mi-
croscopy using a Zeiss LSM 710 system (Carl Zeiss
Microlmaging, Jena, Germany) with a 40X Plan-Apo-
chromat objective (1.4 oil/DICIIl) and a pinhole of 0.8
airy units.
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Gene Primer Sequence

ABL1 ABL_209_fwd 5'-TGTATGATTTTGTGGCCAGTGGAG-3’
ABL_279_rev 5'-GCCTAAGACCCGGAGCTTTTCA-3'

OSM OSM_67_fwd 5'-CACACAGAGGACGCTGCTCA-3'
OSM_126_rev 5'-ATGCTCGCCATGCTTGGAA-3'

OSMR OSMR_1902_fwd 5'-TGGGTGCTTCTCCTGCTTCTG-3'
OSMR_1992_rev 5'-CCACCCTCTGTGCCTGCAAT-3'

LIFR LIFR_93_fwd 5'-GCTCAGAAAGGGAGCCTCTGC-3'
LIFR_160_rev 5'-CCATCATCTGTGCAATGCAGTC-3’

HDC HDC_376_fwd 5'-GGAGACATGCTGGCTGATGC-3'
HDC_443_rev 5'-TCTGTACACGCAGGGCTGGA-3'

BCL2L1 BCL2L1_161_fwd 5'-CTCCTCTCCCGACCTGTGAT-3’
BCL2L1_260_rev 5'-AAGATTCTGAAGGGAGAGAAAGAGA-3'

PIM1 PIM1_1124_fwd 5'-TCTTCAGGCAGAGGGTCTCTTCA-3’
PIM1_1184_rev 5'-CTCAGGGCCAAGCACCATCT-3'

AbIT (murine) Abl_262_fwd 5'-TCTATGATTTTGTGGCCAGTGGAG-3'
Abl_332_rev 5'-ACCCAAGACCCGGAGCTTTTCA-3’

Osm (murine) Osm_577_fwd 5'-GCTGCAGAATCAGGCGAACC-3'
Osm_677_rev 5'-TGCAGGCAGCTCTCAGGTCA-3’

Detection of OSM by ELISA

To determine the amount of secreted OSM, an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) was used according to the recommen-
dations of the manufacturer. The detection limit of the
ELISA amounted to 30 pg/mL OSM.

Immunoblotting

Whole cell extracts from Ton.Kit.D816V, Ton.Stat5.5710F,
and HMC-1 cells were subjected to SDS-polyacrylamide
gel electrophoresis analysis and immunoblotting was
performed using antibodies against OSM (Santa Cruz
Biotechnology), STAT5 (Becton Dickinson), phosphory-
lated STAT5 (Cell Signaling Technology, Danvers, MA),
and B-actin (Sigma-Aldrich) as described previously.™

Reporter Gene Assay

A firefly luciferase reporter plasmid containing 0.7 kb
of the 5’-flanking region of the murine OSM gene (pGV-
OSM-luc) was kindly provided by Akihiko Yoshimura
(Research Institute of Bioregulation, Kyushu University,
Fukuoka, Japan).*® The pRL-TK plasmid (Promega,
Madison, WI) containing the Renilla luciferase gene
driven by a herpes simplex virus thymidine kinase pro-
moter was used as an internal control reporter. pGV-
OSM-luc (2 ng) and pRL-TK (20 ng) plasmids were
transfected into Ton.Kit.D816V cells by means of
Amaxa nucleofection (Lonza, Cologne, Germany) ac-
cording to the recommendations of the manufacturer.
After transfection, cells were split and incubated with
or without doxycycline (1 wg/mL) for 24 hours. OSM
promoter activity was determined using a dual-lucifer-
ase reporter assay system (Promega) and a BioTek
Synergy 2 luminometer (BioTek Solutions, Santa Bar-
bara, CA). OSM promoter activity was normalized to
Renilla luciferase activity and expressed as percent-
age of control (absence of doxycycline defined the
control).

Real-Time PCR

OSM, OSMR, LIFR, and ABL mRNA copy numbers
were quantified on a 7900HT Fast Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA) using iTaq
SYBR Green Supermix with ROX (Bio-Rad Laborato-
ries, Hercules, CA) and plasmid standards. Copy num-
bers were normalized to ABL copy numbers and ex-
pressed as percentage of ABL or as AC+ values (AC =
CrasLy — CrimRana sampie))- Primer sequences are listed in
Table 1.

[PHJThymidine Incorporation Assay

To determine effects of mast cell-derived OSM on growth of
mesenchymal cells, HMEC-1 cells, hFOB 1.19 cells, and
primary bone marrow fibroblasts were cultured in 96-well
microtiter plates and incubated with supernatant from KIT
D816V™* or KIT D816V~ HMC-1 cells in the presence or
absence of a neutralizing OSM antibody (R&D Systems) for
72 hours. Next, 1 uCi [?H]thymidine was added to each
well. At 12 hours, cells were harvested and bound radioac-
tivity was measured as described previously.*! For produc-
tion of supernatants, HMC-1 cells (2 x 10° cells/mL) were
cultured in the presence of 1% FCS (for stimulation of hFOB
1.19 cells) or 10% FCS (for stimulation of HMEC-1 cells and
primary fibroblasts) for 24 hours.

Statistical Analysis

To determine the level of significance, Student’s t-test
was applied. Results were considered to be significantly
different when the P value was <0.05.

Results

Neoplastic Mast Cells Constitutively
Express OSM

To investigate OSM expression in neoplastic mast cells,
we first examined bone marrow sections obtained from
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Figure 1. Detection of oncostatin M (OSM) in neoplastic mast cells in the
bone marrow of patients with systemic mastocytosis. A-D: Serial sections
prepared from paraffin-embedded bone marrow of a patient with systemic
mastocytosis were stained with anti-tryptase antibody (A and C) or anti-OSM
antibody (B and D) as described under Materials and Methods. Typical
spindle-shaped neoplastic mast cells (arrows) and endothelial cells were
found to express OSM. Arrowheads indicate the same bone trabecule in two
adjacent sections (A and B; C and D). Original magnification: X400 (A and
B); X1000 (C and D). E-H: Neoplastic mast cells were examined for expres-
sion of tryptase (E, red) and OSM (F, green) in bone marrow sections from
a patient with systemic mastocytosis by a double immunofluorescence stain-
ing technique. The merged image (G) confirms coexpression of OSM and
tryptase in single neoplastic mast cells. H: DAPI stain. Arrows indicate
spindle-shaped OSM/tryptase-positive mast cells.

patients with systemic mastocytosis. As assessed by IHC
and immunofluorescence, tryptase-positive spindle-
shaped neoplastic mast cells reacted with the anti-OSM
antibody (Figure 1). OSM was expressed in neoplastic
mast cells in all 18 patients investigated (see Supplemen-
tal Table S1 at http.//ajp.amjpathol.org) and in all variants
of systemic mastocytosis (indolent systemic mastocyto-
sis, systemic mastocytosis with associated clonal hema-
tological non-mast cell lineage disease, and mast cell
leukemia) with comparable staining intensity (Table 2).
Preadsorption with a specific blocking peptide com-
pletely abolished immunoreactivity of the anti-OSM anti-
body, thereby confirming the specificity of the staining
reaction (Figure 2, A-D). Apart from neoplastic mast
cells, megakaryocytes, endothelial cells, myeloid pro-
genitors, and endosteal cells were also found to react
with the anti-OSM antibody (Figure 2, E and F, and Table
2). Erythroid cells and mature granulocytes did not ex-
press OSM.

Next, we asked whether OSM serum levels are in-
creased in patients with systemic mastocytosis. OSM

Table 2. Cellular Distribution of Oncostatin M In Bone Marrow
Sections in Mastocytosis and Controls

Normal SM-
Cell type BM ISM MCL AHNMD
Megakaryocytes ++ ++  ++ ++
Myeloid progenitors + + + +

Neutrophil granulocytes - - - -
Eosinophil granulocytes -
Erythroid progenitors -
Mast cells ND*
+
+

Endothelial cells
Endosteal cells

+ o+ +
+ o+
+++

BM, bone marrow; ISM, indolent systemic mastocytosis; MCL, mast
cell leukemia; ND, no data; SM-AHNMD, systemic mastocytosis with
associated clonal hematologic non-mast cell lineage disease; —, nega-
tive; +, positive; ++, strongly reactive.

Bone marrow sections were stained with an antibody against oncosta-
tin M as described under Materials and Methods.

*Only a few diffusely spread mast cells were found in normal bone
marrow.

serum levels were determined in 16 mastocytosis pa-
tients (see Supplemental Table S2 at http://ajp.amjpathol.
org) and in 20 healthy control individuals by ELISA.
We found that 6 of the 16 patients with systemic masto-
cytosis had significantly increased OSM serum levels
(median 126.3 pg/mL, range 47.7 pg/mL to 188.2 pg/
mL), whereas OSM could not be detected in the serum of
healthy individuals. Taken together, our data show that

Figure 2. Expression of OSM in the bone marrow. A and C: Bone marrow
sections from a patient with systemic mastocytosis were stained with anti-
OSM antibody. B and D: Preincubation of anti-OSM antibody with a specific
blocking peptide abolished OSM immunoreactivity. E and F: Bone marrow
sections from a control patient were stained with anti-OSM antibody. Myeloid
progenitors, megakaryocytes, endothelial cells (E, arrowheads), and en-
dosteal cells (F, arrowhead) stained positive for OSM in the normal bone
marrow, whereas erythroid cells and mature granulocytes stained negative
for OSM.
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Figure 3. Expression of OSM in the HMC-1 mast cell line. A: KIT D816V~ and KIT D816V HMC-1 cells were spun onto cytospin slides and expression of OSM
was analyzed by immunocytochemistry using an anti-OSM antibody. Preincubation of the anti-OSM antibody with a specific blocking peptide abolished OSM
immunoreactivity. B: Cord blood-derived mast cells, primary human lung mast cells, K77'D816V~ HMC-1 cells, and KI7'D816V" HMC-1 cells were analyzed for
expression of OSM by quantitative real-time PCR. C: KIT D816V~ HMC-1 and KIT D816V HMC-1 cells were incubated at a density of 4 X 10° cells/mL for 24
hours. Supernatants were then harvested, and the amount of secreted OSM was determined by ELISA. D and E: KIT' D816V T HMC-1 cells (4 X 10° cells/mL) were
treated with midostaurin at concentrations from 10 nmol/L to 1000 nmol/L for 24 hours. Cells and supernatants were then harvested, and expression of OSM mRNA
(D) and of secreted OSM protein (E) was determined. F: KIT D816V*" HMC-1 cells were lentivirally transduced with a small interfering RNA targeting KIT
(KIT-siRNA) or with a random sequence siRNA (Rdm-siRNA). At 24 hours after transduction, cells were selected with puromycin (2 ug/mL) for 48 hours.
Expression of OSM was then determined by quantitative real-time PCR. All results represent the mean * SD of three independent experiments. *P < 0.05.

neoplastic mast cells in patients with systemic mastocy-
tosis express OSM and that OSM serum levels are ele-
vated in a subset of these patients.

Role of KIT D816V in Expression of OSM in
Neoplastic Mast Cells

Given the high levels of OSM in mast cells of mastocyto-
sis patients and the strong link between systemic masto-
cytosis and the KIT D816V mutation, we evaluated
whether this mutation might be involved in regulating
OSM expression. For this purpose, both KIT D816V™" and
KIT D816V~ HMC-1 cells were analyzed for OSM levels
using immunocytochemistry. KIT D816V* HMC-1 cells

were found to express substantial higher amounts of the
OSM protein, compared with KIT D816V~ HMC-1 cells
(Figure 3A). Preincubation of the anti-OSM antibody with
a blocking peptide abolished OSM immunoreactivity
(Figure 3A). In line with our immunostaining results, KIT
D816V* HMC-1 cells were found to express higher levels
of OSM mRNA (Figure 3B) and secreted higher amounts
of the OSM protein into culture supernatants (Figure 3C)
than KIT D816V~ HMC-1 cells. Both normal cord blood-
derived mast cells and primary human lung mast cells
expressed substantially lower OSM mRNA levels, com-
pared with HMC-1 cells (Figure 3B). In line with these
data, double labeling of lung tissue sections for tryptase
and OSM by immunofluorescence showed that normal
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lung mast cells do not express detectable amounts of the
OSM protein (see Supplemental Figure S1 at http.//ajp.
amjpathol.org).

To determine whether OSM expression in neoplastic
mast cells is dependent on KIT D816V kinase activity, KIT
D816V* HMC-1 cells were treated with midostaurin, a mul-
tikinase inhibitor reported to block the kinase activity of KIT
D816V.%2 As expected, inhibition of KIT D816V by
midostaurin decreased the expression of OSM mRNA and
OSM protein levels in HMC-1 cells in a dose-dependent
manner (Figure 3, D and E). Moreover, we found that
RNA-interference (RNAI) knockdown of KIT led to a
substantial down-regulation of OSM expression in KIT
D816V* HMC-1 cells (Figure 3F). In these experiments,
we also noticed that treatment with either midostaurin
or RNAI knockdown of KIT led to rapid induction of
apoptosis in HMC-1 cells. As determined by a Trypan
Blue exclusion test, midostaurin (1 umol/L) decreased
viability of HMC-1 cells from >90% to 60% within 24
hours. RNAi knockdown of KIT reduced viability of
HMC-1 cells even to 30% within 4 days after transduc-
tion. To exclude the possibility that down-regulation of
OSM expression by midostaurin or knockdown of KIT is
a nonspecific consequence of decreased viability, we
generated HMC-1 cells stably overexpressing BCL-2.
As expected, overexpression of BCL-2 effectively
counteracted induction of apoptosis by midostaurin or
RNAi knockdown of KIT (viability >90% in all experi-
mental settings). Nonetheless, exposure to midostaurin
or RNAi knockdown of KIT resulted in decreased ex-
pression of OSM in these cells (see Supplemental Fig-
ure S2 at http.//ajp.amjpathol.org), similar to results ob-
tained in nontransfected HMC-1 cells (Figure 3, D and
F). Taken together, these data suggest a regulatory

real-time PCR. All results represent the mean * SD of three independent experiments. *P < 0.05.

role for KIT D816V in expression of OSM in neoplastic
mast cells.

KIT D816V Promotes Expression of OSM in
Ba/F3 Cells

To provide further evidence that KIT D816V promotes
expression of OSM, Ba/F3 cells with doxycycline-induc-
ible expression of KIT D816V (Ton.Kit.D816V) or of wild-
type KIT (Ton Kit.wt) were used.'® Induction of KIT D816V
by addition of doxycycline up-regulated OSM promoter
activity as measured by a luciferase reporter assay, and
increased OSM mRNA and OSM protein levels in Ba/F3
cells (Figure 4, A-C). The effects of KIT D816V on ex-
pression of OSM were more pronounced in the absence
of IL-3 (approximately 100-fold up-regulation; Figure 4B)
than in the presence of IL-3 (approximately 10-fold up-
regulation; Figure 4D), which is best explained by the
previously described stimulatory effect of IL-3 on expres-
sion of OSM in Ba/F3 cells.*® The KIT D816V-dependent
up-regulation of OSM in Ba/F3 cells was inhibited by
midostaurin in a dose-dependent manner (Figure 4D)
and in the same concentration range as observed with
KIT D816V HMC-1 cells (Figure 3, D and E). Importantly,
wild-type KIT did not affect expression of OSM in Ba/F3
cells, neither in the absence nor in the presence of SCF
(Figure 4B). Taken together, these data show that KIT
D816V promotes expression of OSM.

KIT D816V Induces Expression of OSM through
Activation of STAT5

KIT D816V is known to activate several signaling path-
ways. 5 To identify the signal transduction pathways in-
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Figure 5. KIT D816V-induced expression of OSM is STATS-dependent. A: KI7D816V* HMC-1 cells were incubated with piceatannol (160 umol/L), PD98059 (50
pmol/L), or LY294002 (20 mwmol/L) for 16 hours. Cells were then harvested, and expression of OSM was determined by real-time PCR. Results represent the
mean = SD of three independent experiments. *P < 0.05. B: KIT D816V HMC-1 cells (4 X 10° cells/mL) were incubated with piceatannol at concentrations of
10, 40, or 160 pwmol/L for 24 hours. Supernatants were then harvested, and the amount of secreted OSM was determined by ELISA. Results represent the mean * SD
of three independent experiments. *P < 0.05. C: Ton.Kit. D816V cells kept with IL-3 were cultured in the absence (Control) or presence (Doxy) of doxycycline
(1 wg/mL). Cells cultured with doxycycline were treated with piceatannol (10 umol/L) for 16 hours. Expression of OSM was then determined by real-time PCR.
Results represent the mean * SD of three independent experiments. *P < 0.05. D: KITD816V" HMC-1 cells were lentivirally transduced with a random sequence
siRNA (rdm-siRNA) or an siRNA targeting STATS5 (Stat5-siRNA). At 24 hours after infection, transduced cells were selected with puromycin (2 pug/mL) for 48 hours.
Cells were then harvested, and expression of STATS was determined by immunoblotting. Actin served as a loading control. E: KIT D816V HMC-1 cells were
transduced with a random sequence siRNA (Rdm-siRNA) or an siRNA targeting STATS (Stat5-siRNA) and selected as described above. Expression of OSM was
determined by real-time PCR. Results represent the mean * SD of three independent experiments. *P < 0.05. F: Ton Kit.D816V cells kept in the presence of IL-3
were transduced with a random sequence siRNA (Rdm-siRNA) or an siRNA targeting STAT5 (Stat5-siRNA) and were selected as described above. At 2 days after
infection, cells were split and cultured in the absence [control (Co)] or presence (Doxy) of doxycycline for 16 hours. Expression of OSM was then determined

by real-time PCR. Results represent the mean = SD of three independent experiments. *P < 0.05.

volved in KIT D816V-dependent expression of OSM, we first
applied pharmacological inhibitors of known downstream
effectors of KIT D816V, namely, MEK, PI3-kinase, and
STATS5. Inhibition of MEK by PD98059 or PI3-kinase by
LY294002 did not affect expression of OSM in KIT D816V
HMC-1 cells (Figure 5A). In contrast, piceatannol, a com-
pound targeting multiple targets including STAT5,** inhib-
ited expression of OSM mRNA and OSM protein levels in a
dose-dependent manner in KIT D816V* HMC-1 cells (Fig-
ure 5, A and B), as well as in Ba/F3 cells inducibly express-
ing KIT D816V (Figure 5C). To determine whether STAT5
regulates the expression of OSM, we silenced STATS by
RNAI (Figure 5D). As assessed by real-time PCR, knock-
down of STATS significantly decreased expression of OSM
in KIT D816V HMC-1 cells, as well as in Ba/F3 cells ex-
pressing KIT D816V (Figure 5, E and F).

To further analyze the role of STAT5 in expression of
OSM, we generated Ba/F3 cells with doxycycline-inducible
expression of a constitutively activated STATS5 mutant,
STAT5 S710F (Figure 6A). Expression of STAT5 S710F did
not substitute for IL-3 as a growth factor, but prolonged
survival of Ba/F3 cells in the absence of IL-3 (Figure 6B). As
expected, STAT5 S710F led to an increase in expression of
OSM in the presence as well as in the absence of IL-3

(Figure 6C). Moreover, overexpression of STAT5 S710F by
lentiviral-mediated gene transfer further up-regulated ex-
pression of OSM in KIT D816V HMC-1 cells (Figure 6D).
Taken together, our data show that KIT D816V promotes
expression of OSM through activation of STAT5.

Effects of Wild-Type KIT on Activation of STAT5
and OSM Expression

Of note, wild-type KIT (in the presence of SCF) did not
activate STAT5'® or induce expression of OSM in Ba/F3
cells (Figure 4). To investigate the effects of wild-type KIT
and SCF on expression of OSM in greater detail, CD34"
cord blood cells were analyzed. CD34™ progenitor cells
cultured in the presence of SCF for 24 hours expressed
substantial amounts of OSM (Figure 7A); however, differ-
entiation of these cells into normal mast cells was asso-
ciated with down-regulation of OSM expression (Figure
7A). As a control, we determined expression of the mast
cell marker histidine decarboxylase. As expected, SCF-
induced mast cell differentiation led to up-regulation of
histidine decarboxylase (Figure 7B). In a next step, ex-
pression of phosphorylated STAT5 and OSM was inves-
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tigated in primary human lung mast cells. As assessed by
immunocytochemistry, lung mast cells were found to
stain negative for phosphorylated STAT5 and expressed
only low levels of the OSM protein, compared with KIT
D816V HMC-1 cells (Figure 7, C and D). Moreover, lung
mast cells expressed significantly lower mRNA levels of
other STAT5-target genes such as PIM7 and BCL2L1
(alias BCL-XL), compared with KIT D816V HMC-1 cells
(Figure 7, E and F), whereas no significant difference was
found when comparing histidine decarboxylase mRNA
levels (not shown). These data suggest that wild-type KIT
(in the presence of SCF) can promote expression of
STAT5-target genes in CD34™ progenitor cells, but not in
a more mature mast cell context such as cord blood-
derived mast cells or primary lung mast cells.

OSM Derived from Neoplastic Mast Cells
Promotes Growth of Microvascular Endothelial
Cells, Osteoblasts, and Fibroblasts

OSM has been reported to promote proliferation of mes-
enchymal cells®®>® and thus may be important for the
bone marrow alterations associated with systemic mas-
tocytosis. Therefore, we next wished to determine
whether OSM derived from KIT D816V™ neoplastic cells
can stimulate growth of mesenchymal cells. For this pur-
pose, human microvascular endothelial cells (HMEC-1
cells), human immortalized osteoblasts (hFOB 1.19
cells), and primary human bone marrow fibroblasts were
incubated with cell culture supernatants from HMC-1
cells. As assessed by [®H]thymidine incorporation assay,

supernatants from KIT D816V* HMC-1 cells were found
to stimulate growth of these cells, whereas supernatants
from KIT D816V~ HMC-1 cells had no effect on cell
growth (Figure 8, A-C). This growth-stimulatory effect
was inhibited by preincubation of supernatants with a
neutralizing anti-OSM antibody (Figure 8, A-C). Preincu-
bation of supernatants with a control antibody had no
effect (data not shown). In a final step, we were able to
show that HMEC-1 cells, hFOB 1.19 cells, and primary
bone marrow fibroblasts all expressed transcripts for the
OSM receptor (Table 3). By contrast, neoplastic or nor-
mal mast cells did not express mRNA for OSM receptors,
excluding an autocrine growth regulation of neoplastic
mast cells involving OSM. Taken together, our data sug-
gest that neoplastic mast cells produce functionally ac-
tive OSM, which may play a role as a mediator of growth
of various stromal cells.

Discussion

Numerous studies have implicated KIT D816V in the patho-
genesis of systemic mastocytosis; however, the mecha-
nisms underlying the biological effects of the mutated KIT
receptor are not well understood, and little is known about
KIT D816V-specific gene expression leading to the typical
changes in the bone marrow microenvironment found in
patients with systemic mastocytosis. The present results
show that KIT D816V promotes expression of OSM through
activation of STAT5. Neoplastic mast cells in patients with
mastocytosis showed constitutive expression of OSM and
mast cell-derived OSM promoted growth of various mesen-
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chymal cells. Thus, our data suggest that OSM could be an
important KIT D816V-dependent modulator of the bone
marrow microenvironment involved in the pathogenesis of
systemic mastocytosis.

OSM is a well-established regulator of mesenchymal
cells and has been implicated in the pathogenesis of vari-
ous inflammatory and neoplastic disorders.?° In the present
study, we found that neoplastic mast cells in patients with
systemic mastocytosis show constitutive expression of
OSM. Recently, it has been reported that cord blood-de-
rived mast cells and primary human lung mast cells, as well
as the human LAD 2 mast cell line, are negative for OSM but
show substantial up-regulation of OSM expression when
incubated with activated T-cells.*® This is in good agree-
ment with the present data showing that unstimulated cord
blood-derived mast cells and normal lung mast cells ex-
press only baseline levels of OSM, compared with KIT
D816V * neoplastic mast cells. Finally, the observation that
wild-type KIT (in the presence of SCF) does not promote
expression of OSM in Ba/F3 cells also supports the notion
that normal human mast cells do not express OSM at a high
level.

So far, little is known about expression of OSM in the
various cell types of the human bone marrow. We found
that megakaryocytes, endothelial cells, and myeloid pro-

genitors stain positive for OSM, whereas erythroid cells
and mature granulocytes were OSM-negative. Remark-
ably, this expression pattern is identical to the cellular
distribution described for phosphorylated STAT5.18:1°
The finding that megakaryocytes express substantial
amounts of OSM is noteworthy, given that OSM has been
reported to act as a maturation factor for these cells.*® In
addition, mice deficient for the OSM receptor have been
reported to have marked thrombocytopenia.®° It has also
been reported that OSM is expressed in murine erythro-
blasts and supports survival of erythroid progenitors in
mice under anemic conditions.*” In the present study,
however, we did not detect expression of OSM in ery-
throid progenitors in human bone marrow. This finding
was somewhat unexpected, but fits with the observation
that human erythroid progenitors also did not express
phosphorylated STAT5. The most likely explanation for
this discrepancy is that phosphorylated STAT5 and OSM
are not expressed in steady-state hematopoiesis but only
under anemic conditions, as has been reported for phe-
nylhydrazine-induced anemia in mice.*”

The majority of patients with systemic mastocytosis
harbor the KIT mutation D816V. In this study, we found
that a KIT D816V~ clone of the HMC-1 cell line displayed
significantly lower OSM expression levels than KIT
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Figure 8. OSM derived from KI7' D816V* cells stimulates proliferation of
mesenchymal cells. A-C: Human microvascular endothelial cells (HMEC-1
cells; A), human immortalized osteoblasts (B) and primary human bone
marrow fibroblasts (C) were incubated with supernatant (sup) from KIT'
D816V~ HMC-1 or KITD816V" HMC-1 cells. In addition, cells were treated
with supernatant from KI7 D816V HMC-1 cells preincubated with a neu-
tralizing antibody against OSM (nAb) at a concentration of 10 ug/mL. Cells
were incubated with supernatants for 72 hours. Proliferation of cells was then
determined by [PHlthymidine incorporation assay. Results represent the
mean * SD of triplicates and represent one of three almost identical exper-
iments. *P < 0.05.

D816V* HMC-1 cells. In addition, midostaurin, an inhib-
itor of KIT D816V inhibited expression of OSM in a dose-
dependent manner. Finally, we showed that doxycycline-
inducible expression of KIT D816V directly promoted
expression of OSM in Ba/F3 cells. Taken together, these
in vitro data suggest that KIT D816V plays an important
role in expression of OSM in neoplastic mast cells. Nota-
bly, when analyzing expression of OSM in neoplastic
mast cells in patients with systemic mastocytosis, we did
not find major differences between KIT D816V™ and KIT

D816V~ patients. This finding was not completely unex-
pected, however, because KIT D816V~ patients express
equal levels of phosphorylated STAT5, compared with
KIT D816V* patients.'®'® Therefore, we conclude that
activation of STAT5 is a general phenomenon in neoplas-
tic mast cells and that KIT D816V~ systemic mastocytosis
patients probably carry other STAT5-activating hits.

STAT5 plays a decisive role in mast cell biology.*®
STAT5 is critical for normal mast cell development and
survival, and also for IgE-mediated mast cell func-
tion."”4° More recently, we and others have shown that
neoplastic mast cells display constitutive expression of
phosphorylated STAT5."8'® Moreover, we have previ-
ously shown that growth of neoplastic mast cells is inhib-
ited by expression of a dominant negative-acting STAT5
mutant.'® Nonetheless, little is known about effector mol-
ecules in neoplastic mast cells downstream of STAT5 and
their role in the pathogenesis of systemic mastocytosis.
The present findings show that KIT D816V-dependent
expression of OSM is mediated by STAT5. RNAi-induced
knockdown of STAT5 inhibited expression of OSM,
whereas expression of a constitutively activated STAT5
mutant (STAT5 S710F) promoted OSM expression. Inter-
estingly, Salamon et al*® showed that up-regulation of
OSM in T-cell-stimulated mast cells is dependent on the
MAP kinase pathway. This observation is in contrast to
our data, because inhibition of MEK did not affect expres-
sion of OSM in neoplastic mast cells. This could indicate
that different mechanisms underlie T-cell-dependent and
KIT D816V-dependent expression of OSM.

Another noteworthy aspect of the present findings was
the observation that wild-type KIT (in the presence of
SCF) did not up-regulate expression of OSM in Ba/F3
cells. This result is explained by the fact that wild-type KIT
cannot activate STAT5 in the same way as KIT D816V in
these cells.’® At first glance, it seems that these data are
in contrast to the well-established role of STAT5 in mast
cell development'”*8 and to a recent report showing that
SCF leads to phosphorylation of STAT5 in human CD34"
progenitor cells isolated from cord blood.®° This discrep-
ancy is most likely explained by differences in the cellular
context. Han et al®" recently showed that KIT-dependent
STATS activation is highly variable in different cell types
and can be triggered by SCF only in distinct subsets of
progenitor cells. These findings match well to our obser-
vation that CD34™" cord blood cells down-regulate ex-
pression of OSM when induced to differentiate into mast

Table 3. Expression of Oncostatin M Receptors as Determined
by Real-Time PCR

OSM LIF

Cell line receptor receptor

HMC-1 cells - -
CB-derived mast cells - -
CB-derived CD34+ progenitor cells
HMEC-1 cells

hFOB 1.19 cells

Primary bone marrow fibroblasts

+ 4+ +
[

CB, cord blood; LIF, leukemia inhibitory factor; OSM, oncostatin M;
—, negative; +, positive.



cells and are also in good agreement with our data show-
ing that mature lung mast cells do not express phosphor-
ylated STATS5. Finally, the study of Salomon et al*® also
supports the notion that mature mast cells do not express
high levels of STAT5-target genes such as OSM. All in all,
our data suggest that KIT D816V leads to aberrant acti-
vation of STAT5 in neoplastic mast cells.

The pathology of systemic mastocytosis is character-
ized by an accumulation of neoplastic mast cells. Apart
from mast cell infiltrates, changes in the bone marrow
microenvironment are frequently noticed. These altera-
tions include neoangiogenesis, thickened bone trabecu-
lae, and sometimes massive bone marrow fibrosis.®® In
the present study, we show that HMC-1 cell-derived OSM
stimulates in vitro growth of microvascular endothelial
cells, osteoblasts, and fibroblasts. This finding indicates
that neoplastic mast cells secrete sufficient amounts of
active OSM to stimulate proliferation of mesenchymal
cells. Therefore, it is likely that mast cell-derived OSM
contributes to the bone marrow pathologies observed in
systemic mastocytosis. The bone marrow microenviron-
ment is supposed to play a key role in the pathogenesis
of systemic mastocytosis as it supports growth and dif-
ferentiation of neoplastic mast cells by generation of cy-
tokines, as well as by direct interactions (cell-cell adhe-
sion). Recently, it has been reported that OSM promotes
growth of murine bone marrow mast cells through a fi-
broblast-dependent pathway.®® Thus, it is tempting to
speculate that mast cell-derived OSM stimulates growth
of neoplastic cells in a paracrine way. An autocrine
growth stimulation by OSM is unlikely, because mature
(neoplastic) mast cells did not express OSM receptors.
Nonetheless, it cannot be excluded that OSM directly
affects myelomastocytic progenitors, as has been sug-
gested for erythrocytic and megakaryocytic proge-
nitors.3°

Together, our data show that neoplastic mast cells
express functionally active OSM in a KIT D816V-depen-
dent and STAT5-dependent manner. Thus, OSM could
represent a novel key molecule and potential target in the
pathogenesis of systemic mastocytosis.
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