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SHIP1 Regulates MSC Numbers
and Their Osteolineage Commitment by Limiting
Induction of the PI3K/Akt/B-Catenin/Id2 Axis

Sonia lyer,' Dennis R. Viernes? John D. Chisholm? Bryan S. Margulies?® and William G. Kerr'*

Here, we show that Src homology 2-domain-containing inositol 5’-phosphatase 1 (SHIP1) is required for the
efficient development of osteoblasts from mesenchymal stem cells (MSCs) such that bone growth and density
are reduced in mice that lack SHIP1 expression in MSCs. We find that SHIP1 promotes the osteogenic output of
MSCs by limiting activation of the PI3K/Akt/B-catenin pathway required for induction of the MSC stemness
factor Id2. In parallel, we demonstrate that mice with myeloid-restricted ablation of SHIP1, including osteo-
clasts (OCs), show no reduction in bone mass or density. Hence, diminished bone mass and density in the
SHIP1-deficient mice results from SHIP deficiency in MSC and osteolineage progenitors. Intriguingly, mice
with a SHIP-deficient MSC compartment also exhibit decreased OC numbers. In agreement with our genetic
findings we also show that treatment of mice with an SHIP1 inhibitor (SHIPi) significantly reduces bone mass.
These findings demonstrate a novel role for SHIP1 in MSC fate determination and bone growth. Further, SHIPi
may represent a novel therapeutic approach to limit bone development in osteopetrotic and sclerotic bone

diseases.

Introduction

B ONE UNDERGOES CONTINUOUS remodeling in the body
throughout life. This dynamic process involves a balance
between bone-forming osteoblasts (OBs) derived from multi-
potent mesenchymal stem cells (MSCs) and osteoclasts (OCs)
that mediate bone resorption [1]. Studies by Friedenstein and
Owen et al. demonstrated that spindle-shaped stromal cells
were capable of proliferating and forming colonies [colony
forming unit-fibroblasts (CFU-Fs)] that possessed self-
renewing capability [2—4]. These spindle-shaped stromal cells,
now known as MSCs [5] are a key component of the bone
marrow (BM) microenvironment that regulates several key
niche functions [6]. In addition, MSCs possess the capacity to
self-renew and can differentiate into various cell types in-
cluding OBs, chondrocytes, adipocytes, or myocytes [7].
Differentiation of uncommitted MSCs into multiple lin-
eages is dependent on several different lineage-associated
transcriptional factors. However, the maintenance of MSCs
in an uncommitted state is not completely understood.
Basic-helix-loop-helix (bHLH) transcription factors perform
a wide-array of cellular functions including stem cell com-
mitment [8]. Inhibitor of DNA binding-proteins or inhibitors
of differentiation (Ids), which belong to the HLH family of

proteins are nuclear factors that lack the basic amino acid
region required for DNA-binding [9,10]. Id proteins het-
erodimerize and sequester bHLH factors, and render them
incapable of binding DNA and activating target genes [11—
13]. Enforced expression of the Id2 transcription factor has
been shown to promote MSC proliferation, while selectively
blocking osteolineage differentiation by MSCs [14,15]. The
function of Id proteins in maintaining MSCs has recently
been shown to require the deubiquitinase USP1, which pre-
vents proteasomal degradation of Id2 [15].

The Src homology 2-domain-containing inositol 5’-
phosphatase 1 (SHIP1) regulates cellular processes such as
proliferation, differentiation, and survival via the PI3K/AKT
pathway. SHIP hydrolyzes the product of PI3K, P1(3,4,5)P3,
to generate PI(3,4)P,, which, like PI(3,4,5)P5, can facilitate
downstream activation of Akt [16—19]. Previously, others
and we have found that HSC from SHIP-deficient mice
demonstrate defective repopulating and self-renewal ca-
pacity upon transfer to SHIP-competent hosts [20,21]. These
findings suggested an intrinsic defect in HSC caused by
SHIP deficiency. However, this defect was not observed
when HSC were rendered SHIP-deficient in adult hosts
where the BM milieu or niche remained SHIP-competent.
These findings suggested that defective HSC function in
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germline SHIP-deficient hosts might arise from disruption of
niche cell components [22]. Consistent with this hypothesis,
primary OB were found to express the SH2 domain con-
taining 145 and 150kDa isoforms encoded by the SHIP1
locus [22]. In addition, BM-derived SHIP1 =/~ OBs have
less alkaline phosphatase (ALP) activity required for bone
formation indicating impaired OB development and function
[22]. SHIP ™/~ mutant mice have previously been reported to
be osteoporotic [23]. This pathology was attributed to hyper-
resorptive activity by myeloid-derived OCs [23] resulting
from unopposed PI3K signaling at DAPI12-associated re-
ceptors [24].

Our finding that SHIP1 is expressed by primary OB and
that OB development is impaired in germline SHIP ™/~ mice
[22] led us to examine a potential role for SHIP1 in MSC
and osteolineage progenitors (MS/PC) function in vivo.
Here, we show that SHIP1 is required for the efficient de-
velopment of OBs from MS/PC such that normal body
growth and bone formation rate are impaired in mice that
lack expression of SHIP1 in MS/PC. In addition, we show
that in the absence of SHIP1 expression MS/PC are biased
toward an adipogenic fate. Moreover, SHIP-deficiency
promotes a profound expansion of MSC that are selectively
hindered for osteolineage commitment due to dysregulation
of the PI3K/Akt/GSK3pB pathway that promotes nuclear
translocation of PB-catenin and its induction of the MSC
stemness factor Id2. Together, these findings provide a
cellular and molecular basis for SHIP1’s regulation of MSC
numbers in the BM and their osteolineage commitment.

Materials and Methods
Mice and genotyping

SHIP™¥1°* mice backcrossed to a C57BL6/J background
express normal levels of SHIP, but the SHIP proximal pro-
moter and first exon are floxed, meaning that SHIP can be
deleted when Cre recombinase is expressed [25]. Previously
described OsxCre [26] and LysMCre [27] transgenic mice
were purchased from Jackson Laboratory. CollalCre [28]
was purchased from Mutant Mouse Regional Resource
Center (MMRRC) at UC Davis. Genotyping of Cre trans-
genic mice was performed by polymerase chain reaction
using primers detecting the Cre sequence (P1, 5-GTGAAA
CAGCATTGCTGTCACTT-3; P2, 5-GCGGTCTGGCAG
TAAAAACTA-3"). The SUNY Upstate Medical University
Committee for Humane Use of Animals approved all animal
experiments.

Derivation of bone marrow-derived MSC
and monocytes

The adherent cell-fraction (MSC) and nonadherent cell-
fraction (monocytes) were collected from OSXCreSHIP1*flox
mouse BM and subsequently used to study regulation of the
differentiation and metabolic activity of bone cells (OBs,
adipocytes, and OCs). Mice were euthanized; femurs and tibia
were removed aseptically and flushed using alpha minimum
essential medium («MEM) (Cellgro, Mediatech) and passed
through a 70-pm filter into a collection tube. The cells were
then resuspended and plated in growth media: MEM, 10%
fetal bovine serum (FBS; Atlanta Biological), 1% penicillin—
streptomycin solution (Cellgro, Mediatech), and 1% L-
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glutamine (Cellgro, Mediatech) and cultured at 37°C with 5%
CO,. After 48 h monocytes were removed and cultured sep-
arately for differentiation of OCs. The remaining MSCs were
expanded through the third passage for 3—5 weeks and used to
assess osteogenic and adipogenic differentiation.

Osteogenic, adipogenic, and OC differentiation

MSCs were induced to become OBs using osteogenic
induction media (OIM) or adipogenic induction media
(AIM). OIM was composed of B-glycerol 2-phosphate (BGP,
4mM, Cat: G9891; Sigma) and 2-phospho-L-ascorbic acid
(25 ng/mL, Cat: A8960; Sigma) for 14 days, with media
changed every 2 days. To assay for formation of mineral
nodules, plates were stained with 1% Alizarin red S solution
(pH 4.2) [29]. For inhibitor studies, these cells were pre-
treated for 1h prior to induction with B-catenin inhibitor,
CCT031374 [30] at 20 uM concentration and PI3K/mTOR
inhibitor, NVP-BEZ235 at 10nM concentration [31] re-
spectively. For adipocyte differentiation cells were induced
with AIM containing 1 tM dexamethasone, 10 pg/mL insu-
lin, 0.5mM methylisobutylxanthanine, 5mM troglitazone,
and 10% FBS in aMEM. Adipocytes were stained with Oil
Red O as follows: cells were washed with 60% isopropanol
and then stained with a 0.35g/mL Oil Red O solution in
isopropanol. Cells were incubated for 10min with Oil Red
working solution and rinsed four times. OCs were differen-
tiated from monocytes cultured for 48 h with 100 ng/mL of
recombinant macrophage colony-stimulating factor (M-CSF)
(Wyeth). Bone marrow-derived monocytes (BMM) ex-
panded through M-CSF treatment were then cultured (1 x 106
cells/well) with 25 ng/mL recombinant receptor activator of
nuclear factor kappa-B ligand (RANKL) (R&D Systems)
and 25ng/mL M-CSF for ~ 14 days, with media changes
every 2 days. Multinucleate OCs were stained with the tar-
trate-resistant acid phosphatase (TRAP) (Acid Phosphatase,
Leukocyte Kit; Sigma) [29]. Multinucleate, TRAP-positive
OCs were subsequently counted using a modification of
Cavalieri’s sampling method and the fractionator to generate
an unbiased estimate of the numbers of OCs within each
tissue-culture well [32,33]. OCs were also used to detect
SHIP expression by western blot.

Western blot analysis

Cell lysates were individually treated and prepared from
primary BM-derived cells. Lysate supernatants were resolved
on a 7.5% Bis-Tris gel and transferred to a Hybond-ECL nitro-
cellulose membrane (GE Healthcare). For chemiluminescence
the membranes were incubated with specific primary antibodies
against SHIP1 (P1C1), Actin, and Id2 (C-20) (Santa Cruz Bio-
technology). PTEN, AKT, p-AKT (Serd473), p-GSK3ao/f,
GSK3B, 1d2, and USP1 were purchased from Cell Signaling
Technology, Inc. The membrane was blocked with 5% bovine
serum albumin or 5% nonfat dry milk in TBS with 0.1% Tween-
20 (TBS-T) and probed with specific primary antibody and then
by horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology, Inc.). Protein was detected using Super
Signal ECL Substrate/Pico Substrate (Pierce).

CFU-F assay

Primary whole BM cells (adherent+nonadherent) were pla-
ted in 60-mm plates (triplicates, 3 10° cells/plate) in CFU-F
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growth media: uMEM, Mesencult Serum (Stem Cell Technol-
ogies) with 1% penicillin—streptomycin—glutamine. Cells were
cultured for ~12 days, after which cells were fixed with 70%
ethanol and stained for ALP activity using the Leukocyte Al-
kaline Phosphatase Kit (Sigma) and counter-stained with neutral
red (Sigma). ALP" cells/colonies stain purple while ALP~
cells/colonies stain red. Colonies were counted when they
contained 25 cells per colony using the Software program
“Image J” (National Institutes of Health Research Services
Branch; http://rsbweb.nih.gov/ij/). CFU-F assay was conducted
on age-matched male and female LysMCreSHIP"** mice.

Bone mineral apposition rate measurement

Animals were injected with oxytetracycline (OTC; 10 mg/
kg) 24h prior to euthanasia. The formalin-fixed bone samples
were decalcified using an EDTA-sucrose solution before
being embedded in optimum cutting temperature (OCT)
compound (Tissue-Tek; Sakura Finetek) and stored at
—80°C prior to cryosectioning. Sections were imaged and the
mineral apposition rate (MAR) was calculated by measuring
the distance from the OTC band to the endosteal surface
using the software program ‘‘Image J°* (National Institutes of
Health Research Services Branch; http://rsbweb.nih.gov/ij/).
Measurements were conducted on a%e—matched male and
female SHIP""* and OSXCreSHIP""** mice.

Bone mass measurements by dual-energy X-ray
absorptiometry

Bone mineral density (BMD, g/cmz), bone mineral con-
tent (BMC, grams), and body fat percent were assessed
with dual-energy X-ray absorptiometry (DEXA) using a
PixiMus scanner (GE Healthcare), according to previously
published techniques [34]. Briefly, mice were anesthetized
using 5% isoflurane and oxygen. BMD, BMC, and body
fat percent was determined using the PixiMus software by
identifying a region of interest (excluding the head).

Micro computed tomography

High-resolution images of the tibia were acquired by
using a desktop microtomographic imaging system (Micro-
CT40; Scanco Medical). The tibia was scanned at 45keV
with an isotropic voxel size of 6 pum, and the resulting two-
dimensional cross-sectional images are shown in grayscale.
Proximal tibial scans were conducted to capture the same
region of the metaphysis independent of gender or age, such
that the number of slices selected for scanning began at the
most proximal aspect of the tibia and extended a distance
equal to 20% of the length of the tibia. In addition, a mid-
shaft diaphyseal scan of 50 slices was conducted using the
midpoint landmark tool present in the Scanco analysis
software. In both cases a series of axial images was pro-
duced; however, proximal tibial images were resampled to
be sagittal for analysis. Metaphyseal bone volume over
tissue volume (Bv/Tv) was calculated using the Scanco
software, within a 50-slice region of interest centered on the
central long-axis of the tibia and bounded by the growth
plate at the proximal end and an arbitrary 1.5mm point
distal to the growth plate, with cortical bone carefully ex-
cluded. Metaphyseal thickness was determined using unbi-
ased stereology, in which a ‘“‘thickness’” was measured in
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individual sections spaced 5 pm apart through the primary
and second spongiosa [35].

Nile Red staining

To directly assay the BM fat compartment, tibias were
fixed using 10% neutral-buffered formalin, snap-frozen, and
then sectioned at 10 um. Sections were then stained for
adiposity with 12 mg/mL of the lipophilic fluorescent stain
Nile Red (Sigma) and counterstained with 10 pg/mL 47,6-
diamidino-2-phenylindole (DAPI; Sigma) for morphology.

Histomorphometric analysis of proximal tibial
growth plate

The formalin-fixed bone samples were decalcified using
an EDTA-sucrose solution before being embedded in OCT
compound (Tissue-Tek; Sakura Finetek) and stored at
—80°C prior to cryosectioning. Total growth plate, prolif-
erative zone, and hypertrophic zone heights were measured
as described in [35].

TRAP staining of proximal tibia sections

The formalin-fixed bone samples were decalcified using an
EDTA-sucrose solution before being embedded in OCT
compound (Tissue-Tek; Sakura Finetek) and stored at —80°C
prior to cryosectioning. To identify OCs TRAP staining was
performed using the Acid Phosphatase, Leukocyte Kit (Sig-
ma) and counterstained using an acidified 1% methyl green.

Hematologic analysis

Peripheral blood samples were harvested in EDTA-coated
microtubes (Sarstedt Co.) by submandibular bleeding and an-
alyzed with a HEMAVET 950S Veterinary Hematology Ana-
lyzer (Drew Scientific, Inc.) using the mouse species program.

Ex vivo MSC immunophenotyping by flow cytometry

For FACS phenotyping of MSCs, BM-derived MSCs were
seeded in quadruplet wells of a 60 mm plate at 1x 10> cells/
well. When the cells reached 80%-90% confluency osteo-
genesis was induced by the addition of BGP (10 mM, Cat:
G9891; Sigma) and 2-phospho-L-ascorbic acid (50 pg/mL,
Cat: A8960; Sigma) for 6 days, with osteogenic media
changed every other day. Uninduced cells were seeded si-
multaneously and were used as controls. On day 6, cells were
trypsinized and washed twice with staining buffer [3% heat-
inactivated FBS, 2.5 mM HEPES in 1x phosphate-buffered
saline (PBS)]. 2.5 % 10° cells were treated with CD16/CD32
mouse Fc block (2.4G2) on ice for 15 min and then stained
with a panel of antibodies. The Lineage (Lin) panel included
endothelial and hematopoietic markers on FITC; CD2 (RM2-
5), CD3e (145-2C11), CD4 (GK1.5), CD5 (53-7.3), CD8a
(53-6.7), B220 (RA3-6B2), Gr-1 (RB6-8C5), Mac-1 (M1/
70), NK1.1 (PK136), Ter119 (TER-119), CD31 (PECAM-1),
CD34 (RAM34), CD45 (30-F11), CD86 (B7-2), MHC Class
II (I-A/I-E), and CD43 (R2/60). MSC marker CD29 (Integrin
beta 1, clone HMbl-1) was used to positively demarcate
MSCs within the Lin-negative cell population. All antibodies
were purchased from BD Biosciences and eBioscience.
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In vivo MSC immunophenotyping by flow cytometry

PDGFRo.*CD51" MSC [36] and PDGFRa " Scal * MSC
[37] were detected using methods and reagents as described
by Winkler et al. [38], Schepers et al. [39], Morikawa et al.
[37], Houlihan et al. [40] and Pinho et al. [36]. Femurs,
tibias, humeri, ulnas, radii, and pelvis were dissected. The
bone fragments after flushing to remove the marrow were
then cleaned, cut into 1 cm pieces, and then crushed using a
mortar and pestle. The remaining bone chips were then
washed several times in HBSS supplemented with 2% heat-
inactivated FBS (HBSS/2% HI-FBS) and HBSS only, and
then spun at 350 g for 5 min. The pellet was resuspended in
3mg/mL type I collagenase (Worthington) and 15 pg/mL
DNAase (Sigma) dissolved in HBSS. The cells were incu-
bated twice for 30 min at 110rpm and 37°C. Following in-
cubation, mononuclear cells were obtained using a Ficoll
gradient (Histopaque-1119 and Histopaque-1077; Sigma),
and were then used for further analysis. The cells were re-
suspended in HBSS/2% HI-FBS and washed twice before
staining. Roughly, 2—10 x 10° cells were treated with CD16/
CD32 mouse Fc block (2.4G2) on ice for 15 min and then
stained with the following panel of antibodies: Lineage
(Lin) panel included hematopoietic markers on FITC; CD2
(RM2-5), CD3¢ (145-2C11), CD4 (GK1.5), CD5 (53-7.3),
CD8a (53-6.7), B220 (RA3-6B2), Gr-1 (RB6-8C5), Mac-1
(M1/70), NK1.1 (PK136), Ter119 (TER-119), and CD45
(30-F11). The other markers include APC-CD31 (390),
PE-Cy7-Sca-1 (D7), Biotin-CD140a (PDGF Receptor o)
(APAS), and PE-CD51 (RMV-7). A second step stain with
Streptavidin-APC-Cy7 was used to reveal staining with
the biotin-conjugated CD140a Ab. Dead cells were ex-
cluded from postcollection analysis using DAPI.

Annexin V staining

Apoptotic MSCs were evaluated on day 6 of osteogenic
induction as described above. 2.5x 107 cells were treated
with CD16/CD32 mouse Fc block (2.4G2) on ice for 15 min
and stained with Lin panel and the MSC marker CD29
on ice for 30 min. Cells were washed once with cold PBS,
resuspended in 1x binding buffer, and stained with APC-
labeled Annexin V for 15min at room temperature, pro-
tected from light. Cells were washed once and resuspended
in 200 pL of 1x binding buffer. The frequency of Annexin
V™ within the CD29 " Lin~ MSC populations were detected
and quantitated by flow cytometry.

Use of SHIPi (3AC) for in vivo studies

SHIP1 inhibitor (SHIPi) in the form of 3-a-aminocholes-
tane (3AC) was administered intraperitoneally at 25 mg/kg of
body weight as published earlier [19]. Vehicle-treated mice
received 100 puL injection of 0.3% Klucel/H,O solution. Six
to 12-months-old C57BL6/J mice were treated with SHIPi or
vehicle three times per week for 4, 8, and 12 weeks.

Bone mechanical testing

Mouse femurs were cleaned, wrapped in PBS-soaked
gauze, and frozen at —20°C. Femurs were rehydrated in a
PBS solution at room temperature for 2 h before testing. We
employed a three-point-bending test to assay the biome-
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chanical properties of femurs treated with SHIPi. Femurs
were placed into a testing frame (1250 N Load Cell and a Q
Test 1/L; MTS Systems Corp), preloaded with 1 N, and then
loaded at 1 N/mm until failure. Prior to testing, femurs were
scanned using micro computed tomography (microCT) to
assay the geometric properties.

Statistical analysis

All statistical analyses were performed using the statis-
tical software Prism (GraphPad). Body weight was assayed
using analysis of covariance while MAR, Bv/Tv, metaphy-
seal thickness, TRAP numbers, CFU-F measurements,
BMD, BMC, and %body fat (assayed with DEXA) were all
analyzed using Student’s #-test with a P<0.05. Ex vivo
tissue culture differentiation experiments (CFU-F, osteo-
genesis, adipogenesis, and osteoclastogenesis) were per-
formed with three replicates in each experiment with each
experiment performed a minimum of three times. Flow
cytometry experiments were analyzed using Student’s 7-test
with a P<0.05.

Results

Mice with ablation of SHIP1 in MS/PC exhibit
impaired growth and an expanded MSC
compartment

We previously found that BM stromal cells enriched for
MS/PC express SHIP1 and the OB compartment in SHIP1 ~/~
mice exhibits impaired maturation [22]. We hypothesized
then that SHIP1 might play a cell intrinsic role in the ability of
the MS/PC compartment to generate mature OB and thus
bone growth. To test this we developed mice harboring a
floxed SHIP locus [25] combined with a Cre recombinase
transgene under the control of the Osterix promoter that en-
ables selective deletion in preosteoblastic mesenchymal stem/
progenitors [26,41]. We first confirmed ablation of SHIP1
expression in MS/PC prepared from adult OSXCreSHIP"*¥1°*
mice by western blot analysis of lysates from MS/PC cul-
tured in a primitive, uninduced state and following induction
of osteogenic differentiation (Fig. 1A). This analysis con-
firmed that SHIPI is expressed by MS/PC (see SHIP1¥/1ox
lanes). Importantly, we observed no ablation of SHIP1 ex-
pression in circulating peripheral blood mononucleated cells
(PBMC) (Fig. 1B) or BM-derived OCs obtained from mul-
tiple OSXCreSHIP™1* mice (Fig. 1C), confirming that
SHIP1 expression in the hematopoietic compartment and
myeloid-derived OC remains intact in OSXCreSHIPo/fox
mice. Adult OSXCreSHIP ¥ mice are viable; however,
we observed a significant under-representation of OSX-
CreSHIP*¥1°* weanlings versus their expected Mendelian
frequency (P <0.0001, binomial exact test) (Supplementary
Table S1), indicating a survival disadvantage for fetuses
and/or neonates that lack mesenchymal stem/progenitor
expression of SHIP. However, OSXCreSHIP™* mice are
born and weaned at a normal Mendelian ratio. Despite
normal postweaning viability, the loss of SHIP1 in OSX-
CreSHIP™°* mijce resulted in profound effects on their
growth. Although male and female OSXCreSHIP1¥/fox
mice were indistinguishable in size at birth from their
SHIP™Y1* counterparts, OSXCreSHIP™1°* mice were
smaller at the time of weaning and remain smaller
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FIG. 1. MSC and osteolineage progenitors (MS/PC)-specific ablation of Src homology 2-domain-containing inositol 5’-

phosphatase 1 (SHIP1) expression retards growth and expanded mesenchymal stem cell (MSC) compartment. (A) Bone
marrow (BM)-derived MSCs were cultured in conditions that induce osteoblast (OB) differentiation. SHIP1 and PTEN
expression in cell lysates were assessed by immunoblotting at days 0 and 3. Actin serves as a loading control. Lanes containing
SHIP™¥10% (4 /1 or OSXCreSHIP™¥°* (—/—) cell lysates are as indicated. (B) SHIP1 level in blood mononuclear cell
lysates were assessed by immunoblotting from four independent SHIP™*1°* (4 /4 and OSXCreSHIP 1% (/) mice.
(C) Macrophage progenitors in BM were cultured with RANKL and M-CSF and SHIP1 levels in whole cell lysates (WCL)
were assessed by immunoblotting at day 3 of differentiation. Actin quantification was performed using Image lab software
3.0.1 Beta 2; Bio-Rad Laboratories. Lanes containing control (WT), SHIP11°% (1./4+) or OSXCreSHIP 1% (—/—) cell
lysates are as indicated. (D) Weights of male SHIP™1°* (black circles) and OSXCreSHIP™°* (gray circles) mice, each
symbol represents an individual mouse, between 19 and 129 days postpartum, data analysis was performed using analysis of
covariance (ANCOVA) followed by Bonferroni’s multiple comparison post hoc test with age or gender to evaluate the
differences between groups. Representative images of 3-week-old male SHIP™ %% (1/+) and OSXCreSHIP V0% (—/_)
(see inset). (E) Representative contour plots of PDGFRa*51" MSC (PDGFRa " CD51"CD31~CD45 Lin~) in 8-10-week-
old SHIP™1°% (4./4) and OSXCreSHIP"1°* (—/—) mice. (F) Bar graph of Po"51% MSC frequency among CD31~
CD45 Lin~ cells in OSXCreSHIP™¥1°* (_/_Y versus SHIP¥1% controls (+/+) (n=4),+SEM. *P<0.05, Student’s
unpaired, two-tailed r-test). Note: significant difference in weight was also observed in age-matched female SHIP1¥/°* and
OSXCreSHIP"¥1 Jittermates. RANKL, receptor activator of nuclear factor kappa-B ligand.

throughout life. This growth retardation was confirmed by
measuring body weight weekly (Fig. 1D and Supplementary
Fig. S1A). In Figure 1D we show images of representative
3-week-old male littermates of OSXCreSHIP™1* and
SHIP™*¥1°% ' mice in which the former exhibit distinct growth
retardation relative to their SHIPI-competent SHIPTo/flox
littermates. We observed no difference in the body weight of
OSXCreSHIP™* mice in comparison to SHIP™1°% ag¢
and gender-matched controls (Supplementary Fig. S1B;
Supplementary Data are available online at www.lie-
bertpub.com/scd). Thus, expression of Cre recombinase
from the Osterix promoter does not alter the growth or vi-
ability of mice.

As SHIPI has been previously shown to limit HSC fre-
quency in vivo [20] we then sought to determine whether

SHIP1 might play a comparable role in control of MSC
homeostasis in vivo. Thus, we analyzed the frequency of
MSC by two well-validated phenotypes where single cell
cloning assays have confirmed that these cell populations
are highly enriched for multipotent cells capable of self-
renewal [36]. Multi-parameter flow cytometry analysis
showed that MSC of the PDGFRa.*CD51"CD31~CD45~
Lin~ phenotype (Fig. 1E, F) or the PDGFRo*Scal™®
CD317CD45 Lin~ phenotype (Supplementary Fig. S2A,
B) are both significantly increased in OSXCreSHIP /0%
mice as compared with SHIP™¥1°% controls. Thus, SHIP1
limits MSC numbers in vivo; however, the negative impact
of its ablation in the MS/PC compartment on body mass and
size noted above suggested that these expanded MS/PC
might have altered developmental properties.
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Mice with a SHIP1-deficient MS/PC compartment
exhibit impaired bone growth

The decreased body size and mass that we observed in
OSXCreSHIP™™°* mice are consistent with impaired bone
formation by MSC. Thus, we directly assessed several inde-
pendent parameters of bone growth in OSXCreSHIP ¥/l
mice and SHIP1-sufficient SHIP"¥™°* and OSXCreSHIP"'*
controls. Direct evidence for impaired bone formation and
growth in OSXCreSHIP*¥1°* mjce was provided by analysis
of bone mineral apposition rate (MAR), DEXA analysis and
three-dimensional microCT. The bone MAR in OSXCre-
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SHIP™¥1* mice is less than half of that observed in SHIP1-
sufficient SHIP"™°* controls (Fig. 2A, B). Whole body BMD
and BMC of OSXCreSHIP™1°% mice, as measured by DEXA,
was also significantly reduced relative to SHIP™¥1* controls
in both young adult (610 weeks of age) and older adults (4-5
months of age) (Fig. 2C, D). Although we see reduced total
body BMC by DEXA in the OSXCreSHIP™¥1°* mice in
comparison to SHIP"™* controls, we did not observe any
reduction in mineralization as would be consistent with an
osteomalacial or rickets phenotype (data not shown). To
control the potential impact of Cre expression on OB devel-
opment we also analyzed OSXCreSHIP"* mice by DEXA.
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FIG. 2. A SHIP-deficient MS/PC compartment limits bone apposition and causes osteoporosis. Mineral apposition rate
(MAR) was calculated by measuring the distance from the oxytetracycline band to the endosteal surface. (A) Reduced bone MAR
was observed in 3-week-old OSXCreSHIP"°* in comparison to SHIP™*1* controls. (n >4, £ SEM **P < 0.001 Student’s
unpaired, two-tailed 7-test) (B) Representative images of oxytetracycline band seen in SHIPﬂ‘”‘/éIOX (+/+) and OSXCreSHIP™"
flox (—/-) C, cortical bone. (C) Whole-body bone mineral density (BMD) and (D) bone mineral content (BMC) by DEXA
analysis of 6-20-week-old SHIP™Y1* (/47 and OSXCreSHIP¥°* (—/—) mice; (1 >7,+ SEM. *P<0.05, **P <0.001 and
*##%P<(0.0001 Student’s unpaired, two-tailed ¢-test, each symbol represents an individual mouse). (E) Metaghyseal histomor-
phometric parameters, bone volume over tissue volume (Bv/Tv), measured at 2, 4, 8 and, 16 weeks in SHIP oxfflox (+/+)and
OSXCreSHIP™¥1°X (_/_y mice (xSEM ***P<0.0001 Student’s unpaired two-tailed t-test). Representative micro
computed tomography (microCT) scans of sagittal sections through the proximal metaphysis taken from 4- and 16-week-old
SHIPo¥fox (L 71y and OSXCreSHIP Y% (—/—) mice (insen). (F) Metaphyseal thickness (um) of 4, 8, and 16 week-old-
male SHIP™¥X" (/1) (black circles) and OSXCreSHIP™1% (_/_Y (gray squares) mice (£SD *P<0.05 and
#%%P<0.0001 Student’s unpaired, two-tailed #-test). Significant difference in metaphyseal thickness was also observed
in female SHIP™¥1°% and OSXCreSHIP1¥™* littermates. Note: results presented for MAR, BMC, and Bv/Tv
represent pooled male and female SHIP™¥1°* and OSXCreSHIP"1°* mjce. Color images available online at www

Jdiebertpub.com/scd
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No difference in BMD or body weight was observed between
OSXCreSHIP™* and SHIP"1° 3¢ and gender-matched
controls in either parameter (Supplementary Fig. S1C). In
addition, analysis by microCT showed that OSXCreSHIP™¥
flox mice have diminished bone mass (Bv/Tv) within the
proximal tibial metaphysis (Fig. 2E). Consistent with de-
creased Bv/Tv in the tibial metaphysis, we also find that
metaphyseal thickness is decreased in OSXCreSHIP1¥/fox
mice relative to SHIP™1°* controls (Fig. 2F). Thus, the
in vivo analysis of bone growth and mineral content by
DEXA and microCT demonstrate that the osteoblastic output
of SHIP1-deficient MS/PC compartment in OSXCreSHIP"¥
floX mice is significantly impaired. This represents the first
demonstration that SHIP1 plays an intrinsic role in the
function of MS/PC.

IYER ET AL.

The MS/PC compartment is expanded
in OSXCreSHIP™1°X mice, but exhibits altered
osteogenic, chondrogenic, and adipogenic output

SHIP is required for normal OB development and we
compared osteogenic differentiation between MS/PC from
OSXCreSHIP™V1* mice and SHIP™¥1°* controls using
Alizarin red staining for mineral deposition in vitro. Dif-
ferentiated OSXCreSHIP™°* MS/PC showed signifi-
cantly reduced mineralization upon induction of osteogenic
differentiation compared with control SHIP™¥%* OB
(Fig. 3A). In parallel, we also assessed the ability of MSC
cultures derived from OSXCreSHIP"* mice to differ-

entiate into adipocytes ex vivo. Intriguingly, we find more
Pﬂox/ﬂox

adipocytic cells are obtained from OSXCreSHI
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FIG. 3. SHIP deficiency in MS/PC causes defective development of osteolineage cells, growth plate chondrocytes,
causes enhanced adipogenesis, and defective development of osteoclastogenesis. (A) Alizarin red staining after osteo-
genic induction of MSC from OSXCreSHIP"**°* mice (=/—-) in comparison to SHIP™1* (4./1) at 4 weeks of age
(n=5). (B) Oil Red-O staining on day 21 in OSXCreSHIP™1* (_/_ in comparison to SHIP™* (1. /4 after adi-
pocyte induction of MSC at 4 weeks of age (n=5). (C) Body fat between 6 and 10 weeks in OSXCreSHIP1¥1ox (_/_)
in comparison to SHIP™1% (/4 controls (n>10,+ SEM. *P<0.05 Student’s unpaired, two-tailed #-test, each symbol
represents an individual mouse, data represent pooled male and female SHIP"°* and OSXCreSHIP ¥ °* mice). (D)
Nile Red (green) fluorescent staining of the BM of 4-week-old OSXCreSHIP1¥/1°% (— /Y and SHIP™*1°* tibias (+/+);
DAPI staining (top panels) was emplof}/ed to observe general morphology (4 X magnification). (E) Representative images
of the growth plates of OSXCreSHIP™¥°% (_/_) and SHIP™**1°* (+7/+) control mice, 40 X magnification image. 1gF)
Total growth plate, (G) proliferative zone, and (H) hypertrophic zone height of OSXCreSHIP"¥°% (_/_) and SHIP"*¥
flox (£/4) control mice (n=4 mice,+SEM. *P<0.05 and ***P<0.0001, Student’s unpaired, two-tailed t-test). (I)
TRAP™ osteoclasts (OCs) observed in the proximal tibia sections of OSXCreSHIP™¥°% (—/_Y) and SHIP™¥1* (1/+)
controls, in the metaphysis (10X magnification). (J) TRAP staining of OCs differentiated from bone marrow-derived
monocytes (BMM) in the presence of RANKL and M-CSF in 8-weeks-old BM of OSXCreSHIP™1* (_/_Y and
SHIP*ox (4 /4y control mice. Top panels are from representative plates and the bottom panels are 10 x magnifications
from these plates. (K) The corresponding quantitation of TRAP* OCs shown to the right SHIP™¥°* (4/4) and
OSXCreSHIP™¥1oX (_/_) (n=6 mice,+ SEM. ***P<(.0001, Student’s unpaired, two-tailed #-test). (L) Circulating
monocyte in peripheral blood measured in OSXCreSHIP™1* (—/—) and SHIP™*™* (4+/+) controls. Color images
available online at www.liebertpub.com/scd
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MSC than SHIP™°* MSC (Fig. 3B). Consistent with
ex vivo analysis of adipogenic differentiation by SHIP1-
deficient MS/PC, we also find that the systemic % total body
fat (Fig. 3C) and BM (metaphyseal) fat content (Fig. 3D) is
significantly increased in OSXCreSHIP™°* mice, con-
firming MS/PC lineage commitment is skewed in vivo. We
also examined the proximal tibial growth plates in OSX-
CreSHIP"°* and SHIP™¥°* mice (Fig. 3E) using a
histomorphometric analysis of growth plate heights, prolif-
erative zone heights, and hypertrophic zone heights [35].
We observed a decrease in the height of the total growth
plate (Fig. 3F), proliferative zone (Fig. 3G), and hypertro-
phic zone (Fig. 3H) that reflects the decrease in the limb
length [42]. Growth plate chondrocyte proliferation is driven
in part through the well-known feedback loop, in which
reserve zone chondrocytes produce parathyroid hormone-
related peptide (PTHrP) that prevents chondrocyte differ-
entiation [43]. As the gradient of PTHrP decreases hyper-
trophic chondrocytes express factors that drive proliferation
in the proliferative zone of the growth plate [44]. The in-
ability of proliferating chondrocytes to differentiate into
hypertrophic chondrocytes parallels our observation that
preosteoblasts are unable to differentiate into mature OBs,
resulting in significant loss of accumulated bone mass.

MS/PC expression of SHIP1 is required
for normal osteoclastogenesis

SHIP deficiency in one cell type can lead to lineage ex-
trinsic effects on other lineages that alter their homeostasis
and function [22,45]. There is a considerable body of evi-
dence that immature OB promote the differentiation of OCs
and that function of the OB lineage is also critical for bone
homeostasis and remodeling [46—49]. Thus, we examined
the number of OC present in the BM of OSXCreSHIP1¥/fox
mice versus SHIPA°¥oX controls using both ex vivo and an
in vivo TRAP staining (Fig. 31-K). Consistent with an im-
paired ability of SHIP1-deficient MS/PC to commit to the
OB lineage we observed drastically decreased numbers of
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TRAP* OC in vivo in OSXCreSHIP"*/"* bone when
compared with SHIP"1°* controls (Fig. 3I). This in situ
analysis of OC frequency was confirmed by analysis of OC
differentiation of BMM cells from both genotypes ex vivo
(Fig. 3J, K). As expected this is not a pan-myeloid effect,
since impaired osteolineage commitment by SHIP1-defcient
MS/PC did not adversely affect circulating monocyte
numbers in the peripheral blood (Fig. 3L). Therefore, the
intrinsic impact of SHIP1 deficiency on the mesenchymal
compartment adversely impacts OB commitment and dif-
ferentiation, and consequently also has a lineage extrinsic
impact on OC maturation.

SHIP1 expression represses 1d2 to facilitate
osteolineage commitment and limit proliferation
of MSC

We noted that BM-derived MSC cultures from OSX-
CreSHIP"¥1* ‘mjce showed significantly increased total
cell numbers both prior to and after induction of osteogenic
differentiation. We analyzed these MSC cultures by flow
cytometry to determine whether the increased cell number
reflected a greater degree of proliferation and survival by
OSXCreSHIP™1°* MSC. We quantified the frequency and
absolute numbers of MSC in these cultures using the
CD29*Lin~ MSC phenotype recently described by Zhu
et al. [50] (Fig. 4A—C). The numbers of MSC was signifi-
cantly hi§her in the OSXCreSHIP"¥1* cyltures relative to
SHIP™¥°* MSC cultures indicating SHIP-deficient MSC
proliferate at a higher rate and resist differentiation even
under osteogenic culture conditions (Fig. 4C). In fact, the
absolute yield of MSCs derived from OSXCreSHIPo¥/fox
BM is ~10-fold higher indicating a profound expansion of
MSC. In addition to having a growth advantage, SHIP1-
deficient MSCs ex vivo were not found to be more suscep-
tible to apoptosis (based on reduced Annexin V staining)
than SHIP-competent MSCs (Fig. 4D, E). We then hypo-
thesized that SHIP1 signaling limits the activation of the
distal signaling components that promote the survival and

>
FIG. 4. Dysregulation of the PI3K/Akt/B-catenin/Id2 axis promotes MSC expansion in vivo and ex vivo. BM MSC from
OSXCreSHIP™ Yo% (_/_y or SHIP1¥°% (1./4) littermates were seeded at equal numbers and cultured under osteogenic
conditions (I) for 5 days and processed as described. Uninduced cells (U) were used as controls for all experiments and were
also initially seeded at equal cell numbers. Results shown are representative of three independent experiments for MSC of
the indicated genotypes and are representative of MSC cultures prepared from 4- to 16-week-old mice. Flow cytometry
gates for (A) uninduced and induced cultures (osteogenic conditions) to detect CD29 "Lin~ MSC population in cultures
prepared from OSXCreSHIP™*¥1°% (_/_) and SHIP™™1°% (1/+) mice. Cells were gated for: SSC-H versus FSC-H lack of
expression of a Lineage marker panel and surface expression of CD29™ as indicated. (B) Significant increased frequency of
OSXCreSHIP™¥ox (_/_y CD29*Lin~ MSC before (uninduced, U) and after osteogenic induction (induced, I) (+SEM.
#¥P<0.001 and ***P<0.0001 Student’s unpaired, two-tailed t-test). (C) The absolute numbers of OSXCreSHIP**/flox
(—/-) MSC in both uninduced (U) and induced (I) conditions in OSXCreSHIP ¥ (_/_) and SHIP¥1* (4+/4)
controls. (£ SEM. ***P <0.0001 . Student’s unpaired, two-tailed 7-test) (D) Representative Annexin V histograms for bulk
MS/PC prepared from SHIP™1% (1/4) black lines and OSXCreSHIP™°* (_/_) gray lines mice cultured under
uninduced (U) and osteo%enic induction (I) conditions. (E) Bar graphs indicating the frequency of apoptotic SHIP"o¥/fox
(+/+) and OSXCreSHIP"¥1°* (_/_) CD29*Lin~ MSC during ex vivo culture in the absence or presence of osteogenic
induction factors gi SEM. *#*P<(0.0001 Student’s unpaired, two-tailed #-test). (F) Phosphorylation status of AKT and
GSK30/p in SHIP™¥1°% (1 /1) and OSXCreSHIP¥/1°* (—/—) BM-derived MSC cultures in the absence (U) or presence
(D) of osteogenic induction factors. (G) Expression of 1d2 and USP1, was examined by western blotting with B-actin serving
as loading control, in SHIP /0% (4/ +3 and OSXCreSHIP™¥1°* (_/_) in the absence (U) or presence (I) of osteogenic
induction factors. (H) OSXCreSHIP"*¥1* (—/—) or SHIP"1°* (4 /4+) MSC (U) and were pretreated for an hour with
B-catenin inhibitor (CCT031374) and the pan-PI3K/mTOR inhibitor (NVP-BEZ235) prior to osteogenic induction (I).
Expression of 1d2 was examined by western blotting with B-actin serving as loading control.
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proliferation of MSCs at the expense of OB differentiation.
Consistent with this hypothesis we find increase in Akt
phosphorylation in SHIP-deficient MSCs relative to SHIP1-
sufficient controls both prior to and after osteogenic induc-
tion (Fig. 4F). Consequently, Akt activity is increased in
BM-derived MSCs of OSXCreSHIP™¥°* a5 confirmed by
increased phosphorylation of one of Akt’s key targets,
GSK3p (Fig. 4F). GSK3p is inactivated by phosphoryla-
tion and promotes activation and nuclear translocation of
[-catenin. Recent work by Perry et al. showed that B-catenin

IYER ET AL.

activation leads to upregulation of Id2 expression that blocks
myeloid progenitor differentiation [51]. Western blot analy-
sis for Id2 revealed that SHIP-deficient MSCs express higher
levels of protein under undifferentiated growth, but also
importantly under osteogenic conditions on a per cell basis
(Fig. 4G). Moreover, we saw coordinate overexpression of
USP1 as well (Fig. 4G). USPI is necessary to prevent pro-
teasomal degradation of Id2 and sustains its expression at a
level sufficient to promote MSC proliferation and block OB
differentiation [15]. Constitutive super-induction of I1d2

B 100+ *k hkk c g, 4 -
> o g 34
e oo o
S £ 2
404 2
g 3,
W 2. g 1
- g ol = ot
+H+  -l- '+ -l- +H+ /- ++ -l
1] I 7] |
D Uninduced Induced E 2 o o
>
; L ; L] Ti 10
® R
“] A A E .
T XA ) L M\ ] o<
0 ey r o 1 ey T— 0-
o 100 1° 10 10 o 1w w 1w 1w +!+ -f- #+ -I-
Annexin V Annexin V T T
F wu I G " !
++ -/ ++ =f ++ -l ++ -
— e p-AKTs473 e R 1d2
—— — USP1

AKT

p-GSK3a/p H

— — — — GSK3p

. S — — (-actin

+'+

—— e s s (-actin

I
CCT031374  NVP-BEZ235
S #He - He - e -

e ld2

— et o __,_# p-actin



SHIP1 CONTROLS MESENCHYMAL STEM CELL FATE

transcription factor has been shown to promote MSC pro-
liferation, while selectively blocking osteolineage differen-
tiation by MSCs [14,15].

To determine whether B-catenin contributes to super-
induction of Id2 in OSXCreSHIP"¥"** MSCs we cultured
SHIP1-competent SHIP"1°* and OSXCreSHIP™¥1* MSC
in the presence of a B-catenin inhibitor, CCT031374 [30]. B-
catenin inhibition reduced induction of Id2 in OSXCre-
SHIP™°* MS/PC relative to untreated controls under
osteogenic induction when Id2 level is the highest in SHIP1-
deficient MSC (Fig. 4H). Using a similar approach we
confirmed that PI3K pathway promotes super-induction of
1d2 as a pan PI3K/mTOR inhibitor, NVP-BEZ235 [31], also
reduced Id2 super-induction in OSXCreSHIP™*¥°* MSC
(Fig. 4H). These biochemical studies show that SHIP1 pre-
vents activation of the PI3K/Akt/B-catenin signaling that can
super-induce 1d2 and thus promote MSC proliferation while
simultaneously block their osteolineage differentiation.

SHIP1 expression in mature osteolineage cells
is not required for bone formation

To further examine the functional role of SHIP1 in OBs,
we crossed mice harboring floxed SHIP locus [25] with
mice carrying the Cre recombinase transgene under the
control of the type I collagen (Collal) promoter [28] to
generate CollalCreSHIP™"°* mice. The loss of SHIP1 in
mature OBs in 4-6-weeks-old CollalCreSHIP ¥ mjce
resulted in no effects on their growth (Fig. 5A). No differ-
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ence was observed on whole bodz/ BMD and BMC by
DEXA analysis in CollalCreSHIP"¥1* mice relative to
SHIP™¥1°% ¢ontrols (Fig. 5B-C). MicroCT analysis showed
that CollalCreSHIPo¥/flox mijce have normal metaphyseal
Bv/Tv (Fig. 5D). In addition, we observed no difference in
MS/PC frequency as defined by the PDGFRoa*CD51™*
CD31 CD45 Lin~ phenotype [36] (Fig. SE, F) or the
PDGFRo. " Scal *CD31~CD45 Lin~ phenotype [37] in Co-
11alCreSHIP™¥™* a5 compared to SHIP""** controls
(Supplementary Fig. S3A, B). Because Collal CreSHIP™*/ox
mice exhibit normal bone development and a normal fre-
quency of MSC, while OSXCreSHIP""* mice show sig-
nificant alterations in both, we conclude that SHIP1 acts at
the MS/PC stage and not in mature OB to influence bone
development and growth in vivo.

SHIP1 expression in OCs does not limit
OC differentiation and activity in vivo

A previous study suggested that germline SHIP1 ™/~ mice
were osteoporotic due to increased numbers of OC in vivo
that were shown to be hyper-resorptive ex vivo [23]. Our
collaborative study confirmed the hyper-resorptive capacity
of SHIP1 ™/~ OC ex vivo and attributed this to a failure
of SHIPI to block PI3K recruitment to DAP12: TREM2
complexes expressed by OC [24]. However, given our
findings of osteoporosis in mice where SHIP ablation is
confined to the osteolineage, we questioned whether the
failure of normal bone growth and formation in SHIP™/~
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mice is actually a consequence of hyper-resorptive OC
in vivo. As OC are a terminally differentiated myeloid lineage
cell, we developed LysMCreSHIP"*1°* mice where myeloid-
derived cells are selectively rendered SHIPI-deficient. As
anticipated, this genetic strategy resulted in robust ablation of
SHIP1 expression in OC from LysMCreSHIP"™** mice
(Fig. 6A). However, no difference was observed in circulating

FIG. 6. A SHIPl-deficient OC
compartment does not lead to osteo- A
porosis. (A) Monocytes were differ-
entiated with RANKL and M-CSF

and SHIP1 levels in OC from
SHIP™¥1ox (4 /1y and LysMCre-
SHIPV°X (_/_) mice were as-
sessed by western blot. Actin serves

as a loading control and its relative
quantification is indicated below. (B)
Circulating monocyte in peripheral
blood measured at 7, 25, and c
40 weeks of age in male and female
LysMCreSHIP™°* (/) versus
SHIP"/™* littermates (+/+). (C)
Whole-body BMD by DEXA anal-
ysis, (D) Bv/Tv measurements and
(E) in sagittal sections through the
proximal metaphysis taken derived
from microCT scans of 16-week-
old male SHIP™V1* (4/4) and
LysMCreSHIP™¥°* (_/_) mice
(these results are representative of
four mice of each genotype). (F)
Quantitative plots of colony forming
unit-fibroblast (CFU-F) numbers
(per 3 x 10° cells) from 16-week-old
male SHIP™YI* (/4 (black
bars) and LysMCreSHIPfiox/flox
(—/-) (open bars), mice (n=>5). (G)
TRAP stained proximal tibia sec-
tions of SHIP™VM* (4/4) and
LysMCreSHIP™™V/x  (_/_y " (4x
and 20X magnification). (H) TRAP
staining of OCs prepared from
BMM that were cultured with
RANKL and M-CSF showed a ~2.8-
fold increase in OC numbers in 16
weeks LysMCreSHIPoViox (—/—
versus SHIP™ 1% [ittermates (+/+).
Top panels are representative plates
and the bottom panels are 10X-
magnified images from these plates.
(I) The corresponding bar graphs
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monocyte numbers in LysMCreSHIP™¥1°* and SHIpflox/flox
controls indicating that myeloid expression of SHIPI is not
necessary to limit the size of the circulating myeloid cell
compartment in vivo (Fig. 6B). We then performed detailed
analysis on internal micro-architecture of 16-weeks-old adult
LysMCreSHIP"*™°* mice using DEXA, microCT and the
CFU-F assay. DEXA analysis failed to show any negative
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impact on whole body BMD in adult LysMCreSHIP*¥fox
mice relative to SHIP™1°* controls (Fig. 6C). MicroCT
analysis also failed to show any significant difference in tra-
becular bone Bv/Tv (Fig. 6D). Further, microCT analysis of
the tibia (Fig. 6E) revealed no difference in metaphyseal
thickness in comparison to age-matched SHIP™* controls
demonstrating that a SHIP-deficient OC compartment has no
negative impact on bone mass accrual in vivo. In addition,
OBs are found in normal numbers in LysMCreSHIP"¥/1°*
mice as we observed normal numbers of ALP* colonies (Fig.
6F). TRAP staining of bone sections indicated there were
normal numbers of OC present in the bone of LysMCre-
SHIP™ % 45 compared to SHIP™¥1°* mice (Fig. 6G), but,
and consistent with previous findings, [23,24] SHIP-defi-
cient OC from LysMCreSHIP™1°% expand to a greater
extent when cultured ex vivo in the presence of M-CSF and
receptor activator of nuclear factor kappa-B ligand
(RANKL) relative to OC from SHIP"1°* controls (Fig.
6H, I). Thus, a SHIP1-competent OB compartment limits
the regulation of OC differentiation and resorptive be-
havior in vivo to prevent the development of osteoporosis.
However, SHIP1 also has an OC cell autonomous role in
limiting control of their response to key differentiation-
inducing ligands like M-CSF and RANKL. Nonetheless, a
SHIP1-deficient OC compartment is not sufficient to cause
loss of bone mass or density.

Administration of a SHIPi reduces bone mass

Based on our findings in the OSXCreSHIP"¥1°* model
we hypothesized that chemical inhibition of SHIP1 might be
employed as a therapeutic intervention for pathological in-
creases in bone growth. A selective, small molecule inhib-
itor of SHIP1, 3AC [18,19], has recently been identified.
Patients with osteopetrosis and sclerotic bone diseases
present with pathologically increased bone mass, for which
there are no effective therapies and thus if chemical inhi-
bition of SHIPI in vivo (SHIPi) can reduce bone growth
then such compounds might become an effective therapy.
To test the feasibility of these hypotheses, we administered
the SHIPi to adult mice three times per week for 1-3
months. We find that SHIPi significantly reduces whole-
body BMD (Fig. 7A) and bone mass (Fig. 7B). SHIPi
treatment also resulted in diminished mechanical properties
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in the treated femurs; with a 15.4% (P <0.01) decrease in
the peak load and a 21.6% (P <0.04) decrease in the stiff-
ness (Supplementary Table S2). These changes correspond
to significant decreases in cortical thickness in the femurs of
SHIPi-treated mice (Supplementary Table S2). However,
the energy to peak and the energy to fracture were not ob-
served to be significantly different (Supplementary Table
S2), suggesting that SHIPi-treated limbs are able to undergo
similar levels of deformation prior to failure. Taken to-
gether, these data suggest that SHIPi effects are primarily
through diminished bone apposition, which in an adult
mouse would occur at the periosteal and endosteal surfaces
and not through turnover of the metaphyseal bone. Never-
theless, it remains unclear if the relatively modest decrease
in peak load and stiffness observed in the SHIPi-treated
mice would incur an increase in the incidence of pathologic
fracture. Taken together, these data indicate that SHIP1
inhibition may have the potential in osteopetrotic and other
sclerotic bone disorders to repress unrestrained osteo-
blastogenesis.

Discussion

Our findings shed new light on the origin of osteoporotic
pathology in SHIP1-deficient mice. We confirm the earlier
findings of Takeshita et al. [23] and Peng et al. [24] that
showed a cell autonomous role for SHIP in limiting the
response of OC to M-CSF and RANKL ex vivo. However,
our findings also demonstrate a novel role for SHIP1 in
osteogenesis and indicate a SHIP-competent OB compart-
ment regulates OC differentiation and resorptive capacity
in vivo and can prevent SHIPI-deficient OCs from under-
going dysregulated differentiation and function in situ. Our
findings also have potential therapeutic implications for
Paget’s disease, and particularly Paget kindreds where
genome-wide association study (GWAS) analysis has im-
plicated a genetic locus at 2q37—the location of the human
SHIP1/INPP5D locus [52]. If human SHIP1 deficiency is
found to be linked to disease in these kindreds, then our
findings suggest that a hematopoietic marrow graft to re-
place a hyper-resorptive OC compartment may not be
beneficial as the disease pathology is likely caused by
SHIP1 deficiency in mesenchymal-derived OB that are not
replenished from donor HSC following BMT.
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FIG.7. SHIPI inhibitor (SHIPi) reduces bone mass. Male 6—12-month-old C57BL6/J mice were injected intraperitoneally
with vehicle or SHIPi, a SHIP1 inhibitor, at 25 mg/kg three times per week for 4, 8, and 12 weeks. Significant decrease was
observed in (A) whole-body BMD by DEXA analysis in SHIPi-treated group (open square) versus vehicle group (open
circle) (£ SEM **¥P<(0.0001 Student’s unpaired, two-tailed #-test). (B) Metaphyseal histomorphometric parameter, Bv/Tv
was significantly decreased after SHIPi treatment in the SHIPi group (open squares) in comparison to vehicle group (open
circles) (£ SEM *P<0.05 Student’s unpaired, two-tailed #-test, each symbol represents an individual mouse).
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Chen et al. have recently shown that activation of a ROSA-
stop-flox reporter in all MSC-derived marrow cell types
in postnatal mice including stromal cells, adipocytes, and
perivascular lining cells [41]. Consistent with their elegant
demonstration of OSXCre-mediated gene deletion in MSC-
derived lineages, here we have demonstrated ablation of
SHIP1 expression MSCs derived from OSXCreSHIP™o/ox
mice. The growth plate chondrocyte defect that we also
observe in the OSXCreSHIP""** mice might potentially
reflect a requirement for SHIP1 by MSC for their efficient
commitment to the chondrocyte lineage, much like we ob-
serve with osteolineage cells. However, it might also reflect
a requirement for SHIP1 expression within the chondrocyte
lineage for their terminal maturation. In addition, longitu-
dinal growth deficiency we observe might also be associated
with a loss of chondrocyte hypertrophy and the corre-
sponding loss of chondrocyte terminal differentiation [53].
Terminal differentiation in hypertrophic chondrocytes is
required to efficiently attract osteoprogenitors and OC pre-
cursors; therefore, it is possible that some of the effects
observed on bone formation and bone resorption in OSX-
CreSHIP 1% mice are due to a loss of chondrocyte hy-
pertrophy.

The osteoblastic requirement for SHIP1 that we have
identified here represents the first function demonstrated for
SHIPI in a cell type that is not a component of the hema-
tolymphoid compartment. As SHIP1 is not typically ex-
pressed in mesenchymal lineages its expression could
potentially be controlled by transcription factors active in
both hematopoietic and mesenchymal lineages. In this re-
gard, a potential candidate regulator is SMAD4, which is
required for OB development [54] and known to also induce
expression of SHIP1 in myeloid cells [55]. Induction of
SHIP1 by SMAD4 may in turn repress the activity of other
SMAD factors that promote stemness and MSC proliferation
(eg, USP1, Id2). Since the deletion of SHIP1 in Collal-
CreSHIP™¥1* mice is restricted to mature OB and not
MSC, these data further support the observation in the
OSXCreSHIP™¥1* mice that SHIP1 expression is required
for efficient OB differentiation from MSC.

Our findings implicate SHIP1 at the nexus of a novel
molecular pathway that limits Id2 expression, and conse-
quently MSC proliferation, while also promoting commit-
ment of MSC to osteolineage development. Williams et al.
[15] identified USP1 and its co-factor WDR48 in MSC and
as such are potential targets for SHIP1 regulation in MSC.
Our findings demonstrate that SHIP1 expression in MSC
limits USP1 expression and consequently Id2 expression.
Park et al. demonstrated that super-physiological expression
of Id2 promotes adipocyte differentiation by promoting
PPARY activity in adipocyte progenitors [56]. Thus, in-
creased expression of Id2 in SHIP1-deficient MSCs corre-
sponds with reduced OB differentiation and increased
adipogenesis that we observed in vivo in OSXCreSHIP"™*Y
floX mice and in MSC ex vivo. By heterodimerizing with
bHLH proteins (eg, MyoD) Id proteins antagonize differ-
entiation of stem/progenitor cells and also drive the G1/S
cell cycle transition in these primitive cells [57,58]. Indeed,
1d2 has been found to promote self-renewal or cycling of
MSC, HSC and neural stem cells [15,51,59-61]. Moreover,
enforced expression of 1d2 suppresses OB differentiation by
MSC [14].

IYER ET AL.

Our findings are the first to show that SHIP1 can promote
lineage commitment in a population of MS/PC rather than
simply acting as an inhibitor of cell survival and function in
differentiated cells. Due to its essential role in cell survival,
the PI3K/Akt pathway and inositol phosphatases that regu-
late it are proposed to play a role in stem cell self-renewal,
maintenance, and differentiation. This includes several types
of stem cells, including pluripotent stem cells, [31,62—65]
HSC, [20,22,66—68] neural stem cells [69-74], and epithe-
lial stem cells [75]. A recurring theme in several stem cell
types is for the PI3K/Akt pathway to inactivate GSK3p thus
promoting activation and nuclear translocation of B-catenin
[76,77]. Our studies suggest a similar role for this pathway
in MS/PCs that is regulated by SHIPI. Our study also
identifies a SHIP1 regulated switch that controls the USP1/
WDR48/Id2 axis that promotes stemness versus lineage
commitment in MSC.

We administered SHIPi to adult mice and found that this
could selectively reduce bone mass, without producing a
significant loss in mechanical properties or bone morphol-
ogy. Osteopetrosis is a collection of intractable and incurable
syndromes that manifest as a pathologic increase in bone
mass [78]. Sclerotic bone diseases are often treated surgi-
cally and have a poor long-term prognosis, often leading to
fracture and disunion [79]. In this context SHIPi may rep-
resent an effective adjuvant chemotherapeutic. SHIPi may
represent a novel therapy for these conditions for which there
is currently no known pharmacological intervention.
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