Acknowledgement
First and foremost I want to express my deepest gratitude and sincerest
appreciation to my advisor Dr. William G. Kerr; you have truly been the most amazing
mentor I could have hoped to have. I would like to thank you for encouraging my
research and for allowing me to grow as a scientist. I appreciate all your contributions of
time, ideas, patience, and funding to make my Ph.D. experience productive and
stimulating. Without all your guidance and unstinted support this dissertation would not
have been possible.
I would also like to thank all my committee members; Dr. Patricia Kane, Dr.
Rosemary Rochford, Dr. Francesca Pignoni, Dr. Paul Massa and Dr. Bryan Margulies
for serving on my thesis committee and for their time, interest, encouragement and
insightful comments. I would especially like to thank my external thesis committee
member Dr. Gerard Karsenty for his time, encouragement and insightful comments. I
would also like to thank Dr. Mark Schmitt, my academic advisor for being so helpful and
supportive all these years. I would like to thank my past mentors Dr. Sudha Deshmukh
and Dr. Parjit Kaur, for their encouragement and guidance in the nascent phase of my
journey as a research scientist.
I am so appreciative of all my colleagues at the Kerr lab who supported me
through this journey. I thank the Kerr gang; Robert Brooks, Matt Gumbleton, Sandra
Fernandes, Neetu Srivastava, Raki Sudan, Bonnie Toms, Christie Youngs, Barbara
Lesniak, Leina Ibrahim and Mi-Young Park with whom I have had the pleasure to work
with. It has certainly been an enlightening and a great learning experience to share
thoughts and ideas with each one of you. You have all been a marvelous support system
through these years and I am so proud of being a part of this impressive team. My thesis
would not have come to a successful completion, without the help I received from the
graduate program, DLAR and the flow-core staff.
I want to especially thank my entire family. Words cannot express how grateful I
am to all of you. I want to thank my parents for their endless love and for inspiring me to
follow my dreams; I am forever indebted. I would also like to thank my in-laws for
supporting me with their best wishes and abiding patience. Furthermore, I would like to
thank my siblings, Satyajeet, Raisha and Karan for their endless love and support. I
would like to thank my daughter Ariyana who has been with me through this entire
journey from start to finish; you are my most amazing friend. Lastly, I would like to thank
my beloved husband, for his love, kindness and support he has shown during these years
it has taken me to finalize this thesis.

i
	
  

TABLE OF CONTENTS
Abstract of thesis ............................................................................................... 1!
CHAPTER 1 INTRODUCTION ......................................................................... 6!
Inositol Phospholipid signaling ........................................................................ 6!
Role!of!PI!and!PI,recognizing!domains!in!Signal!Transduction!Pathways
................................................................................................................................................. 10!
PI3K!signaling!pathway................................................................................................ 11!
Phosphainositide!phosphatases ............................................................................... 14!
SHIP1.................................................................................................................................... 17!
SHIP2 .................................................................................................................................... 19!
PTEN ..................................................................................................................................... 21!
Stem cells.......................................................................................................... 22!
Bone!architecture............................................................................................................ 24!
Historical!context!of!the!Bone!marrow!niche ..................................................... 26!
Bone!marrow!niche ........................................................................................................ 27!
Mesenchymal!stem!cells............................................................................................... 32!
Adipocytes,!Chondrocytes,!Osteoblasts................................................................. 36!
Osteoclasts ......................................................................................................................... 38!
Obesity.............................................................................................................. 40!
Insulin signaling .............................................................................................. 48!
Insulin!Signaling!cascade ............................................................................................. 49!
Insulin!resistance ............................................................................................................ 51!
Reference.......................................................................................................... 55!
CHAPTER 2 SHIP1 REGULATES MSC NUMBERS AND THEIR
OSTEOLINEAGE COMMITMENT BY LIMITING INDUCTION OF THE
PI3K/AKT/βCATENIN/ID2 AXIS ................................................................... 88!
Graphical Abstract.......................................................................................... 89!
ii

Abstract ............................................................................................................ 90!
Introduction ..................................................................................................... 91!
Material and Methods..................................................................................... 95!
Results ............................................................................................................ 106!
Mice!with!ablation!of!SHIP1!in!MSC/osteoprogenitors!(MS/PC)!exhibit!
impaired!growth!and!an!expanded!MSC!compartment................................106!
Mice!with!a!SHIP1!deficient!MS/PC!compartment!exhibit!impaired!bone!
growth................................................................................................................................113!
The!MS/PC!compartment!is!expanded!in!OSXCreSHIPflox/flox!mice,!but!
exhibits!altered!osteogenic,!chondrogenic!and!adipogenic!output.........117!
MS/PC!expression!of!SHIP1!is!required!for!normal!osteoclastogenesis
...............................................................................................................................................118!
SHIP1!expression!represses!Id2!to!facilitate!osteolineage!commitment!
and!limit!proliferation!of!MSC .................................................................................121!
SHIP1!expression!in!mature!osteolineage!cells!is!not!required!for!bone!
formation ..........................................................................................................................126!
SHIP1!expression!in!osteoclasts!does!not!limit!OC!differentiation!and!
activity!in!vivo. ...............................................................................................................130!
Administration!of!a!SHIP1!inhibitor!(SHIPi)!reduces!bone!mass ............134!
Discussion....................................................................................................... 138!
Reference: ...................................................................................................... 144!
CHAPTER 3 SHIP1-EXPRESSING MESENCHYMAL STEM CELL
REGULATE HEMATOPOIETIC STEM CELL HOMEOSTASIS AND
LINEAGE CHOICE DURING AGING ......................................................... 157!
Abstract .......................................................................................................... 158!
Introduction ................................................................................................... 159!
Methods .......................................................................................................... 162!
Results ............................................................................................................ 167!
iii

SHIP1!expression!by!the!MSC!compartment!is!required!for!maintenance!
of!HSC!homeostasis!in!aged!mice ...........................................................................167!
A!SHIP1!deficient!MSC!BM!microenvironment!skews!HSC!toward!a!
myeloid!fate!with!aging ..............................................................................................176!
Discussion....................................................................................................... 182!
Acknowledgement ......................................................................................... 183!
Authorship and disclosures .......................................................................... 183!
References ...................................................................................................... 184!
CHAPTER 4 SHIPI CONTROLS AGING AND DIET ASSOCIATED
OBESITY AND DIABETES............................................................................ 191!
Abstract .......................................................................................................... 192!
Introduction ................................................................................................... 194!
Materials and Methods ................................................................................. 198!
Results ............................................................................................................ 201!
Age,associated!accumulation!of!excess!body!fat!is!prevented!by!SHIP1!
deficiency!in!mesencychmal!compartment!or!SHIPi .....................................201!
K118!reduces!the!accumulation!of!body!fat!without!reducing!bone!
density!in!aging!mice. ..................................................................................................202!
K118,mediated!SHIPi!prevents!diet,induced!obesity!and!diabetes .......208!
K118!treatment!improves!glucose!tolerance!in!DIO!mice...........................214!
Discussion....................................................................................................... 218!
Acknowledgements........................................................................................ 222!
Authorship and disclosures .......................................................................... 222!
Reference: ...................................................................................................... 223!
CHAPTER 5 DISCUSSION AND SIGNIFICANCE .................................... 231!
Functional!role!of!SHIP1!in!MSC .............................................................................233!
Aging!of!SHIP,deficient!mesenchymal!stem!cell!compartment ................237!
iv

SHIP!inhibition!and!its!role!therapeutic!potential..........................................240!
Conclusion...................................................................................................... 248!
Reference........................................................................................................ 249!
Appendix figures ........................................................................................... 256!
Qualitative!changes!in!the!aging!BM!microenvironment!in!the!SHIP1,
deficient!MSC!mice........................................................................................................257!
SHIP1!inhibitor!(3AC)!treatment!in!aged!C57BL6/J!mice...........................259!

v

LIST OF TABLES
Table 1- Localization and effector functions of phosphatidyl inositol
phopholipids. ................................................................................................... 9!
Table 2- Diseases associated to phosphainositide phosphatases .......................... 16!
Table 3- Paracrine signaling molecules of the HSC niche (Li and Wu, 2011; Lo
Celso and Scadden, 2011; Noll et al., 2012) ................................................. 31!
Table 4-Analysis on OSXCreSHIPflox/flox and SHIPflox/flox progeny birth
frequencies derived from pairings of OSXCreSHIPflox/flox and SHIPflox/flox
partners. ....................................................................................................... 108!
Table 5-SHIP1 inhibitor (SHIPi) post-treatment mid-shaft analysis.................. 137!
Table 6-Total cholesterol and Leptin in treated DIO mice. ................................ 213!

vi

LIST OF FIGURES
Figure 1-Representation of phosphoinositide (PI) pathway. .................................. 8!
Figure 2- PI3K/Akt signaling pathway ................................................................. 13!
Figure 3-The domain structure of SHIP1.............................................................. 18!
Figure 4-Functional domains within the SHIP1 protein and its paralog, SHIP2.. 20!
Figure 5- Classification of stem cells.................................................................... 23!
Figure 6- Process of stem cell division and differentiation. ................................. 23!
Figure 7-Bone marrow microarchitecture............................................................. 25!
Figure 8 Schematic representation of the HSC niche in the BM and the Niche
accessory cells. .............................................................................................. 30!
Figure 9- traditional and current techniques to isolate mesenchymal stem cell. .. 35!
Figure 10- Expression of transcription factors during differentiation towards
adipocytic, chondrocytic and osteogenic lineages......................................... 38!
Figure 11 A model illustrating osteoclastogenesis. .............................................. 39!
Figure 12-Origins and activation of white, beige and brown adipocytes. ............ 43!
Figure 13- Lean and obese adipose tissue............................................................. 45!
Figure 14- Insulin-stimulated PI3K/Akt metabolic signaling pathway leads to
GLUT4 translocation and therefore, glucose uptake..................................... 50!
Figure 15- Insulin receptor signaling in Normal and insulin resistant state. ........ 52!
Figure 16-MS/PC-specific ablation of SHIP1 expression retards growth and
expanded MSC compartment ...................................................................... 109!
Figure 17-A SHIP-deficient MS/PC compartment limits bone apposition and
causes osteoporosis...................................................................................... 115!
vii

Figure 18- SHIP-deficiency in MS/PC causes defective development of
osteolineage cells, growth plate chondrocytes, cause enhanced adipogenesis
and defective development of osteoclastogenesis. ...................................... 119!
Figure 19- Dysregulation of the PI3K/Akt/β-catenin/Id2 axis promotes MSC
expansion in vivo and ex vivo. ..................................................................... 124!
Figure 20- SHIP1 expression in mature osteoblasts does not limit bone apposition
..................................................................................................................... 128!
Figure 21-A SHIP1-deficient OC compartment does not lead to osteoporosis .. 133!
Figure 22- SHIP1 inhibitor (SHIPi) reduces bone mass..................................... 135!
Figure 23-SHIP1 in the MSC compartment is required for normal
hematolymphoid output by HSC in aged mice............................................ 168!
Figure 24-SHIP1 in the MSC compartment is required for maintenance of the
HSC numbers in aged mice. ........................................................................ 173!
Figure 25 - Cell cycle analysis in OSXCreSHIPflox/flox and SHIPflox/flox mice .... 174!
Figure 26- Cytokine analysis in OSXCreSHIPflox/flox and SHIPflox/flox mice....... 175!
Figure 27-Aged HSCs within the SHIP1 deficient MSC BM microenvironment
exhibit skewed differentiation towards the myeloid lineage ....................... 179!
Figure 28-Age-associated loss of fat in SHIP-deficient MS/PC and 3AC treated
mice and Structure of pan SHIP1/2 inhibitor, K118 and its SHIP1 inhibitory
activity as measured by a fluorescent polarization assay designed for 5′inositol phosphatases (Echelon Biosciences). ............................................. 202!
Figure 29- Phenotypic analysis of K118 treated aged male and female mice .... 205!
Figure 30- Phenotypic analysis of K118 treated DIO-mice................................ 211!
Figure 31- K118 treatment in DIO-C57B6 mice improves their impaired glucose
homeostasis.................................................................................................. 216!
viii

Figure 32-Role of SHIP1 in bone biology. ......................................................... 232!
Figure 33- Differntiation of SHIP-competent and SHIP-deficient MSC............ 235!
Figure 34-Schematic diagram of potential pathways that SHIP1 inhibitor, 3AC
could regulate pathways involved in sclerosing bone dysplasia. ................ 242!
Figure 35- Proposed effects of pharmacological SHIP inhibition to combat obesity
and diabetes ................................................................................................. 244!
Figure 36-Qualitative changes in the aging BM microenvironment in the SHIP1deficient MSC mice ..................................................................................... 257!
Figure 37 SHIP1 inhibitor (3AC) treatment in aged C57BL6/J mice. ............... 259!

ix

GRAPHICAL ABSTRACT
Graphical Abstract 1- SHIP1-deficient MS/PCs have dysregulated PI3K/Akt
activity downstream of one or multiple receptors that drive hyper-activation
and nuclear translocation of β-catenin that leads to super-induction Id2
expression. ..................................................................................................... 89

x

LIST OF SUPPLEMENTARY FIGURES
Supplementary Figure 1-MS/PC-specific ablation of SHIP1 expression retards
growth and reduces bone mass. ................................................................... 111!
Supplementary Figure 2-MS/PC-specific ablation of SHIP1 expression expands
the MSC compartment................................................................................. 112!
Supplementary Figure 3-Mature osteoblasts-specific ablation of SHIP1 expression
does not promote MSC expansion in vivo. .................................................. 129!
Supplementary Figure 4-Hematolymphoid cell lineages in the spleen .............. 169!
Supplementary Figure 5- Splenic natural killer (NK) cell subset analysis in aged
OSXCreSHIPflox/flox mice. ....................................................................... 169!
Supplementary Figure 6- SHIP1 expression is normal in the hematolymphoid
progeny of aged OSXCreSHIPflox/flox HSC ............................................. 181!
Supplementary Figure 7-K118 treatment does not negatively impact the BMD and
BMC in aged male and female mice. .......................................................... 206!
Supplementary Figure 8-Histological appearance of the ileum and lungs of K118
and vehicle treated mice .............................................................................. 207!
Supplementary Figure 9- Histological analysis of Brown and white adipose tissue
from Vehicle and K118 mice one-month post treatment ............................ 212!
Supplementary Figure 10- K118 treatment in DIO-C57B6 mice does not affect
BMD and BMC. .......................................................................................... 213!

xi

ABSTRACT OF THESIS
Based on earlier findings, some of our initial questions were, as follows:
Does SHIP1 have role in the bone marrow niche in maintaining HSC homeostasis
and function? Is SHIP1 expressed in mesenchymal stem cells? Does SHIP1 play a
functional role in MSC biology? Is SHIP1 deletion in myeloid lineage or
mesenchymal lineage sufficient to cause osteoporosis?
During the course my graduate thesis work, we have answered these
questions and unraveled that SHIP1 is at the nexus of several molecular pathways
controlling mesenchymal stem cell biology. In the first aim, we show that under
conditions that drive osteolineage differentiation by MSC, SHIP1 limits MSC
proliferation and facilitates osteoblast development by repressing the USP1/Id2
axis. The UPS1/Id2 axis was recently shown to promote ‘stemness’ in MSC. Our
findings identify a novel SHIP1/USP1/Id2 circuit that controls MSC proliferation
and lineage commitment and thus link inositol phospholipid signaling to control
of MSC self-renewal and multi-lineage potential by USP1/Id2. Our findings are
the first to show that SHIP1 can promote lineage commitment in a population of
mesenchymal stem/progenitor cells rather than simply acting as an inhibitor of
cell survival and function in differentiated cells. Our findings also provide cellular
and molecular explanations for how SHIP1 influences MSC biology, osteolineage
development, adipogenesis and osteoporosis.
1

We also provide some very compelling data that represent the first
demonstration of in vivo modulation of MSC development and function by small
molecule targeting of a cell-signaling pathway that has important metabolic
implications. Our analysis of OSXCreSHIPflox/flox mice indicated that as these
mice age they lose both bone mass and body fat, we hypothesized then that
treatment of aged adult mice with a selective small molecule inhibitor of SHIP1
might achieve the same outcome – reduction of bone mass and body fat. Thus,
chapter 2 and 4 includes a series of studies that rather convincingly demonstrate
pharmacologic inhibition of SHIP1 significantly reduces both body fat and bone
mass in older mice. In addition, in chapter 4, we explore the therapeutic potential
of SHIP1/2 inhibition in diabetes and obesity. As previous work by others has
shown that SHIP2-/- mice are resistant to diet-induced obesity and diabetes. This
led us to hypothesize that pan-SHIP1/2 inhibition (SHIPi), if tolerated, might
reduce obesity and improve blood glucose control during aging and/or with
consumption of a high fat diet.
When paired with our genetic studies in OSXCreSHIP1flox/flox mice these
pharmacological studies demonstrate unequivocally that SHIP proteins are
molecular targets in both obesity and osteopetrotic diseases. Moreover, we
demonstrate for the first time that targeting of cell signaling in the adult MSC
compartment can achieve significant metabolic changes that could have
translational application in both obesity and osteopetrotic diseases. At this
2

juncture this work represents a potent blend of novel basic and applied findings
that have profound implications for regulation of mesenchymal stem cell fate,
bone biology as well as for treatment of obesity and bone diseases.
In chapter 3 we demonstrate that intracellular signaling by SHIP1 in MSC
is demonstrated to have a critical role in the control of HSC output during aging
and this increases our understanding of how myeloid bias occurs in aging, and
thus could have implications for the development of myeloproliferative disease in
aging.

Chapter 2: SHIP1 regulates MSC numbers and their osteolineage commitment by
limiting induction of the PI3K/Akt/βcatenin/Id2 axis.
Highlights of this study
1. SHIP1 controls MSC fate and osteolineage commitment.
2. SHIP1 opposes PI3K/Akt/bcatenin/Id2 signaling to limit MSC proliferation
and promote osteogenesis.
3. SHIP1 expression is required for MSC regulation of osteoclast differentiation.
4. Myeloid-restricted ablation of SHIP1 does not lead to osteoporosis.
5. A small molecule inhibitor of SHIP1 reduces bone mass.

3

Chapter 3: SHIP1-expressing mesenchymal stem cell regulate hematopoietic
stem cell homeostasis and lineage choice during aging
Highlights of this study
1. This is first time that intracellular signaling by SHIP1 in MSC is demonstrated
to have a critical role in the regulation of HSC homeostasis and lineage choice
in aging.
2. SHIP1 deficient MSC BM microenvironment skews HSC toward a myeloid
fate with aging.
3. SHIP1 expression by MSC is required for SHIP1 expression by MSC prevents
chronic G-CSF production during aging.
Chapter 4: SHIPi for control of aging and diet associated obesity and diabetes
Highlights of the study
1. Age-associated accumulation of excess body fat is prevented by SHIP1
deficiency in MSC compartment or a small molecule inhibitor of SHIP1,
3AC.
2. Water-soluble small molecule inhibitor of pan-SHIP1 and SHIP2, K118
reduces the accumulation of body fat without reducing bone density in aging
mice.
3. Pan-SHIP1 and SHIP2 inhibitor, K118 prevents diet-induced obesity and
diabetes.
4
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CHAPTER 1 INTRODUCTION
INOSITOL PHOSPHOLIPID SIGNALING
From myoinositol in avian tubercle bacilli (Anderson and Roberts, 1930) to
lipositol in soybeans (Woolley, 1943), inositol phospholipids are found in a wide
variety of plants, microorganism (Kuksis, 2003; Pendaries et al., 2003), and
almost all mammals. Phosphoinositides (PIs) are a family of phosphorylated
derivatives of the PtdIns membrane lipids (Kuksis, 2003). There are seven
phosphorylated derivatives of PtdIns that are all attached to the membrane
through a diacylglycerol (DAG) moiety that is attached to a myoinositol ring via a
diester phosphate. In addition, each of the seven derivatives is phosphorylated at
the 3, 4 or 5 positions or a combination thereof, of the inositol ring (Kuksis,
2003).
The seven PI isoforms identified in eukaryotic cells, include three
monophosphorylated (PI(3)P, PI(4)P, PI(5)P), three bisphosphorylated (PI(3,4)P2,
PI(3,5)P2, PI(4,5)P2) and one triphosphorylated species (PI(3,4,5)P3 ) (Kuksis,
2003; Kutateladze, 2010). PIs are present in distinct pools located in the cell’s
plasma membrane, endosomes and nucleus, where they function as ligands for PIbinding proteins (Kutateladze, 2010; Woodcock, 1997). They are integral for the
structure of the cellular membrane lipid bilayer and serve as precursors for lipid
second-messengers (Kutateladze, 2010; Woodcock, 1997). PIs synthesized at the
cytosolic face of the cellular membrane, recruit and/or activate effector proteins.
6

Biosynthesis and metabolism of PIs are regulated by specific kinases and
phosphatases, depicted in the mammalian PI cycle (Lemmon, 2003; Pendaries et
al., 2003; Sasaki T, 2007 ; Woodcock, 1997) (Figure 1).
Diverse kinases add a phosphor group to PIs, whereas phosphatases remove
phosphor groups from specific sites (Figure 1), creating a wide range of
phosphorylated PIs that act as second messengers. In addition, diverse arrays of
second messengers are generated by the breakdown of membrane phospholipids.
Binding of certain hormones and growth factors (agonist factors) to their
respective receptors, trigger a sequence of events.

Binding can lead to the

activation of specific phospholipases, present on membrane lipids, which produce
second messengers. For example, canonical-PI cycle, PI(4,5)P2 serves as a
precursor of the intracellular second messengers DAG and Inositol 1,4,5trisphosphate (Ins(1,4,5)P3)(Berridge and Irvine, 1989)(Figure 1). Ins(1,4,5)P3
regulates and increases intracellular calcium (Berridge and Irvine, 1989;
Woodcock, 1997), whereas DAG activates different isoforms of protein kinase C
(PKC) (Woodcock, 1997). PI(4)P and PI(4,5)P2 are the two most abundant forms
of PI that are constitutively present in the cell (Table 1). PI(3,4,5)P3, intracellular
signaling lipid is undetectable in unstimulated cells (Kuksis, 2003, 2003;
Woodcock, 1997). The levels and turnover of PIs is largely controlled by PImetabolic enzymes, which are present heterogeneously throughout the cell. As
shown in Table 1, the localization of PIs may provide an insight into the fine
7

balance that is required to control signaling events and effector functions of PIs
(Blero et al., 2007; Kutateladze, 2010). Overall, PIs play a very important role in
cell regulation and membrane dynamics.

Figure 1-Representation of phosphoinositide (PI) pathway.
PIs can be inter-converted between their many forms by the action of dedicated
kinases and phosphatases. Adapted from (Pendaries et al., 2003; Sasaki et al.,
2007)
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Table 1- Localization and effector functions of phosphatidyl inositol
phopholipids.

PI

Localization

Effector
functions
Membrane
Traffic,
Phagosome
Maturation
Membrane
Traffic: Golgi to
Plasma Membrane
traffic

PI (3) P

Endosome

PI (4) P

Golgi

PI (5) P

Nucleus

Apoptosis

PI (3,4) P2

Plasma Membrane

Signaling,
Cytoskeletal
dynamics

PI (3,5) P2

Endosome

PI (4,5) P2

Plasma Membrane

PI (3,4,5) P3

Plasma Membrane

Osmotic stress
response,
Signaling
Cytoskeletal
dynamics,
Endocytosis,
Phagocytosis.
Signaling,
Cytoskeletal
dynamics

References
(Burd and Emr,
1998; Gillooly et
al., 2000; Patki et
al., 1998)
(Dowler, 2000;
Godi, 2004)
(Gozani, 2003)
(Dowler, 2000;
Kanai, 2001;
Thomas et al.,
2001)
(Dove, 1997,
2004; Odorizzi et
al., 1998)
(Garcia, 1995;
Lemmon et al.,
1995)
(Klarlund, 1997;
Rameh, 1997)
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ROLE OF PI AND PI-RECOGNIZING DOMAINS IN SIGNAL
TRANSDUCTION PATHWAYS
Hokin and Hokin first observed a “phospholipid effect” i.e. agonist-induced
change in PtdIns turnover, in the early 1950s (Hokin, 1985) . The majority of PIs
serve as site-specific membrane signals that recruit and activate effector proteins.
For example, Phosphoinositol-3-Kinase (PI3K) signaling is initiated by growth
factors. This interaction directs the recruitment of the SH2 domain-containing p85
subunit of PI3K, and the translocation of the p110 catalytic subunits (Bunney and
Katan, 2010; Ruela-de-Sousa et al.). PI3K then phosphorylates membrane
anchored PIs on the 3-position of the inositol ring, thereby generating PI(3,4)P2
and PI(3,4,5)P3. These PIs serve as second messengers by recruiting molecules
with a phospholipid binding domain, for example pleckstrin binding (PH)
domains to the membrane (Bunney and Katan, 2010; Stahelin, 2009). Protein
kinase B (PKB)/AKT, a serine/threonine protein kinase is a PH-domain
containing downstream effectors of the PI3K signaling cascade. It plays a
significant role in cell survival, differentiation and/or proliferation, by
phosphorylating other downstream effectors. Two types of phosphatases
dephosphorylate PI(3,4,5)P3, product of PI3K. One of these is a 3-phosphatases;
Phosphatase and Tensin homolog deleted on chromosome 10 (PTEN), a wellestablished tumor suppressor. The other types are 5-phosphatase; SRC Homology
2 domain-containing inositol 5-phosphatase-1 and 2 (SHIP1 and SHIP2) that
generate PI(3,4)P2.These latter enzymes can either prolong PI(3,4,5)P3 signaling
10

via synthesis of PI(3,4)P3 (Di Paolo and De Camilli, 2006), or terminate the
PI3K/Akt downstream signaling cascade, depending on the cell/tissue-based
requirement.
PI3K SIGNALING PATHWAY
Due to its essential role in cell biology, the PI3K/Akt pathway and the inositol
phosphatases that regulate it play several roles in cell biology, including cell
survival, differentiation, migration, immune function, organ development and
even tumor growth. A recurring theme in several cell types is for the PI3K/Akt
pathway to inactivate Glycogen synthase kinase-3 beta (GSK3β), thus promoting
activation and nuclear translocation of β-catenin (Bechard et al.; Korkaya et al.,
2009). This PI3K/Akt pathway uses phosphatidyl inositols phospholipids (PIPs)
to pass signals from receptor tyrosine kinases to downstream signaling proteins
(Figure 2). PIPs therefore play a critical role in cell signaling and influence all
aspects of cell biology. Production of PIPs is carefully regulated by wide range of
lipid kinases and phosphatases (Kerr, 2011; Yuan and Cantley, 2008). The most
studied of these is PI3K, which produces the key signaling inositol phospholipid
PI(3,4,5)P3. The amount of these lipids is also influenced by inositol
phosphatases, specifically the 3’-inositol phosphatase PTEN and the 5’-inositol
phosphatases SHIP1 and SHIP2. As mentioned above, both PI(3,4)P2, and
PI(3,4,5)P3 act as second messengers by binding to the PH-domain containing
proteins such as Akt. Akt is recruited to the membrane by both the PI3K product
11

PI(3,4,5)P3 and the SHIP phosphatase product PI(3,4)P2 (Franke et al., 1997; Ma
et al., 2008). After reaching the plasma membrane, Akt is activated by kinases
such as PDK1 and mTORC2, which phosphorylate Akt at T308 and S473
respectively. Phosphorylation at these two positions is required for full activation
of Akt.

Following activation, Akt in turn, phosphorylates TSC2, lifting the

inhibitory effect of the TSC1/TSC2 complex on Reb and mTOR, and leading to
mTOR activation (Inoki et al., 2002). Thus, the PI3K survival signal stems in part
from the downstream events of Akt-mediated phosphorylation and the
inactivation of pro-apoptotic proteins such as Bim and Bad (Datta et al., 1997;
Nicholson and Anderson, 2002; Peso et al., 1997; Qi et al., 2006). Furthermore,
Akt may also activate the transcription factors AP-1 and NF-kB, which results in
transcription of anti-apoptotic genes (Chen et al., 2006; Zhang et al., 2007).
Finally, mTOR activation has been shown to inhibit the cellular process of
autophagy (Berardi et al., 2011)which blocks proliferation and can result in cell
death.

12

Figure 2- PI3K/Akt signaling pathway
Adapted from (Fernandes et al., 2013)
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PHOSPHAINOSITIDE PHOSPHATASES
Phosphoinositide phosphatases are a family of enzymes that play a critical
role in regulating signaling cascades via the PI3K/Akt/mTOR signaling axis.
These phosphatases function non-enzymatically as well, in a tissue- and cellspecific manner. Phosphoinositide phosphatases are implicated in many human
diseases (see Table 2). The balance between activities of various PI-metabolizing
enzymes is critical for cellular homeostasis; any deregulation in their control often
leads to disorders and pathologies (Table 2). PI3K was discovered almost 20
years ago (Cantley et al., 1991). Since then, several studies have suggested that
PI3K is an essential and important enzyme that regulates important cellular
functions like proliferation, differentiation and survival (Figure 2). Hence,
alterations in its normal functions have been associated with cancer and other
disorders such as rheumatoid arthritis and asthma. In parallel, lipid phosphatases
that dephosphorylate their substrates have also been implicated in disease. The
PI(3,4,5)P3 lipid phosphatases, PTEN, SHIP1 and SHIP2, have been extensively
studied (Table 2). In addition to 3- and 5-phosphatases, a recent study suggests
that Inositol polyphosphate-4-phosphatase (INPP4-type II), a 4-phosphatase for
PI(3,4)P2 is a tumor suppressor that inhibits PI3K signaling (Gewinner et al.,
2009). SHIP1, SHIP2 and PTEN oppose PI3K/Akt/mTOR signaling activity that
promotes cancer cell survival. Emerging evidence suggest that SHIP1 and SHIP2
may facilitate PI3K/Akt signaling, rather than suppress, as PTEN does (Brooks et
14

al., 2010; Prasad, 2009; Prasad et al., 2008). Indeed, the enzymatic activities of
SHIP1 and SHIP2 are quite distinct from that of PTEN, which reverses the PI3K
product PI(3,4,5)P3 to generate PI(4,5)P2. The 5’-phosphatase activity of the SHIP
proteins converts PI(3,4,5)P3 to PI(3,4)P2. This distinction is crucial as it enables
the SHIP proteins and PTEN to have distinct and non-redundant effects on Akt
signaling. In fact, binding of the SHIP product PI(3,4)P2 to the PH domain of Akt
results in its phosphorylation and leads to downstream activation of mTOR .
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Table 2- Diseases associated to phosphainositide phosphatases
Gene
MTM1

MTMR2

PTEN

Enzyme
Activity
3phosphatase
(myotubulari
n)
3phosphatase
(myotubulari
n-related
protein)
3phosphatase

Substrate

Product

Disease

Reference

PI(3)P
PI(3,5)P2

PI
PI(5)P

X-linked
myotubular
myopathy

(Laporte,
1996)

PI(3)P
PI(3,5)P2

PI
PI(5)P

CharcotMarie Tooth
4B1

(Bolino,
2000)

Cancer,
Diabetes

(Li, 1997;
Wishart
and Dixon,
2002)

PI(3,4,5)P3

PI(4,5)P2

SHIP1

5phosphatase

PI(3,4,5)P3

PI(3,4)P2

SHIP2

5phosphatase

PI(3,4,5)P3

PI(3,4)P2

OCRL1

5phosphatase

PI(4,5)P2

PI(4)P

SYNJ1

PolyPIs
Synaptojanin
1

PI(4,5)P2
and other
PIs

PI(4)P

Mice develop
(Geier et
phenotypes
al., 1997;
similar to
Takeshita
Acute
et al.,
Myeloid
2002;
leukemia,
William G.
Crohn’s
Kerr, 2010)
Disease
Cancer, Type (Marion et
2 Diabetes
al., 2002)
Oculocerebror
enal
(Zhang et
al., 1995)
syndrome of
Lowe
Bipolar
(Halstead
disorder
et al.,
Down
2005)
syndrome

16

SHIP1
(SH2)- containing inositol 5'-phosphatase 1 belongs to the PI phosphatases
family. The SHIP1 protein is encoded by INPP5D gene. For the catalytic reaction
of SHIP, presence of 3'-phosphate is an absolute requirement to convert
PI(3,4,5)P3 to PI(3,4)P2. The human INPP5D gene is present on chromosome
2q37.1 and chromosome 1 in mice. SHIP1 is a multifunctional protein expressed
predominantly by hematopoietic lineage cells. However, SHIP1 has recently been
shown to be expressed in non-hematopoietic lineage cells, including stromal cells
(Hazen et al., 2009), mesenchymal stem cells (Iyer et al., 2014), and osteolineage
cells (Hazen et al., 2009). SHIP was identified as lipopolysaccharide (LPS)response gene in B-cells, for its ability to bind the SH3 domain of Grb2 via its
poly-proline motifs (PxxP), and for binding to the PTB domain of Shc via its
NPXY motifs (Damen et al., 1996; Kavanaugh et al., 1996; Kerr et al., 1996;
Lioubin et al., 1996; Lucas and Rohrschneider, 1999)(Figure 3). Furthermore, by
virtue of its SH2-domain, SHIP1 can be recruited to receptor-associated signaling
complexes and to the plasma membrane directly, or via adapter proteins such as
Shc, Grb2, Dok3, and by scaffolding proteins such as Gab1/2. Regulation of the
SHIP1 protein expression occurs at both the transcriptional and posttranscriptional levels while the protein itself can be target for proteosomal
degradation by ubiquitination (Fuhler et al., 2012). SHIP1 has the following
distinct functional domains (Figure 3). The highly conserved enzymatic domain
is located centrally within the protein. The N-terminal side is the PH-like domain
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that binds the SHIP substrate PI(3,4,5)P3, and the C-terminal side has a C2domain that binds the product PI(3,4,)P2 (Figure 3). SHIP1 can also associate
with receptor tails through its SH2 domain and mask key recruitment sites for
other enzymes (Peng et al., 2010), such as the ubiquitously expressed SH2containing tyrosine-specific protein phosphatase, SHP1, or for PI3K. Thus, SHIP1
influences cell signaling in ways that are both dependent and independent of its
enzymatic activity.

Figure 3-The domain structure of SHIP1
SHIP1 protein consists of several domains as depicted. N-terminal region contains
SH2-domain, central catalytic domain (5’-PPase) flanked by a PH-like (PH- L)
and a C2 domain for binding of the substrate PI(3,4,5)P3 and product PI(3,4)P2 of
the enzyme, respectively. C-terminal “proline-rich” region contains PXXP motifs
for interactions with SH3-containing proteins and two NPXY motifs for
interaction with Phospho-Tyrosine Binding (PTB) protein. Taken from
(Fernandes et al., 2013).
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SHIP2
Hejna et al. isolated the Inositol polyphosphate-like protein 1 (INPPL1)
gene from a novel human cDNA that was mapped to 11q23 (Hejna et al., 1995).
It is expressed widely in both fetal and adult tissues and shares high homology
with inositol polyphosphate phosphatases. Later, Pesesse et al., isolated 51C
protein from the human placenta (Drayer et al., 1996) that shared 99% homology
to previously isolated INPPL1 (differed at N- and C-terminals to the sequence of
INPPL-1). Pesesse et al. renamed 51C to SHIP2 (Pesesse et al., 1997) based on its
high homology to SHIP1. The human SHIP2 gene is found on chromosome
11q13, and on chromosome 7 in the mouse. SHIP2 is expressed ubiquitously in
all hematopoietic cells and non-hematopoietic tissues such as brain, heart,
pancreas and skeletal muscle (Bruyns et al., 1999; Pesesse et al., 1997).
SHIP2, a paralog of SHIP1, is a ~150kDa protein that shares high amino
acid identity (~38%) and structural homology to SHIP1 (Figure 4). Even though
the two SHIP proteins display a high degree of similarity, they possess distinct
features. Utilizing 5-phosphatase activity assays on M07 (megakaryoblastic cell
line) and K562 (immortalized human hematopoietic Ph+ cell line), it was
demonstrated that these two proteins exhibit different substrate specificity
(Wisniewski et al., 1999). On the one hand, SHIP1 and SHIP2 phosphatase
enzymatic activity requires a phosphorylation on the 3’-position in its PI
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substrates. However, it was shown that unlike SHIP1, SHIP2 can only hydrolyze
the 5’ phosphate of PI(3,4,5)P3 and not I(1,3,4,5)P4 (Wisniewski et al., 1999).

Figure 4-Functional domains within the SHIP1 protein and its paralog,
SHIP2.
Their structure alignment and the percentage of homology between the proteins
are indicated. Adapted from (Lazar and Saltiel, 2006).
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PTEN
Phosphatase and Tensin homolog deleted on chromosome 10 (PTEN)(Li et al.,
1997) (alias Mutated in Multiple Advanced Cancers 1 (MMAC1)(Steck et al.,
1997), human protein tyrosine phosphatase (TEP1)(Li and Sun, 1997)) was
simultaneously discovered as a potential tumor suppressor. PTEN is mutated
with considerable frequency in human cancers. The human PTEN gene is
located on chromosome 10q23.3 and chromosome 19 in the mouse. PTEN is a
54kDa protein expressed ubiquitously. Its function is to hydrolyze the 3’
phosphate of PI(3,4,5)P3, the product of PI3K, and thereby counteracting
PI3K activity and regulating PI3K/Akt signal transduction. PTEN is,
therefore, a negative regulator of the PI3K/Akt axis and plays a significant
role in regulating several cellular functions such as cell proliferation,
migration and apoptosis (Cantley and Neel, 1999; Di Cristofano and Pandolfi,
2000; Maehama and Dixon, 1999; Simpson et al., 2001; Simpson and Parsons,
2001). Other than its role as a tumor suppressor, PTEN is pivotal for
embryonic development as the loss of PTEN in PTEN-knockout in mice is
embryonically lethal (Di Cristofano et al., 1998).
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STEM CELLS
Totipotent stem cells give rise to pluripotent inner cell mass stem cells in
the embryo (Figure 5) and can transform and develop to any cell type in the body,
including the extra-embryonic tissue.

The completely pluripotent embryoid

bodies can facilitate spontaneous and unguided differentiation. Mesoderm is one
of three partially pluripotent primary germ layers (ectoderm, endoderm and
mesoderm) that gives rise to tissues, including, bone, cartilage, bone marrow,
muscle and blood (Martinez-Agosto et al., 2007; Tyndall and Uccelli, 2009).
Stem cells can self-renew by asymmetric cell division, by dividing into one
identical self-cell and one daughter cell, that can differentiate and give rise to
different cell types in organs (Figure 6). During differentiation stem cells give
rise to transient amplifying pool of cells that are a partial lineage-restricted rapidly
dividing cell population (Figure 6). Multipotent stem cells give rise to a number
of cell types for instance hematopoietic stem cells that are capable of forming
different mature blood lineage cells while mesenchymal stem cells are capable of
forming osteoblasts, adipocytes, muscle and chondrocytes.
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Figure 5- Classification of stem cells.
Totipotent stem cells progress to pluripotent inner cell mass stem cells in the
embryo. Adult multi-potent stem cells such as hematopoietic and mesenchymal
stem cells are capable of differentiating and replenish the entire bone marrow
compartment. Adapted from (Tyndall and Uccelli, 2009).

Figure 6- Process of stem cell division and differentiation.
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BONE ARCHITECTURE
Bone is a complex connective tissue that is highly vascularized and
innervated. It maintains mineral homeostasis and plays supportive and protective
functions within the body. To maintain optimal shape and structure, the bone
undergoes continuous remodeling throughout life. The cross-section of a mature
bone shows the relatively dense outer part of the bone known as cortical bone and
the interior part with minor projections (or struts called trabeculae) is called the
trabecular or cancellous bone (Figure 7). Arteries are part of the dense
vasculature present within the bone; they mainly carry oxygen, and in addition,
nutrients and growth factors into the bone marrow cavity (Morrison and Scadden,
2014). Bone provides an ideal vascular environment for the synthesis of blood
cells and allows constant communication and interactions with the rest of the
body. The bone marrow is a complex organ that contains both hematopoietic and
non-hematopoietic cell types. Hematopoietic stem cells (HSC) reside mainly
within bone marrow and are surrounded by the bone, this site and its components
is termed the Bone marrow (Whyte and Asbmr) niche or milieu. The stromal
compartment in the BM niche has a rather complex framework. It consists of
sinusoidal vessels, made up of mesenchymal stem cells that differentiate into
osteoblasts and adipocytes. Fibroblasts within the niche serve as cellular scaffolds
where hematopoietic cells reside, mature and function.
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Figure 7-Bone marrow microarchitecture
Taken from (Morrison and Scadden, 2014).
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HISTORICAL CONTEXT OF THE BONE MARROW NICHE
German-Jewish pathologist Julius Friedrich Cohnheim was the first to observe the
presence of non-hematopoietic stem cells in the bone marrow. In 1867, he
proposed that cells with a fibroblast-like morphology migrate to the sites of injury
and help regenerate damaged tissue (Schipani and Kronenberg, 2008). Alexander
Maximow, a great visionary in hematopoiesis, introduced the “unitarian theory of
hematopoiesis” and pioneered other concepts about stem cells and their niches
within BM stroma (Papayannopoulou and Scadden, 2008). Schofield’s concept of
a niche (Schofield, 1978) remained a hypothesis for nearly four decades until the
work of Xie and Spradling on Drosophila melanogaster. They found that the
germline stem cells (GSCs) resided in the ovary of Drosophila melanogaster,(Xie
and Spradling, 2000) and the ovaries were absolutely required for maintaining the
GSCs and their phenotype and function. In the 1970s, the pioneering work of
Friedenstein and his colleagues, established the existence of non-hematopoietic
cells present in the adult bone marrow. They isolated adherent, fibroblast-like,
clonogenic cells from the bone marrow that had high replicative capacity in vitro.
The cells were multipotent and were able to differentiate into osteoblasts,
chondrocytes and adipocytes. Functionally, these fibroblast-like cells were
capable of forming colonies (Colony-forming unit fibroblastic, CFU-F) and were
able to reconstitute the hematopoietic supporting stroma when a single CFU-F
was re-transplanted in vivo (Friedenstein, 1980; Friedenstein et al., 1974;
Friedenstein et al., 1974; Friedenstein et al., 1978; Friedenstein et al., 1968;
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Friedenstein et al., 1966). Later on, Owen and Friedenstein (Owen, 1988; Owen
and Friedenstein, 1988) termed the BM-derived osteogenic precursor cells as
stromal stem cells. Caplan (Caplan, 1991) renamed the cells and coined the term
“mesenchymal stem cells” in early 1990’s to emphasize their self-renewal and
multi-differentiation potential.
BONE MARROW NICHE
Hematopoiesis is an ongoing process throughout life; all mature blood
cells originate from HSC. These HSCs correspond to only 0.05% of the body’s
total hematopoietic cells (Amittha Wickrema, 2008).

The stem cell niche

composed of a specialized population of cells that play an essential role in
regulating HSCs quiescence, self-renewal, proliferation and multi-lineage
differentiation (Li and Xie, 2005; Li and Li, 2006; Tong and Linheng, 2006). The
hematopoietic stem cell niche comprised of perivascular stromal cells (PSC) that
include mesenchymal stem cells, progenitors cells and CXCL12-abundant
reticular (CAR) cells.

The other components of the niche are osteoblasts,

adipocytes, endothelial cells, sympathetic nerves and hematopoietic lineage
derived cells, macrophages and osteoclasts (Figure 8). There are different sites in
the bone marrow niche where the HSCs are located. HSCs are in association with
the endosteal surface (osteoblasts) or with CAR cells or with the perivascular
niche, which partly composed of mesenchymal stem cells. (Figure 8) The
osteoblastic lineage in the niche plays a distinct role in maintaining HSC
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quiescence (Amittha Wickrema, 2008; Heissig et al., 2005). HSC quiescence is
critical to ensure lifelong tissue maintenance and to protect the stem cell pool
from premature exhaustion under various stressful conditions that initiate
mobilization (Arai et al., 2005; Mayack and Wagers, 2008). Mesenchymal stem
cell derived-adipocytes negatively regulate the size of the HSCs pool in the BM
niche (Naveiras et al., 2009). PSCs are mainly mesenchymal stem, progenitor
cells and CAR cells. They express platelet-derived growth factor receptor
(PDGFR-α), CD51, Leptin receptor (Lepr), Sca-1, intermediate filament protein,
nestin and the transcription factors, paired-related homeobox-1 and Osterix (Ding
and Morrison, 2013; Mendez-Ferrer et al., 2010; Pinho et al., 2013; Zhou et al.,
2014). In addition, PSCs express high levels of stem cell factor (SCF),
angiopoietin and SDF-1 genes that mediate HSC self-renewal, proliferation,
maintenance and retention in the bone marrow. Some of these cells and their
functions are depicted in Figure 8 (to read in detail please refer to(Mendelson
and Frenette, 2014; Mercier et al., 2012). BM macrophages expressing-CD169+
regulate HSCs/progenitor activity and retention by secreting an unidentified factor
that increases CXCL12 production in nestin-expressing perivascular stromal cells
(Chow et al., 2011). In contrast to the cells within the BM niche; mesenchymal
stem cell derived-adipocytes negatively regulate the HSC pool size in the BM
niche (Naveiras et al., 2009). Bone-degrading osteoclasts that perform bone
remodeling are dispensable for the HSC niche (Miyamoto et al., 2011). A visual
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presentation of all the aforementioned cells, and their functions are illustrated in
Figure 8 (to read in detail please refer to (Mendelson and Frenette, 2014;
Mercier et al., 2012)).
The BM niche cells regulate stem cell maintenance and functions (Arai et
al., 2004; Kiel and Morrison, 2006; Kohler et al., 2009; Lo Celso et al., 2009;
Mendez-Ferrer et al., 2010; Sacchetti et al., 2007; Wilson and Trumpp, 2006).
The BM niche signals via cytokines and growth factors to regulate HSC (Can,
2008) (Table 3). HSC homeostasis has yet to be fully understood, although it is
widely accepted that HSC are at least in part regulated by extrinsic factors. Some
of the external cues that engage receptors on the HSC are SCF, MMP-9, Tie-2,
SDF-1, TPO, and interleukins (Desponts et al., 2006; Krystal, 2000;
Rohrschneider et al., 2000). Several of these growth factors also stimulate
PI(3,4,5)P3 and thereby activate the PI3K signaling pathway. SHIP1 and PTEN
both impact HSC function, such as homeostasis and homing as they have the
potential to modulate multiple signaling pathways downstream of receptors
involved in HSC biology (Liu L, 1997; Zhang et al., 2006).
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Figure 8 Schematic representation of the HSC niche in the BM and the
Niche accessory cells.
Adapted from (Mercier et al., 2012)
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Table 3- Paracrine signaling molecules of the HSC niche (Li and Wu,
2011; Lo Celso and Scadden, 2011; Noll et al., 2012)

Function

Location in the niche

Angiopoietin-1

Maintains HSC
quiescence with a link
to cell-cycle control

Osteoblast, MSC

N-cadherin

Maintains HSC
quiescence

Osteoblast

G-CSF

Regulation of SDF-1

Osteoblast, Endothelial

SDF-1 (or CXCL12)

Retention,
Mobilization

CAR cells, MSC,
Osteoblast, Endothelial

SCF

Maintenance of HSC
activity

MSC, Osteoblast,
Endothelial

VEGF

Mobilization and
recruitment of HSCs

MSC, Endothelial

Notch ligands

Required for HSC
function

Osteoblast, Endothelial

Wnt ligands

Required for HSC
function

Osteoblast

Signaling molecule

IL-6

TPO
FLt-3 ligand
VCAM1, Collagen I

Influence HSC
proliferation and
differentiation
Influence HSC selfrenewal proliferation,
differentiation
Maintain HSC
proliferation and
Self-renewal
Regulate HSC homing
and adhesion

MSC, Osteoblast,
Endothelial,
Megakaryocytes
Endothelial
MSC, Osteoblast
MSC, Osteoblast
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MESENCHYMAL STEM CELLS
Mesoderm-derived MSCs are multipotent adult stem cells. They are found
predominantly in the bone marrow and other tissues of the body such as the
blood, the heart, the adipose tissues and the placenta. Multipotent MSCs have the
potential to differentiate into several mesenchymal lineages, such as bone
(osteoblasts), fat (adipocytes), muscle (myocytes) and cartilage (chondrocytes).
Much like HSCs, MSCs are a rare population of cells in the bone marrow. In fact,
their frequency is almost 10-fold less when compared to HSCs, representing only
0.001% to 0.01% of all the nucleated cells (Li et al., 2011). BM-derived MSCs
are highly dynamic and heterogeneous in nature. While MSCs adhere well to
plastic substrates and expand, their heterogeneity and the lack of specific markers
has been one of the main hurdles in MSC research.
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LOCATION, IDENTIFICATION, ISOLATION, EXPANSION AND
FUNCTION OF MESENCHYMAL STEM CELLS
Difficulty in identifying, locating and isolating naïve and homogenous
mesenchymal stem cell populations has been one of the major obstacles and is a
result progress in the field of mesenchymal stem cell biology has been slow. In
the past 5 to 7 years there has been an increase in interest and, as a result, more
progress in the field of the mesenchymal stem cell research. Traditional isolation
techniques are time-consuming and possess critical limitations in elucidating the
characteristics and functions of MSCs. Plastic-adherent MSCs are inherently
heterogeneous is nature. Although there are several cell surface markers available
to identify MSCs, not all have been corroborated by functional transplantation
assays (Frenette et al., 2013).
In the traditional MSCs isolation technique, the adherent cells flushed from
the BM are a heterogeneous pool of cells that not only include MSCs, but other
hematolymphoid derived cells (Figure 9). These cells are then grown for many
passages to eliminate contaminating cells such as monocytes, osteoclasts, and
other hematolymphoid cells and mesenchymal progenitors and fibroblasts.
Spindle-shaped multipotent MSCs are capable of forming clusters of cells (CFU)
that express alkaline phosphatase and are capable of differentiating into
adipocytes, chondrocytes, and osteoblasts. For ex vivo immunophenotyping
MSCs; cell surface markers for negative and positive selection can be employed.
Negative selection markers are hematopoietic characteristic markers CD45, and
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lineage markers (CD3e, CD19, CD14, Mac1, Gr1 and Ter119) and the endothelial
marker CD31. Cell surface markers for positive selection of MSCs are CD105
(endoglin), CD29, CD44, CD51, Sca-1, PDGFRα and others (Houlihan et al.,
2012; Zhu et al., 2010).
In the current in vivo MSC isolation method, both negative (hematopoietic
lineage, CD45 and CD31) and positive (PDGFRα, Sca-1, CD51, Lepr) selection
specific markers (Morikawa et al., 2009; Pinho et al., 2013; Zhou et al., 2014) can
be used to isolate MSCs efficiently by flow cytometry and cell sorting (Figure 9).
These sorted homogenous multipotent MSC cells (termed naïve MSCs)
can be further used to perform functional assays. The CFU-F assay, sphereforming assays such as self-renewing and multipotent clonal spheres forming
assay (Pinho et al., 2013) and multi-lineage differentiation (Morikawa et al.,
2009; Pinho et al., 2013). In contrast the traditional isolation technique, growth
kinetics analysis revealed that PDGFRα+Sca-1+(PαS) sorted cells (Morikawa
phenotype) have a doubling time of 50.6 h (Morikawa et al., 2009). In addition,
Morrikawa et al. demonstrated that sorted PαS cells showed a 120,000-fold higher
CFU-F frequency than the traditionally derived heterogeneous adherent-bone
marrow cells (Morikawa et al., 2009). Integration of these new improved
technologies will help advance the field of MSC biology and exploit therapeutic
implications.
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Figure 9- traditional and current techniques to isolate mesenchymal stem
cell.
Adapted from (Mabuchi et al., 2013).
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ADIPOCYTES, CHONDROCYTES, OSTEOBLASTS
Bone is the reservoir of mineral in the body, which regulates calcium
homeostasis. In addition to supporting hematopoiesis (as discussed earlier), Bone
also functions to provide structure and support to the body and protects internal
organs (Cohen, 2006; Sommerfeldt and Rubin, 2001). Bone constantly undergoes
the dynamic process of bone-formation by MSC-derived osteoblasts and boneresorption by HSC-derived osteoclasts to maintain normal homeostasis.
Differentiation of multipotent MSCs into osteoblastic, adipocytic and
chondrocytic lineages is a tightly regulated by specific transcription factors
(Figure 10, to read in detail please refer to (Aubin, 2008; Frith and Genever,
2008)).
Early adipocyte differentiation is transcriptionally regulated by the
CCAAT/enhancer-binding protein (CEBP) isoforms CEBPb and CEBPd; whereas
CEBPα and PPARγ regulate late differentiation and the subsequent maintenance
of the adipocyte phenotype (Marchildon et al., 2010; Tomaru et al., 2009). The
process of adipocyte differentiation by MSCs to mature adipocyte occurs in two
phases, determination, followed by the terminal phase, differentiation (MorenoNavarrete and Fernandez-Real, 2012; Rosen and MacDougald, 2006) based on the
stage and morphology of the cell. In the determination phase, the committed
MSCs make pre-adipocytes while in the later phase pre-adipocytes further
differentiate into mature adipocytes (Figure 10). Mature adipocytes secrete
adipocyte-specific proteins called adipocytokines or adipokines such as leptin,
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and adiponectin (Rasouli and Kern, 2008; Rayalam and Baile, 2012). These
adipokines have a wide range of metabolic functions that regulate adipose tissue
namely energy metabolism, lipid metabolism and glucose homeostasis.
Bone formation can be divided into, intramembranous and endochondral
(Kronenberg, 2006). The formation of flat bones occurs by condensation of
mesenchymal tissue directly into osteoblasts. In endochondral ossification,
mesenchymal stem cells differentiate into chondrocytes (cartilage), and this
cartilage is later replaced by osteoblasts to form long bones. In endochondral
ossification, the hypertrophic chondrocytes terminally differentiate and then
undergo apoptosis to allow replacement with bone. The primary zone of
ossification by osteoblasts is called primary spongiosis (Kronenberg, 2006).
Runx2, Osx and Dlx4/5/6 transcriptionally regulate the differentiation of MSC
into OB (Franceschi et al., 2003). While, Atf4 and Dlx regulate later stages of OB
development (Li et al., 2008). The mature active form of osteoblast can acquire a
resting phenotype by becoming a bone-lining cell (flat cells that cover the bone
endosteal surface) or by terminally differentiating to become osteocytes (Figure
10). During early osteolineage differentiation, alkaline phosphatase, a hallmark of
osteogenic differentiation, is highly expressed. It is during the matrix and mineral
formation that the mature active osteoblasts express collagen, osteonectin,
osteocalcin and osteopontin.
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In contrast to the role of chondrocytes and osteoblasts in bone formation,
or modeling, osteoclasts derived from hematopoietic stem cell lineage are
responsible for bone resorption or remodeling during bone formation.

Figure 10- Expression of transcription factors during differentiation
towards adipocytic, chondrocytic and osteogenic lineages.
Adapted from (Frith and Genever, 2008).

OSTEOCLASTS
Mature osteoclasts (OC) that develop from monocyte hematopoietic lineage are
giant multi-nucleated cells with a morphology highly specialized for its bonereporption function (Figure 11). The proliferation and survival of osteoclast
precursors are dependent on the macrophage colony-stimulating factor (M-CSF)
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produced by osteoblast/stromal cells (Figure 11). In addition, activation of
Receptor activator of nuclear factor kappa-B (RANK), receptor on monocytes by
binding to RANKL (Receptor activator of nuclear factor kappa-B ligand),
expressed by osteoblasts and stromal cells commits the monocytes to the OC fate.
Functional OCs are formed after cytoskeletal rearrangement that forms a ruffled
border (polarization) (Teitelbaum and Ross, 2003). Mature OCs secretes
H+protons, proteolytic enzymes such as cathepsin K, tartarate-resistant acid
phosphatase and MMP’senzymes that degrade the organic and inorganic phases of
the bone (Charles and Aliprantis, 2014; Teitelbaum and Ross, 2003).

Figure 11 A model illustrating osteoclastogenesis.
M-CSF and RANKL produced by osteoblast/stromal cells are indispensable for
proliferation and differentiation by OC precursors. Osteoprotegerin, OPG(Yasuda
et al., 1998) is a decoy receptor for RANKL that blocks OC differentiation.
Adapted from (Takahashi et al., 2008).
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OBESITY
Obesity is a complex metabolic disorder, where excess accumulated body fat has
detrimental effects on normal biological functions and responses (Kopelman,
2000). Overweight individuals have excess overall body weight, a combination of
fat, muscle, bone and water (Daniels et al., 2005). There are genetic
(susceptibility genes) environmental factors (lifestyle, food intake, exercise and
culture) and pathophysiological (pharmacological and disease related) that can
change metabolic rate and can cause individuals to become obese or overweight.
Worldwide epidemiological studies conducted by the World Health Organization
(WHO) estimated 1.6 billion people are overweight; 400 million of adults are
obese worldwide. The WHO has projected the number to nearly double by 2015
(Nguyen and El-Serag, 2010). The number of obese individuals in the USA is
growing at an alarming rate. Childhood obesity has more than doubled and
adolescent obesity is at an all-time high (Campos et al., 2006; Ogden et al., 2014).
Improper caloric intake and an imbalance in calories expended for the amounts
consumed, is the probable cause of obesity. Obesity has become a global
phenomenon, not limited to Western nations. It has become a global problem
putting an enormous socio-economic burden on societies (Campos et al., 2006;
Popkin et al., 2012). The health care costs involved are staggering and the
associated co-morbidities of obesity are numerous (Withrow and Alter, 2011).
Obese individuals are prone to several metabolic disorders such as diabetes,
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cardiovascular diseases, hypertension, musculoskeletal disorders and other
metabolic disorders.
Adipocyte or fat tissues role in metabolic health and obesity has gained
considerable attention. It has become imperative to understand the complex
adipose biology associated with the pathophysiology in obesity to develop new
therapeutic avenues. Obesity causes metabolic dysfunction involving lipid and
glucose homeostasis that influence organ dysfunctions. Adipocyte tissue is
required for the regulation of energy balance and nutritional homeostasis in the
body. It is a complex metabolic organ that is highly innervated and vascular.
Adipose tissue is classified based on anatomical location, function and regulation.
The two distinct types are unilocular white adipose tissue (WAT) that primarily
stores excess triglycerides, and multilocular brown adipose tissue (BAT) that
metabolizes triglycerides to generate heat (Harms and Seale, 2013; Park et al.,
2014; Saely et al., 2012). Developmentally WAT and BAT originate from the
mesoderm. However, they are derived from different precursor cell populations;
brown adipocytes are derived from MSCs that express Myf5 (myogenic-factor 5)
marker, also present in the skeletal muscle myogenic precursor pool. White
adipocytes are derived from the MSC progenitor pool that is Myf5 negative (to
read more regarding white and brown adipocyte transcriptional regulation please
refer to (Harms and Seale, 2013)) (Figure 12).
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WAT and BAT are present in different anatomical locations. WAT depots
are present in visceral and subcutaneous areas of the body. BAT is found mostly
in interscapular regions in mice, while in humans. It was thought to be restricted
to infants or in early childhood. However, recent studies, detected active BAT in
adults at different anatomical location of the body, using 18F-fluorodeoxyglucose
(18F-FDG) positron-emission tomographic and computed tomographic (PET–CT)
scanning technology (Cypess et al., 2009). Thermogenic-BAT is a specialized
metabolically active tissue, rich in mitochondria that contain the uncoupling
protein-1 (UCP1). UCP-1 acts as a proton pump that uncouples oxidative
phosphorylation and generates heat at the expense of ATP (Rosen and
Spiegelman, 2006) (Figure 12).

UCP-1 is not expressed in WAT; however,

recent studies show a new type of adipocyte tissue, termed the beige or brite (i.e.
brown in white adipose tissue) (Vitali et al., 2012) that contains clusters of UCP1.

Interspersed within the inguinal or subcutaneous WATs of rodents, the

embryonic origin and cell lineage of beige adipocyte is relatively unclear. The
expression of UCP-1, and thermogenic activity in beige adipocytes are reversible,
depending on exposure to cold-temperatures or b-adrenergic agonist induction
(Harms and Seale, 2013) (Figure 12).

Studies have suggested that increasing

metabolic activity of BAT or beige adipocytes can reduce the adverse effects of
WAT, and hence, such could serve as potential anti-obesity treatments (Bartelt
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and Heeren, 2014; Stanford and Goodyear, 2013; Stanford et al., 2013; Yoneshiro
et al., 2013).

Figure 12-Origins and activation of white, beige and brown adipocytes.
Cold-temperatures or b-adrenergic agonist induce white fat to differentiate to
beige fat and activation of brown fat to generate heat at the expense of ATP.
Beige and brown fat express UCP-1.
Adapted from (Harms and Seale, 2013; Peirce et al., 2014).
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Adipose tissue contains adipocytes and lipid filled fat cells. It is comprised
of a stromal vascular fraction (SVF) of cells that are similar to BM-derived
multipotent MSC, termed adipose-derived stromal cells (ADSC). ADSCs are
capable of differentiating into different mesenchymal lineages and have selfrenewal potential (Konno et al., 2013). SVF also contains pre-adipocytes, smooth
muscle cells, fibroblasts, endothelial cells, innate and adaptive immune cells
(Makki et al., 2013).
Siiteri et al. first suggested that adipose tissue has endocrine functions
(Siiteri, 1987), because of its ability to regulate the metabolism of sex steroids. In
addition, the discovery of leptin and its wide-ranging biological functions
confirmed the role of adipose tissue as an endocrine organ (Barinaga, 1995).
Adipocytokines or 'adipokines' such as leptin, adiponectin, adipisin, IL-6 resistin,
and regulate energy balance (Frayn et al., 2003). Leptin is an adipose-derived
hormone that is a product of the ob gene (obese mice). Leptin has pleiotropic
functions such as regulating energy homeostasis and communicating nutrient
status such as appetite and hunger. The levels of leptin are directly proportional to
adipose tissue, It serves as a starvation signal; it declines with decreased amounts
of adipose tissue when fasting occurs (Kershaw and Flier, 2004). Adipose tissue
is a vascular organ; the systemic circulation allows the adipose tissue to
communicate distally (brain, liver, skeletal muscle, pancreas, gonads and other
organs), and locally with other tissues of the body that exert endocrine and
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autocrine/paracrine effects. In obesity, chronic low-grade systemic inflammation
termed as “metabolic inflammation” is promoted by dysregulated adipokine
signaling and by immune cells (Figure 13). Metabolic inflammation leads to
metabolic dysfunctions that impact the body’s energy balance, lipid metabolism,
homeostasis, and insulin sensitivity, all of which are linked to metabolic disorders
associated with obesity.

Figure 13- Lean and obese adipose tissue.
Obesity causes chronic inflammatory in the adipose tissue. Obese adipose tissues
have an influx of immune cells (as seen in the figure) and pro-inflammatory
adipokines that lead to metabolic dysfunctions. Adapted from (Ferrante, 2013;
Makki et al., 2013).
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Several genetic and diet-based animal rodent models have been generated
to study obesity. The classic genetic obese mouse model (ob/ob) was due to a
spontaneous mutation in a mouse strain at Jackson Laboratory (Ingalls et al.,
1950). Zhang et al. identified the Leptin mutation by using positional cloning
strategy. Hence, these mice are called Lepob/ob mice (Zhang et al., 1994). The
Lepob/ob model displays several metabolic abnormalities, due to their being
morbidly obese (on chow diet, they can weight almost three times as much as
littermate controls) and display insulin resistance (Kennedy et al., 2010). The
High-fat-diet-C57BL/6J (HFD-B6) model is used extensively to understand the
pathophysiology associated with obesity and to develop of new treatments. Surwit
et al. developed HFD-B6 mice to study obesity and diabetes (Surwit et al., 1988).
They demonstrate in a separate study, that the obesity and diabetic phenotypes
seen in HFD-B6 obese mice are completely reversible when the mice were
switched to a low-fat diet (Parekh et al., 1998). These studies suggest that the
severity of diabetes is a direct function of obesity. S. Lin et al. used the HFD-B6
model to investigate the development of HFD-induced obesity and leptin
insensitivity (Lin et al., 2000). They demonstrated that HFD-mice that developed
obesity, also displayed progressive peripheral and central leptin resistance (Lin et
al., 2000). Winzel et al. illustrated the usefulness of HFD-B6 mice that develop
impaired glucose tolerance and early type 2 diabetes phenotypes as disease
models for therapeutic studies (Winzell and Ahren, 2004). They successfully
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treated HFD-B6 mice with the inhibitor of dipeptidyl peptidase-IV (DPP-IV)
which inhibits glycogen like-protein-1 degradation used to treat glucose
intolerance (Winzell and Ahren, 2004).
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INSULIN SIGNALING
The discovery of insulin has been revolutionary for diabetes treatment. In 1909,
Belgian physician Jean de Meyer isolated a glucose-lowering hormone from the
pancreas and gave it the name “insulin” (Latin, insula= Island). In 1923, the
famous and controversial Nobel Prize for the “discovery of insulin” was awarded
to Frederick Grant Banting and John James Rickard Mcleod. They had
successfully isolated and purified insulin for therapeutic purposes in
1921(Wilcox, 2005).
Insulin has multiple pleiotropic actions and affects on cellular function in
the body. Hence, any deregulation of this balance has serious and detrimental
consequences on the body. Insulin is a peptide hormone secreted by the beta cells
of the pancreatic islets of Langerhans. The insulin-signaling cascade is highly
conserved in evolution (Kahn and Flier, 2000). Its function is to facilitate
membrane transport of glucose, to help maintain blood glucose levels. It regulates
glycogen synthesis and lipid metabolism (lipogenesis and inhibiting lipolysis).
Insulin signaling also has several growth and mitogenic effects such as promoting
cellular division, growth and differentiation (Saltiel and Kahn, 2001). These
mitogenic effects are mainly mediated by the ras–mitogen-activated protein
kinase (ras-MAPK) and ERK1/2 axis (Siddle, 2011).
By integrating ex vivo and in vivo approaches, there has been significant
progress in the understanding of the complexities of insulin signaling leading to
48

effective treatments for diabetic patients and other disease caused by impaired
insulin signaling (Belfiore et al., 2009).
INSULIN SIGNALING CASCADE
Insulin signaling leads to different downstream effector pathways, based on cell
and tissue-specific requirements. Insulin signaling occurs via the PI3K/Akt
signaling axis Ras/Raf/MEF/ERK as reviewed in (Siddle, 2005).
Insulin signaling is initiated following the binding of insulin to the insulin
receptor tyrosine kinase (two-α-extracellular and two-β-transmembrane subunits)
that is activated by autophosphorylation at specific tyrosine residues. Binding
triggers the recruitment and phosphorylation of the insulin receptor substrates
(IRS1-4), which then form a docking site for the regulatory subunit of PI3K
(Class1a), p85 (Figure 14). This interaction leads to binding of the catalytic
subunit of PI3K, p110, to the p85 subunit, which is necessary for the enzymatic
activity of PI3K. PI3K phosphorylates PI(4,5)P2 at the 3’-position and yields
PI(3,4,5)P3 (Belfiore et al., 2009; Saltiel and Kahn, 2001). As discussed earlier,
this main principal step leads to Akt phosphorylation at serine and threonine
residues, its activation and to downstream signaling events that regulate an array
of cellular functions.

For instance, in adipocytes and muscle cells, Akt

phosphorylation leads to phosphorylation of one of its substrates, Akt substrate
160Kda (AS160) (Bruss et al., 2005). AS160 inhibits the translocation of GLUT4
on the plasma membrane and consequently allows glucose uptake (Bruss et al.,
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2005; Sano et al., 2003) (Figure 14). In response to insulin, Akt phosphorylation
can lead to several additional downstream effects. Insulin promotes glycogen
synthesis via phosphorylation of GSK3b (Hughes et al., 1993). Metabolism of
glucose and lipids is regualted via phosphorylation of the O subfamily of
Forkhead/winged helix transcription factors (FoxO-1 and -3) (Barthel et al., 2005)
(Figure 14).

Figure 14- Insulin-stimulated PI3K/Akt metabolic signaling pathway leads
to GLUT4 translocation and therefore, glucose uptake.
Adapted from (Leto and Saltiel, 2012).
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INSULIN RESISTANCE
Insulin resistance is defined as a clinical state in which normal or elevated
insulin levels produce an impaired cellular response (Cefalu, 2001) (Figure 15).
Understanding the possible cellular mechanisms of insulin resistance will aid in
identification of novel therapeutic targets to reverse insulin resistance. Some of
the cellular mechanisms of insulin resistance are defective muscle glycogen
synthesis (Rothman et al., 1992) and obesity associated with the increase in free
fatty acids which leads to alterations in GLUT4 transporter activity and therefore,
reduced glucose transport (Shulman, 2000).
The global incidence and prevalence of type 2-diabetes is projected to
double to 350 million cases by the year 2030 (Wild et al., 2004). The estimated
health care costs are also expected to increase compared to $245 billion in 2012
(2013) in the United States. The relationships between obesity, insulin resistance
and type-2 diabetes has been extensively studied and is well established (Jonk et
al., 2007; Qatanani and Lazar, 2007). Adipose tissue and skeletal muscle play a
significant regulatory role in energy balance and glucose homeostasis, as they are
the primary site for insulin action (Leto and Saltiel, 2012). The study of
adipocytes and skeletal muscle in obesity and insulin resistance has provided
mechanistic insights into the link and relationship between obesity and diabetes.
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Figure 15- Insulin receptor signaling in Normal and insulin resistant state.

Therapeutic approaches and or targets to obesity and diabetes are rather
inadequate and few. Current therapies to combat obesity have emerged in the
recent years pose significant side effects. Potential weight-loss drugs such as
Orlistat (Xenical) Lorcaserin (Belviq) and Qysmia (phentermine/topirmate) are in
use, however, these drugs to cause minimal weight loss but result in a high rate of
gastrointestinal side effects, renal toxicity and cardiotoxicity (Karam and
McFarlane, 2010).
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The role of PI3K/Akt pathway in leptin- and insulin-stimulated signaling
has gained much attention. The action of PTEN terminates PI3K activity by
reversing its action, hence, negatively influencing insulin signaling as shown in
3T3-L1 adipocytes (Nakashima et al., 2000). Several tissue-specific knockout
and gain-of-function models for PTEN have been studied extensively to explore
its therapeutic potential in type-2 diabetes and obesity (Sasaoka et al., 2006). The
paradigm that SHIP2 is ubiquitous, and SHIP1 is restricted to hematopoieticlineage cells, recently evolved. Hazen et al. demonstrated that SHIP1 is
dispensable in hematopoietic stem cells although its functions are required by the
bone marrow milieu to maintain normal HSC functions and homeostasis. The
work showed that SHIP1 is present in stromal and osteoblasts cells of the niche
(Hazen et al., 2009).
Unlike PTEN mutaiton that is embryonic lethal (Di Cristofano et al.,
1998), SHIP2 knockout (KO) mice are viable and have been extensively studied
in the context with insulin signaling. There are two separate SHIP2-KO mouse
models. In the Clement et al. model, the targeting constructs inactivated SHIP2
and its neighboring gene, Phox2a. This model showed increased insulin
sensitivity, and insulin sensitivity leads to severe perinatal hypoglycemia and
death (Clement et al., 2001). SHIP2-KO mice generated by Sleeman et al group
that did not impact the Phox2a expression; were viable and demonstrate normal
insulin sensitivity on chow-fed diet. However, on a high-fat diet, they displayed
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enhanced insulin sensitivity and exhibited an obesity-resistant phenotype
(Sleeman et al., 2005). Regulation of insulin signaling by SHIP2 has been
explored in other rodent models well (Buettner et al., 2007; Kaisaki et al., 2004;
Marion et al., 2002) and have been implicated in human diabetes (Falasca, 2012).
Some polymorphisms in SHIP2 (INPPL1) have been shown to be associated with
an increased incidence of obesity, type 2-diabetes and other metabolic syndrome
(Kaisaki et al., 2004; Marcano et al., 2007; Marion et al., 2002).
We observed that mice that are rendered SHIP1-deficient in the
mesenchymal stem cell compartment fail to accumulate body fat as the mice age.
This led us to evaluate the role of SHIP1 in obesity and insulin resistance, and
explore the therapeutic potential of SHIP1/2 inhibition in obesity and diabetes.
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GRAPHICAL ABSTRACT

Graphical Abstract 1- SHIP1-deficient MS/PCs have dysregulated
PI3K/Akt activity downstream of one or multiple receptors that drive
hyper-activation and nuclear translocation of β-catenin that leads to
super-induction Id2 expression.
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ABSTRACT
Here we show that SHIP1 is required for the efficient development of osteoblasts
from MSC such that bone growth and density are reduced in mice that lack SHIP1
expression in MSC. We find that SHIP1 promotes the osteogenic output of MSC
by limiting activation of the PI3K/Akt/βcatenin pathway required for induction of
the MSC stemness factor Id2.

In parallel, we demonstrate that mice with

myeloid-restricted ablation of SHIP1, including osteoclasts, show no reduction in
bone mass or density. Hence, diminished bone mass and density in the SHIP1deficient mice results from SHIP-deficiency in MSC and osteolineage
progenitors. Intriguingly, mice with a SHIP-deficient MSC compartment also
exhibit decreased osteoclast numbers. In agreement with our genetic findings we
also show that treatment of mice with a 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.
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INTRODUCTION
Bone undergoes continuous remodeling in the body throughout life. This
dynamic process involves a balance between bone-forming osteoblasts derived
from multipotent mesenchymal stem cells (MSC) and osteoclasts that mediate
bone resorption (Hadjidakis and Androulakis, 2006). Studies by Friedenstein and
Owen et al. demonstrated that spindle shaped stromal cells were capable of
proliferating and forming colonies (CFU-Fs) that possessed self-renewing
capability (Friedenstein et al., 1974; Friedenstein et al., 1968; Owen and
Friedenstein, 1988). These spindle shaped stromal cells, now known as
mesenchymal stem cells (Caplan, 1991) are a key component of the bone marrow
microenvironment that regulates several key niche functions (Mendez-Ferrer et
al., 2010). In addition, MSC possess the capacity to self-renew and can
differentiate into various cell types including osteoblasts, chondrocytes,
adipocytes, or myocytes (Bianco et al., 2008).

Differentiation of uncommitted MSC into multiple lineages is dependent on
several different lineage-associated transcriptional factors. However, the
maintenance of MSC 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 commitment (Massari and Murre, 2000).
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
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acid region required for DNA-binding (Benezra et al., 1990; O'Toole et al., 2003).
Id proteins heterodimerize and sequester bHLH factors, and render them
incapable of binding DNA and activating target genes (Jogi et al., 2002; Lasorella
et al., 2001; Zebedee and Hara, 2001). Enforced expression of the Id2
transcription factor has been shown to promote MSC proliferation, while
selectively blocking osteolineage differentiation by MSC (Peng et al., 2004;
Williams et al., 2011). The function of Id proteins in maintaining MSC has
recently been shown to require the deubiquitinase USP1, which prevents
proteasomal degradation of Id2 (Williams et al., 2011).

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,
PI(3,4,5)P3, to generate PI(3,4)P2, which, like PI(3,4,5)P3, can facilitate
downstream activation of Akt (Brooks et al., 2010; Franke et al., 1997; Fuhler et
al., 2012; Ma et al., 2008). Previously others and we have found that HSC from
SHIP-deficient mice demonstrate defective repopulating and self-renewal
capacity upon transfer to SHIP-competent hosts (Desponts et al., 2006; Helgason
et al., 2003). These findings suggested an intrinsic defect in HSC caused by SHIPdeficiency. However, this defect was not observed when HSC were rendered
SHIP-deficient in adult hosts where the BM milieu or niche remained SHIPcompetent. These findings suggested that defective HSC function in germline
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SHIP-deficient hosts might arise from disruption of niche cell components (Hazen
et al., 2009). Consistent with this hypothesis, primary osteoblasts (OB) were
found to express the SH2 domain containing 145 and 150kD isoforms encoded by
the SHIP1 locus (Hazen et al., 2009). In addition, bone marrow derived SHIP1-/osteoblasts have less alkaline phosphatase (Can) activity required for bone
formation indicating impaired OB development and function (Hazen et al., 2009).
SHIP-/- mutant mice have previously been reported to be osteoporotic (Takeshita
et al., 2002). This pathology was attributed to hyper-resorptive activity by
myeloid-derived osteoclasts (OC) (Takeshita et al., 2002) resulting from
unopposed PI3K signaling at DAP12-associated receptors (Peng et al., 2010).
Our finding that SHIP1 is expressed by primary OB and that OB
development is impaired in germline SHIP-/- mice (Hazen et al., 2009) 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
development of osteoblasts 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/GSK3b pathway that promotes nuclear
translocation of β-catenin and its induction of the MSC stemness factor Id2.
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Together these findings provide a cellular and molecular basis for SHIP1’s
regulation of MSC numbers in the bone marrow and their osteolineage
commitment.
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MATERIAL AND METHODS
MICE AND GENOTYPING
SHIPflox/flox mice backcrossed to a C57BL6/J background express normal levels of
SHIP, but the SHIP proximal promoter and 1st exon are floxed, meaning that
SHIP can be deleted when Cre recombinase is expressed (Wang et al., 2002).
Previously described OsxCre (Rodda and McMahon, 2006) and LysMCre
(Clausen et al., 1999) transgenic mice were purchased from Jackson laboratory.
Col1a1Cre (Dacquin et al., 2002) was purchased from MUTANT MOUSE
REGIONAL RESOURCE CENTER (MMRRC) at UC Davis. Genotyping of
Cre transgenic mice was performed by PCR using primers detecting the Cre
sequence

(P1,

5′-

GTGAAACAGCATTGCTGTCACTT-3′;

P2,

5′-

GCGGTCTGGCAGTAAAAACTA- 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 non-adherent cell-fraction (monocytes)
were collected from OSXCreSHIPflox/flox mouse bone marrow (Whyte and Asbmr)
and subsequently used to study regulation of the differentiation and metabolic
activity of bone cells (osteoblasts, adipocytes and osteoclasts). Mice were
euthanized; femurs and tibia were removed aseptically and flushed using αMEM
(Cellgro, Mediatech) and passed through a 70-µm filter into a collection tube. The
cells were then resuspended and plated in growth media: Alpha Minimum
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Essential Medium (αMEM), 10% FBS (Atlanta Biological), 1% penicillinstreptomycin solution (Cellgro, Mediatech) and 1% L-glutamine (Cellgro,
Mediatech) and cultured at 37 °C with 5% CO2. After 48 hours monocytes were
removed and cultured separately for differentiation of osteoclasts. The remaining
MSC were expanded through the 3rd passage for 3- 5 weeks and used to assess
osteogenic and adipogenic differentiation.
OSTEOGENIC, ADIPOGENIC AND OSTEOCLAST
DIFFERENTIATION
MSC were induced to become osteoblasts using osteogenic induction media
(OIM) or adipogenic induction media (AIM). OIM was composed of β-glycerol
2- phosphate (BGP, 4mM; Sigma; Cat: G9891), 2-phospho-l-ascorbic acid (25
µg/mL; Sigma; Cat: A8960) 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) (Margulies et al., 2008). For inhibitor studies, these cells were
pre-treated for one hour prior to induction with β-catenin inhibitor, CCT031374
(Ewan et al., 2010) at 20µM concentration and PI3K/mTOR inhibitor, NVPBEZ235 at 10nM concentration (Maira et al., 2008) respectively. For adipocyte
differentiation cells were induced with AIM containing 1 µM dexamethasone, 10
µg/ ml insulin, 0.5 mM Methylisobutylxanthanine, 5 mM Troglitazone and 10%
FBS in αMEM. Adipocytes were stained with Oil Red O as follows: cells were
washed with 60% isopropanol and then stained with a 0.35 g/ml Oil Red O
solution in isopropanol. Cells were incubated for 10 min with Oil red working
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solution and rinsed four times. Osteoclasts were differentiated from monocytes
cultured for 48 hours with 100 ng/mL of recombinant M-CSF (Wyeth). Bone
marrow derived monocytes (BMM) expanded through M-CSF treatment were
then cultured (1x106 cells per well) with 25 ng/ml recombinant RANK-ligand
(R&D Systems) and 25 ng/mL M-CSF for approximately 14 days, with media
changes every 2 days. Multinucleate osteoclasts were stained with the tartrate
resistant acid phosphatase (TRAP) (Acid Phosphatase, Leukocyte Kit; Sigma, St.
Louis, Missouri) (Margulies et al., 2008). Multinucleate, TRAP-positive
osteoclasts were subsequently counted using a modification of Cavalieri’s
sampling method and the fractionator to generate an unbiased estimate of the
numbers of osteoclasts within each tissue-culture well (Cruz-Orive and Weibel,
1990; Margulies et al., 2006). Osteoclasts 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 nitrocellulose membrane (GE Healthcare, Little Chalfont, United
Kingdom). For chemiluminescence the membranes were incubated with specific
primary antibodies against SHIP1 (P1C1,) Actin and Id2 (C-20) (Santa Cruz
Biotechnology, Santa Cruz, CA). PTEN, AKT, p-AKT (Ser473), GSK3β, pGSK3α/β, Id2 and USP1 were purchased from Cell Signaling Technology Inc.,
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Danvers, MA, USA. The membrane was blocked with 5% BSA or 5% non-fat dry
milk in TBS with 0.1%Tween-20 (TBS-T) and probed with specific primary
antibody and then by horseradish peroxidase (HRP) conjugated secondary
antibody (Cell Signaling Technology Inc., Danvers, MA, USA). Protein was
detected using Super Signal ECL Substrate / Pico Substrate (Pierce).
COLONY FORMING UNIT-FIBROBLAST (CFU-F) ASSAY
Primary whole BM cells (adherent + non-adherent) were plated in 60-mm plates
(triplicates, 3X106 cells per plate) in CFUF growth media: αMEM, Mesencult
Serum (Stem Cell Technologies) with 1% penicillin-streptomycin-glutamine.
Cells were cultured for approximately 12 days, after which cells were fixed with
70% ethanol and stained for alkaline phosphatase activity using the Leukocyte
Alkaline 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 LysMCreSHIPflox/flox mice.
BONE MINERAL APPOSITION RATE MEASUREMENT
Animals were injected with oxytetracycline (OTC; 10 mg/ kg) 24-hours prior to
euthanasia. The formalin-fixed bone samples were decalcified using an EDTAsucrose solution before being embedded in OCT compound (Tissue-Tek; Sakura
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Finetek USA) and stored at -80°C prior to cryo-sectioning. Sections were imaged
and the mineral apposition rate 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 age-matched male
and female SHIPflox/flox and OSXCreSHIPflox/flox mice
BONE MASS MEASUREMENTS BY DUAL ENERGY X-RAY
ABSORPTIOMETRY
Body bone mineral density (BMD, g/cm2), bone mineral content (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 (Margulies et al., 2003). 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).
MICROCT
High-resolution images of the tibia were acquired by using a desktop
microtomographic imaging system (MicroCT40; Scanco Medical, Basserdorf,
Switzerland). The tibia was scanned at 45 keV with an isotropic voxel size of 6
µm, and the resulting 2-dimensional cross-sectional images are shown in gray
scale. 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
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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 mid-point landmark tool
present in the Scanco analysis software. In both cases a series of axial images was
produced; however, proximal tibial images were re-sampled to be sagittal for
analysis. Metaphyseal 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 1.5 mm point
distal to the growth plate, with cortical bone carefully excluded. Metaphyseal
thickness was determined using unbiased stereology, in which a ‘thickness’ was
measured in individual sections spaced 5 µm apart through the primary and
second spongiosa (Damron et al., 2003).
NILE RED STAINING
To directly assay the BM fat compartment, tibias were fixed using 10% neutralbuffered formalin, snap frozen and then sectioned at 10 µm. Sections were then
stained for adiposity with 12 mg/ml of the lipophilic fluorescent stain Nile Red
(Sigma) and counterstained with 10 µg/ ml 4’, 6-diamidino-2-phenylindole
(DAPI, Sigma) for morphology.
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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
USA) and stored at -80°C prior to cryo-sectioning. Total Growth-plate,
proliferative zone and hypertrophic zone heights were measured as described in
(Damron et al., 2003).
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
USA) and stored at -80°C prior to cryo-sectioning. To identify osteoclasts TRAP
staining was performed using the Acid Phosphatase, Leukocyte Kit (Sigma, St.
Louis, Missouri) and counter- stained using an acidified 1% methyl green.
HEMATOLOGIC ANALYSIS
Peripheral blood samples were harvested in EDTA coated microtubes (Sarstedt
Co., Germany) by submandibular bleeding and analyzed with a HEMAVET 950S
Veterinary Hematology Analyzer (Drew Scientific Inc.) using the mouse species
program.
EX VIVO MSC IMMUNOPHENOTYPING BY FLOW CYTOMETRY
For FACS phenotyping of MSC bone marrow derived MSCs were seeded in
quadruplet wells of a 60mm plate at 1 X 105 cells/well. When the cells reached
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80-90% confluency osteogenesis was induced by the addition of β-glycerol 2phosphate (BGP, 10 mM; Sigma; Cat: G9891) and 2-phospho-l-ascorbic acid (50
µg/mL; Sigma Cat: A8960) for 6 days, with osteogenic media changed every
other day. Uninduced cells were seeded simultaneously and were used as controls.
On day 6, cells were trypsinized and washed twice with staining buffer (3% heatinactivated FBS, 2.5mM HEPES in 1X PBS). 2.5 X 106 cells were treated with
CD16/CD32 mouse Fc block (2.4G2) on ice for 15 minutes and then stained with
a panel of antibodies. The Lineage (Lin) panel included endothelial and
hematopoietic markers on FITC; CD2 (RM2-5), CD3ε (145-2C11), CD4 (GK1.5),
CD5 (53-7.3), CD8α (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 HMb1-1) was used to
positively demarcate MSC with in the Lin negative cell population. All antibodies
were purchased from BD Biosciences and eBioscience (San Diego, CA).
IN VIVO MSC IMMUNOPHENOTYPING BY FLOW CYTOMETRY
Expression of PDGFRα+CD51+ MSC (Pinho et al., 2013) and PDGFRα+Sca1+
MSC (Morikawa et al., 2009) were detected using methods and reagents as
described by Winkler et al. (Winkler et al., 2010), Schepers et al. (Schepers et al.,
2012), Morikawa et al. (Morikawa et al., 2009), Houlihan et al. (Houlihan et al.,
2012) and Pinho et al. (Pinho et al., 2013). Femurs, tibias, humeri, ulnas, radii,
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and pelvis were dissected. The bone fragments after flushing to remove the
marrow were then cleaned, cut into 1cm 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 350g for 5mins. The pellet was re-suspended in 3 mg/mL type I
collagenase (Worthington) and 15 µg/mL DNAase (Sigma, St. Louis, Missouri)
dissolved in HBSS. The cells were incubated twice for 30min at 110 rpm and
37°C. Following incubation, mononuclear cells were obtained using a Ficoll
gradient (Histopaque-1119 and Histopaque-1077; Sigma, St. Louis, Missouri),
and were then used for further analysis. The cells were resuspended in HBSS/2%
HI-FBS and washed twice before staining. Roughly, 2-10 X 106 cells were treated
with CD16/CD32 mouse Fc block (2.4G2) on ice for 15 minutes and then stained
with the following panel of antibodies: Lineage (Lin) panel included
hematopoietic markers on FITC; CD2 (RM2-5), CD3ε (145-2C11), CD4 (GK1.5),
CD5 (53-7.3), CD8α (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 a) (APA5) 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 excluded from post-collection analysis using DAPI.
ANNEXIN V STAINING
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Apoptotic MSCs were evaluated on day 6 of osteogenic induction as described
above. 2.5X105 cells were treated with CD16/CD32 mouse Fc block (2.4G2) on
ice for 15 minutes and stained with Lin panel and the MSC marker CD29 on ice
for 30 mins. Cells were washed once with cold PBS and resuspended in 1X
binding buffer and stained with APC-labeled Annexin V for 15 mins at room
temperature, protected from light. Cells were washed once and resuspended in
200 µL 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
SHIPi in the form of 3AC was administered intraperitoneally at 25 mg/kg of body
weight as published earlier (Fuhler et al., 2012). Vehicle treated mice received
100µL injection of 0.3% Klucel/H2O solution. 6-12 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 hours before
testing. We employed a 3-point-bending test to assay the biomechanical
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, Eden Prairie, MN), preloaded with 1 N and then loaded at 1 N/mm until failure. Prior to testing femurs
were scanned using microCT to assay the geometric properties.
104

STATISTICAL ANALYSIS
All statistical analyses were performed using the statistical software Prism
(GraphPad, San Diego, CA). Body weight was assayed using ANCOVA while
Mineral apposition rate (MAR), Bv/Tv, metaphyseal thickness, TRAP numbers,
CFU-F measurements, BMD, BMC and %FAT (assayed with DEXA) were all
analyzed using Student’s t-test with a p<0.05. Ex vivo tissue culture
differentiation

experiments

(CFU-F,

osteogenesis,

adipogenesis

and

osteoclastogenesis) were performed with three replicates in each experiment with
each experiment performed a minimum of three times. Flow cytometry
experiments were analyzed using Student’s t-test with a p<0.05.
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RESULTS
MICE WITH ABLATION OF SHIP1 IN MSC/OSTEOPROGENITORS
(MS/PC) EXHIBIT IMPAIRED GROWTH AND AN EXPANDED MSC
COMPARTMENT
We previously found that bone marrow stromal cells enriched for MS/PC express
SHIP1 and the osteoblast (OB) compartment in SHIP1-/- mice exhibits impaired
maturation (Hazen et al., 2009). 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 (Wang et al., 2002) combined with a Cre recombinase transgene under the
control of the Osterix promoter that enables selective deletion in pre-osteoblastic
mesenchymal stem/progenitors (Chen et al., 2014; Rodda and McMahon, 2006).
We first confirmed ablation of SHIP1 expression in MS/PC prepared from adult
OSXCreSHIPflox/flox mice by Western blot analysis of lysates from MS/PC
cultured in a primitive, uninduced state as well as following induction of
osteogenic differentiation (Fig. 16A). This analysis confirmed that SHIP1 is
expressed by MS/PC (see SHIPflox/flox lanes). Importantly, we observed no ablation
of SHIP1 expression in circulating PBMC (Fig. 16B) or BM derived osteoclasts
(OC) obtained from multiple OSXCreSHIPflox/flox mice, (Fig. 16C) confirming
that SHIP1 expression in the hematopoietic compartment and myeloid-derived
OC remains intact in OSXCreSHIPflox/flox mice. Adult OSXCreSHIPflox/flox mice
are viable; however, we observed a significant under-representation of
OSXCreSHIPflox/flox weanlings versus their expected Mendelian frequency
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(p<0.0001, binomial exact test) (Table 4), indicating a survival disadvantage for
fetuses and/or neonates that lack mesenchymal stem/progenitor expression of
SHIP.

However, OSXCreSHIPflox/+ mice are born and weaned at a normal

Mendelian ratio. Despite normal post-weaning viability, the loss of SHIP1 in
OSXCreSHIPflox/flox mice resulted in profound effects on their growth. Although
male and female OSXCreSHIPflox/flox mice were indistinguishable in size at birth
from their SHIPflox/flox counterparts, OSXCreSHIPflox/flox mice were smaller at the
time of weaning and remain smaller throughout life. This growth retardation was
confirmed by measuring body weight weekly (Fig. 16D and Supporting
information Fig. 1A). In Figure 16D we show images of representative 3-weekold male littermates of OSXCreSHIPflox/flox and SHIPflox/flox, mice in which the
former exhibit distinct growth retardation relative to their SHIP1-competent
SHIPflox/flox littermates. We observed no difference in the body weight of
OSXCreSHIPflox/+ mice in comparison to SHIPflox/flox age and gender matched
controls (Supporting Information Fig. 1B). Thus, expression of Cre recombinase
from the Osterix promoter does not alter the growth or viability of mice.
As SHIP1 has been previously shown to limit HSC frequency in vivo
(Desponts et al., 2006) we then sought to determine if 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 multi107

potent cells capable of self-renewal (Pinho et al., 2013). Multi-parameter flow
cytometry analysis showed that MSC of the PDGFRα+CD51+CD31-CD45-Linphenotype (Fig. 16E, F) or the PDGFRα+Sca1+CD31-CD45-Lin- phenotype
(Supporting information Fig. 2A-B) are both significantly increased in
OSXCreSHIPflox/flox mice as compared to SHIPflox/flox 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.
Table 4-Analysis on OSXCreSHIP flox/flox and SHIP flox/flox progeny birth
frequencies derived from pairings of OSXCreSHIP flox/flox and SHIP flox/flox
partners.
Total

Genotype

Expected

Observed

Progeny
150

Binomial exact
value

OSXCreSHIPflox/floxCre+

75

48

SHIPflox/floxCre-

75

102

8.43349E-06

Observational table charting binomial exact analysis, data represents pooled male
and female SHIPflox/flox and OSXCreSHIPflox/flox mice.
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Figure 16-MS/PC-specific ablation of SHIP1 expression retards growth
and expanded MSC compartment
(A) BM derived MSC were cultured in conditions that induce osteoblast
differentiation. SHIP1 and PTEN expression in cell lysates assessed by
immunoblotting at days 0 and 3. Actin serves as a loading control. Lanes
containing SHIPflox/flox (+/+) or OSXCreSHIPflox/flox (-/-) cell lysates are as
indicated. (B) SHIP1 level in blood mononuclear cell lysates were assessed by
immunoblotting from 4 independent SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (/-) mice. (C) Macrophage progenitors in bone marrow were cultured with
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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
(Hercules, CA). Lanes containing Control (Gewinner et al.), SHIPflox/flox (+/+) or
OSXCreSHIPflox/flox (-/-) cell lysates are as indicated. (D) Weights of male
SHIPflox/flox (black circles) and OSXCreSHIPflox/flox (grey circles) mice, each
symbol represents an individual mouse, between 19 and 129 days post-partum,
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
SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) (see inset). (E) Representative
contour plots of PDGFRα+51+ MSC (PDGFRα+CD51+CD31-CD45-Lin-) in
8-10 week old SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice. (F)
Bar graph of Pα+51+

MSC frequency amongst CD31-CD45-Lin- cells in

OSXCreSHIPflox/flox (-/-) vs. SHIPflox/flox controls (+/+) (n=4), ± SEM. *P≤ 0.05,
Student's unpaired, two-tailed t test). Note: Significant difference in weight was
also observed in age-matched female SHIPflox/flox and OSXCreSHIPflox/flox
littermates.
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Supplementary Figure 1-MS/PC-specific ablation of SHIP1 expression
retards growth and reduces bone mass.
(A) Analysis of covariance (ANCOVA) followed by post-hoc Bonferroni's
Multiple Comparison Test to analyze differences in growth retardation in
OSXCreSHIPflox/flox in comparison to SHIPflox/flox. (B) Body weight and (C)
Whole-body BMD by DEXA analysis of 4 to 7 week old SHIPflox/flox (+/+),
OSXCreSHIPflox/+ (+/-) and OSXCreSHIPflox/flox (-/-) mice; (n≥6, ±SEM ***P≤
0.0001, **P≤ 0.001 and *P≤ 0.05 Student's unpaired, two-tailed t test). Note:
Data represents pooled male and female SHIPflox/flox (+/+), OSXCreSHIPflox/+ (+/-)
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and OSXCreSHIPflox/flox (-/-) mice. No significant differences were observed in
both weight and whole-body BMD in age-matched male or female SHIPflox/flox
and OSXCreSHIPflox/+ mice.

Supplementary Figure 2-MS/PC-specific ablation of SHIP1 expression
expands the MSC compartment
Expression of PDGFRα+Sca1+ MSC (Lin-CD45-CD31-PDGFRα+Sca1+) in
8-10 week old SHIPflox/flox (+/+) and OSXCreSHIPflox/flox mice (-/-) was
determined

by flow cytometry. (A) Representative contour plots of

PDGFRα+Sca1+ MSC frequency amongst CD31-CD45-Lin- cells and (B) Bar
graph indicating increase in Pα+Sca1+ MSC frequency amongst CD31-CD45Lin- cells was seen in OSXCreSHIPflox/flox mice (-/-) vs. SHIPflox/flox
controls (+/+) (n≥5 mice, ±SEM *P≤ 0.05 Student's unpaired, two-tailed t test).
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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 OSXCreSHIPflox/flox mice
are consistent with impaired bone formation by MSC. Thus, we directly assessed
several independent parameters of bone growth in OSXCreSHIPflox/flox mice and
SHIP1-sufficient SHIPflox/flox and OSXCreSHIPflox/+ controls. Direct evidence for
impaired bone formation and growth in OSXCreSHIPflox/flox mice was provided by
analysis of DEXA analysis and three-dimensional micro computed tomography
(microCT). The bone mineral apposition rate (MAR) in OSXCreSHIPflox/flox mice
is less than half of that observed in SHIP1-sufficient SHIPflox/flox controls (Fig.
17A-B). Whole body bone mineral density (BMD) and bone mineral content
(BMC) of OSXCreSHIPflox/flox mice, as measured by DEXA, was also
significantly reduced relative to SHIPflox/flox controls in both young adult (6-10
weeks of age) and older adults (4-5 months of age) (Fig. 17C-D). Although we
see reduced total body bone mineral content by DEXA in the OSXCreSHIPflox/flox
mice in comparison to SHIPflox/flox controls, we don’t observe any mineralization
defects, such as osteomalacia or rickets or osteoid accumulation (data not shown).
To control for the potential impact of Cre expression on OB development we also
analyzed OSXCreSHIPflox/+ mice by DEXA. No difference in BMD or body
weight was observed between OSXCreSHIPflox/+ and SHIPflox/flox age and gender
matched controls in either parameter (Supporting information Fig. 1C). In
addition, analysis by microCT showed that OSXCreSHIPflox/flox mice have
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diminished bone mass (Bv/Tv) within the proximal tibial metaphysis (Fig. 17E).
Consistent with decreased Bv/Tv in the tibial metaphysis, we also find that
metaphyseal thickness is decreased in OSXCreSHIPflox/flox mice relative to
SHIPflox/flox controls (Fig. 17F). 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 OSXCreSHIPflox/flox mice is
significantly impaired. This represents the first demonstration that SHIP1 plays
an intrinsic role in the function of MS/PC.

114

Figure 17-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 mineral
apposition rate was observed in 3-week old OSXCreSHIPflox/flox in comparison to
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SHIPflox/flox controls. (B) Representative images of oxytetracycline band seen in
SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) (inset), BM-Bone marrow, CCortical bone. (n≥4, ± SEM. *P≤ 0.05 Student's unpaired, two-tailed t test). (C)
Whole-body BMD and (D) BMC by DEXA analysis of 6 to 20 week old
SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice; (n≥7, ± SEM, each symbol
represents an individual mouse). (E) Metaphyseal histomorphometric parameters,
bone volume over tissue volume (Bv/Tv), measured at 2, 4, 8 and 16 weeks in
SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice. (± SEM *** P≤ 0.0001
Student's unpaired two-tailed t test). Representative microCT scans of sagittal
sections through the proximal metaphysis taken from 4 and 16 week old
SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice (inset). (F) Metaphyseal
thickness (µm) of 4, 8 and 16 weeks old male SHIPflox/flox (+/+) (black circles) and
OSXCreSHIPflox/flox (-/-) (grey squares) mice. (± SD *P≤ 0.05 and *** P≤ 0.0001
Student's unpaired, two-tailed t test). Significant difference in metaphyseal
thickness was also observed in female SHIPflox/flox and OSXCreSHIPflox/flox
littermates. Note: Results presented for MAR, BMD, BMC and Bv/Tv represent
pooled male and female SHIPflox/flox and OSXCreSHIPflox/flox mice.
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THE MS/PC COMPARTMENT IS EXPANDED IN OSXCRESHIPFLOX/FLOX
MICE, BUT EXHIBITS ALTERED OSTEOGENIC, CHONDROGENIC
AND ADIPOGENIC OUTPUT
SHIP is required for normal osteoblast development and we compared osteogenic
differentiation between MS/PC from OSXCreSHIPflox/flox mice and SHIPflox/flox
controls using alizarin red staining for mineral deposition in vitro. Differentiated
OSXCreSHIPflox/flox MS/PC showed significantly reduced mineralization upon
induction of osteogenic differentiation as compared to control SHIPflox/flox OB
(Fig. 18A). In parallel, we also assessed the ability of MSC cultures derived from
OSXCreSHIPflox/flox mice to differentiate into adipocytes ex vivo. Intriguingly, we
find more adipocytic cells are obtained from OSXCreSHIPflox/flox MSC than
SHIPflox/flox MSC (Fig. 18B). Consistent with ex vivo analysis of adipogenic
differentiation by SHIP1-deficient MS/PC, we also find that the systemic (Fig.
18C) and bone marrow (metaphyseal) fat content (Fig. 18D) is significantly
increased in OSXCreSHIPflox/flox mice, confirming MS/PC lineage commitment is
skewed in vivo. We also examined the proximal tibial growth-plates in
OSXCreSHIPflox/flox and SHIPflox/flox mice (Fig. 18E) using a histomorphometric
analysis of growth plate heights, proliferative zone heights and hypertrophic zone
heights (Damron et al., 2003). We observed a decrease in the height of the total
growth plate (Fig. 18F), proliferative zone (Fig. 18G) and hypertrophic zone (Fig.
18H) that reflects the decrease in the limb-length (Wilsman et al., 1996). Growth
plate chondrocyte proliferation is driven in part through the well-known feedback
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loop, in which reserve zone chondrocytes produce parathyroid hormone-related
peptide (PTHrP) that prevents chondrocyte differentiation (Pateder et al., 2000).
As the gradient of PTHrP decreases hypertrophic chondrocytes express factors
that drive proliferation in the proliferative zone of the growth plate (Chung et al.,
2001). The inability of proliferating chondrocytes to differentiate into
hypertrophic chondrocytes parallels our observation that pre-osteoblasts are
unable to differentiate into mature osteoblasts, 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 extrinsic effects on other
lineages that alter their homeostasis and function (Collazo et al., 2012; Hazen et
al., 2009). There is a considerable body of evidence that immature OB promotes
the differentiation of osteoclasts (OC) and that function of the OB lineage is also
critical for bone homeostasis and remodeling (Marcus et al., 2009; Martin and Ng,
1994; Teitelbaum and Ross, 2003; Yamashita et al., 2012). Thus, we examined
the number of OC present in the bone marrow of OSXCreSHIPflox/flox mice vs.
SHIPflox/flox controls using both ex vivo and an in vivo staining (TRAP) (Fig. 18IK). Consistent with an impaired ability of SHIP1-deficient MS/PC to commit to
the OB lineage we observed drastically decreased numbers of TRAP+ OC in vivo
in OSXCreSHIPflox/flox bone when compared to SHIPflox/flox controls (Fig. 18I).
This in situ analysis of OC frequency was confirmed by analysis of OC
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differentiation of bone marrow derived monocyte (BMM) cells from both
genotypes ex vivo (Fig. 18J-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.
18L). Therefore, the intrinsic impact of SHIP1 deficiency on the mesenchymal
compartment adversely impacts OB commitment and differentiation, and
consequently also has a lineage extrinsic impact on OC maturation.

Figure 18- SHIP-deficiency in MS/PC causes defective development of
osteolineage

cells,

growth

plate

chondrocytes,

cause

enhanced

adipogenesis and defective development of osteoclastogenesis.
(A)

Alizarin

red

staining

after

osteogenic

induction

of

MSC

from

OSXCreSHIPflox/flox mice (-/-) in comparison to SHIPflox/flox (+/+) at 4 weeks of
119

age, (n=5). (B) Oil Red-O staining on day 21 in OSXCreSHIPflox/flox (-/-) in
comparison to SHIPflox/flox (+/+) after adipocyte induction of MSC at 4-weeks of
age, (n=5). (C) Body fat between 6 to 10 weeks in OSXCreSHIPflox/flox (-/-) in
comparison to SHIPflox/flox (+/+) controls, (n≥10, ± SEM. *P≤ 0.05 Student's
unpaired, two-tailed t test, each symbol represents an individual mouse, data
represents pooled male and female SHIPflox/flox and OSXCreSHIPflox/flox mice).
(D) Nile Red (green) fluorescent staining of the bone marrow of 4-week old
OSXCreSHIPflox/flox (-/-) and SHIPflox/flox tibias (+/+); DAPI staining (top panels)
was employed to observe general morphology (4x magnification). (E)
Representative images of the growth plates of OSXCreSHIPflox/flox (-/-) and
SHIPflox/flox (+/+) control mice, 40x magnification image. (F) Total growth plate,
(G) Proliferative zone and (H) Hypertrophic zone height of OSXCreSHIPflox/flox (/-) and SHIPflox/flox (+/+) control mice, (n=4 mice, ± SEM. *P≤ 0.05 and ***P≤
0.0001, Student's unpaired, two-tailed t test).

(I) TRAP-positive osteoclasts

observed in the proximal tibia sections of OSXCreSHIPflox/flox (-/-) and SHIPflox/flox
(+/+) controls, in the metaphysis (10x magnification). (J) TRAP staining of
osteoclasts differentiated from bone marrow derived monocytes (BMM) in the
presence of RANKL and M-CSF in 8 weeks old BM of OSXCreSHIPflox/flox (-/-)
and SHIPflox/flox (+/+) control mice. Top panels are from representative plates and
the bottom panels are 10X magnifications from these plates. (K) The
corresponding quantitation of TRAP-positive osteoclasts shown to the right
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SHIPflox/flox (+/+) black bars and OSXCreSHIPflox/flox (-/-), (n=6 mice, ± SEM.
***P≤ 0.0001, Student's unpaired, two-tailed t test). (L) Circulating monocyte in
peripheral blood measured in OSXCreSHIPflox/flox (-/-) and SHIPflox/flox (+/+)
controls.

SHIP1 EXPRESSION REPRESSES ID2 TO FACILITATE
OSTEOLINEAGE COMMITMENT AND LIMIT PROLIFERATION OF
MSC
We noted that BM derived MSC cultures from OSXCreSHIPflox/flox mice 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 if the increased cell number reflected a greater degree of proliferation
and survival by OSXCreSHIPflox/flox MSC. We quantified the frequency and
absolute numbers of MSC in these cultures using the CD29+Lin- MSC phenotype
described recently by Zhu et al. (Zhu et al., 2010) (Fig. 19A-C). The numbers of
MSC was significantly higher in the OSXCreSHIPflox/flox cultures relative to
SHIPflox/flox MSC cultures indicating SHIP-deficient MSC proliferate at a higher
rate and resist differentiation even under osteogenic culture conditions (Fig. 19C).
In fact, the absolute yield of MSC derived from OSXCreSHIPflox/flox BM is
approximately 10-fold higher indicating a profound expansion of MSC.

In

addition to having a growth advantage, SHIP1-deficient MSC ex vivo were not
found to be more susceptible to apoptosis (based on reduced Annexin V staining)
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than SHIP-competent MSC (Fig. 19D-E). We then hypothesized then that SHIP1
signaling limits the activation of the distal signaling components that promote the
survival and proliferation of MSC at the expense of OB differentiation.
Consistent with this hypothesis we find increase in Akt phosphorylation in SHIPdeficient MSC relative to SHIP1-sufficient controls both prior to and after
osteogenic induction (Fig. 19F). Consequently Akt activity is increased in BM
derived MSC of OSXCreSHIPflox/flox as confirmed by increased phosphorylation
of one of Akt’s key targets, GSK3b (Fig. 19F). GSK3β is inactivated by
phosphorylation and promotes activation and nuclear translocation of β-catenin.
Recent work by Perry and colleagues showed that β-catenin activation leads to
upregulation of Id2 expression that blocks myeloid progenitor differentiation
(Perry et al., 2011). Western blot analysis for Id2 revealed that SHIP-deficient
MSC express higher levels of protein under undifferentiated growth, but also
importantly under osteogenic conditions on a per cell basis (Fig. 19G). Moreover,
we saw coordinate over-expression of USP1 as well (Fig. 19G). USP1 is
necessary to prevent proteasomal degradation of Id2 and sustains its expression at
a level sufficient to promote MSC proliferation and block osteoblast
differentiation (Williams et al., 2011). Constitutive super-induction of Id2
transcription factor has been shown to promote MSC proliferation, while
selectively blocking osteolineage differentiation by MSC (Peng et al., 2004;
Williams et al., 2011).
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To determine if β-catenin contributes to super-induction of Id2 in
OSXCreSHIPflox/flox MSC we cultured SHIP1-competent SHIPflox/flox and
OSXCreSHIPflox/flox MSC in the presence of a β-catenin inhibitor, CCT031374
(Ewan et al., 2010).

β-catenin inhibition reduced induction of Id2

in

OSXCreSHIPflox/flox MS/PC relative to untreated controls under osteogenic
induction when Id2 level is the highest in SHIP1-deficient MSC (Fig. 19H).
Using a similar approach we confirmed that PI3K pathway promotes superinduction of Id2 as a pan PI3K/mTOR inhibitor, NVP-BEZ235 (Maira et al.,
2008), also reduced Id2 super-induction in OSXCreSHIPflox/flox MSC (Fig. 19H).
These biochemical studies show that SHIP1 prevents activation of the
PI3K/Akt/β-catenin signaling that can super-induce Id2 and thus promote MSC
proliferation while simultaneously block their osteolineage differentiation.
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Figure 19- Dysregulation of the PI3K/Akt/β-catenin/Id2 axis promotes
MSC expansion in vivo and ex vivo.
BM MSC from OSXCreSHIPflox/flox (-/-) or SHIPflox/flox (+/+) littermates were
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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
OSXCreSHIPflox/flox (-/-) and SHIPflox/flox (+/+) mice. Cells were gated for: SSC-H
vs. FSC-H lack of expression of a Lineage marker panel and surface expression of
CD29+ as indicated. (B) Significant increased frequency of OSXCreSHIPflox/flox (/-) CD29+Lin- MSC before (uninduced, U) and after osteogenic induction
(induced, I) (± SEM. **P≤ 0.001 and ***P≤ 0.0001 Student's unpaired, twotailed t test). (C) The absolute numbers of OSXCreSHIPflox/flox (-/-) MSC in both
uninduced (U) and induced (I) conditions in OSXCreSHIPflox/flox (-/-) and
SHIPflox/flox (+/+) controls. (D) Representative Annexin V histograms for bulk
MS/PC prepared from SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice
cultured under uninduced (U) and osteogenic induction (I) conditions. (E) Bar
graphs

indicating

the

frequency

of

apoptotic

SHIPflox/flox (+/+)

and

OSXCreSHIPflox/flox (-/-) CD29+Lin- MSC during ex vivo culture in the absence or
presence of osteogenic induction factors, (± SEM. ***P≤ 0.0001 Student's
unpaired, two-tailed t test). (F) Phosphorylation status of AKT and GSK3a/b in
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SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) BM-derived MSC cultures in the
absence (U) or presence (I) of osteogenic induction factors. (G) Expression of
Id2 and USP1, was examined by western blotting with β-actin serving as loading
control, in SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) in the absence (U) or
presence (I) of osteogenic induction factors. (H) OSXCreSHIPflox/flox (-/-) or
SHIPflox/flox (+/+) MSC (U) and were pre-treated for an hour with β-catenin
inhibitor (CCT031374) and the pan-PI3K/mTOR inhibitor (NVP-BEZ235) prior
to osteogenic induction (I). Expression of Id2 was examined by western blotting
with β-actin serving as loading control.

SHIP1 EXPRESSION IN MATURE OSTEOLINEAGE CELLS IS NOT
REQUIRED FOR BONE FORMATION
To further examine the functional role of SHIP1 in osteoblasts, we crossed mice
harboring floxed SHIP locus (Wang et al., 2002) with mice carrying the Cre
recombinase transgene under the control of the type I collagen (Col1a1) promoter
(Dacquin et al., 2002) to generate Col1a1CreSHIPflox/flox mice. The loss of SHIP1
in mature osteoblasts in 4-6 weeks old Col1a1CreSHIPflox/flox mice resulted in no
effects on their growth (Fig. 20A). No difference was observed on whole body
BMD and BMC by DEXA analysis in Col1a1CreSHIPflox/flox mice relative to
SHIPflox/flox

controls

(Fig.

20B-C).

MicroCT

analysis

showed

that

Col1a1CreSHIPflox/flox mice have normal metaphyseal Bv/Tv (Fig. 20D). In
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addition, we observed no difference in MS/PC frequency as defined by the
PDGFRα+CD51+CD31-CD45-Lin- phenotype (Pinho et al., 2013) (Fig. 20E-F) or
the PDGFRα+Sca1+CD31-CD45-Lin- phenotype (Morikawa et al., 2009) in
Col1a1CreSHIPflox/flox

as

compared

to

SHIPflox/flox

controls

(Supporting

information Fig. 3A-B). Because Col1a1CreSHIPflox/flox mice exhibit normal bone
development and a normal frequency of MSC, while OSXCreSHIPflox/flox mice
show significant 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.
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Figure 20- SHIP1 expression in mature osteoblasts does not limit bone
apposition
No difference was observed in (A) Body weight, (B) BMD, (C) BMC and (D)
Bv/Tv in 4-6 week old Col1a1CreSHIPflox/flox (-/-) in comparison to
SHIPflox/flox controls (+/+). No difference was observed in Pα+51+

MSC

frequency amongst CD31-CD45-Lin- cells in 8-10 week old SHIPflox/flox (+/+)
and Col1a1CreSHIPflox/flox (-/-) mice. (E) Representative contour plots of
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PDGFRα+51+ MSC (PDGFRα+CD51+CD31-CD45-Lin-) and (F) Bar graph
indicating the frequency of Pα+51+
Col1a1CreSHIPflox/flox

MSC in SHIPflox/flox

(+/+) and

(-/-) mice, (n=6). Note: Results presented for body

weight, BMD, BMC, and Bv/Tv represent pooled male and female SHIPflox/flox
and Col1a1CreSHIPflox/flox mice.

Supplementary Figure 3-Mature osteoblasts-specific ablation of SHIP1
expression does not promote MSC expansion in vivo.
No difference was observed in the expression of PDGFRα+Sca1+

MSC

(Lin-CD45-CD31-PDGFRα+Sca1+) in 8-10 week old SHIPflox/flox (+/+) and
Col1a1CreSHIPflox/flox mice (-/-) by flow cytometry. (A) Representative
contour plots of PDGFRα+Sca1+ MSC frequency amongst CD31-CD45-Lincells and (B) Bar graph indicating no difference in Pα+Sca1+ MSC frequency
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in Col1a1CreSHIPflox/flox mice (-/-) vs. SHIPflox/flox controls (+/+) (n=6
mice).
SHIP1 EXPRESSION IN OSTEOCLASTS 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
(Takeshita et al., 2002). Our collaborative study confirmed the hyper-resorptive
capacity of SHIP1-/- OC ex vivo and attributed this to a failure of SHIP1 to block
PI3K recruitment to DAP12: TREM2 complexes expressed by OC (Peng et al.,
2010). 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-/- mice is actually a consequence of hyperresorptive OC in vivo. As OC are a terminally differentiated myeloid lineage cell,
we developed LysMCreSHIPflox/flox mice where myeloid derived cells are
selectively rendered SHIP1-deficient (Collazo et al., 2012). As anticipated, this
genetic strategy resulted in robust ablation of SHIP1 expression in OC from
LysMCreSHIPflox/flox mice (Fig. 21A). However, no difference was observed in
circulating monocyte numbers in LysMCreSHIPflox/flox and SHIPflox/flox controls
indicating that myeloid expression of SHIP1 is not necessary to limit the size of
the circulating myeloid cell compartment in vivo (Fig. 21B). We then performed
detailed analysis on internal micro-architecture of 16 weeks old adult
LysMCreSHIPflox/flox mice using DEXA, microCT and the CFU-F assay. DEXA
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analysis failed to show any negative impact on whole body BMD in adult
LysMCreSHIPflox/flox mice relative to SHIPflox/flox controls (Fig. 21C). MicroCT
analysis also failed to show any significant difference in trabecular bone Bv/Tv
(Fig. 21D). Further, microCT analysis of the tibia (Fig. 21E) revealed no
difference in metaphyseal thickness in comparison to age-matched SHIPflox/flox
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 LysMCreSHIPflox/flox mice as we observed normal numbers of ALP
positive colonies (Figure 6F). TRAP staining of bone sections indicated there
were normal numbers of OC present in the bone of LysMCreSHIPflox/flox as
compared to SHIPflox/flox mice (Fig. 21G), but, and consistent with previous
findings,(Peng et al., 2010; Takeshita et al., 2002) SHIP-deficient OC from
LysMCreSHIPflox/flox expand to a greater extent when cultured ex vivo in the
presence of M-CSF and RANKL relative to OC from SHIPflox/flox controls (Fig.
21H,I). Thus, a SHIP1-competent OB compartment limits the regulation of OC
differentiation and resorptive behavior 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.
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Figure 21-A SHIP1-deficient OC compartment does not lead to
osteoporosis
(A) Monocytes were differentiated with RANKL and M-CSF and SHIP1 levels in
OC from SHIPflox/flox (+/+) and LysMCreSHIPflox/flox (-/-) mice were assessed 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 40 weeks of age in male and female LysMCreSHIPflox/flox (-/-) vs. SHIPflox/flox
littermates (+/+). (C) Whole-body BMD by DEXA analysis, (D) Bone volume
over tissue volume (Bv/Tv) measurements and (E) in sagittal sections through the
proximal metaphysis taken derived from microCT scans of 16-week old male
SHIPflox/flox (+/+) and LysMCreSHIPflox/flox (-/-) mice (these results are
representative of 4 mice of each genotype). (F) Quantitative plots of CFU-F
numbers (per 3X106 cells) from 16 week old male SHIPflox/flox (+/+) (black bars)
and LysMCreSHIPflox/flox (-/-) (open bars), mice (n=5). (G) TRAP stained
proximal tibia sections of SHIPflox/flox (+/+) and LysMCreSHIPflox/flox (-/-) (4x and
20x magnification). (H) TRAP staining of osteoclasts prepared from BMM that
were cultured with RANKL and M-CSF showed a ~2.8 fold increase in OC
numbers in 16 weeks LysMCreSHIPflox/flox (-/-) vs. SHIPflox/flox littermates (+/+).
Top panels are representative plates and the bottom panels are 10x-magnified
images from these plates. (I) The corresponding bar graphs (SHIPflox/flox (+/+)
(black bars) and LysMCreSHIPflox/flox (-/-) (open bars) to the right represent mean
OC numbers as determined for cultures from 4 mice/genotype with BMM from
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each mouse analyzed in duplicate (± SEM, ***P≤ 0.0001, Student's unpaired,
two-tailed t test). Note: No significant differences were observed in BMD and
Bv/Tv in female SHIPflox/flox and LysMCreSHIPflox/flox littermates.

ADMINISTRATION OF A SHIP1 INHIBITOR (SHIPI) REDUCES BONE
MASS
Based on our findings in the OSXCreSHIPflox/flox model we hypothesized that
chemical inhibition of SHIP1 might be employed as a therapeutic intervention for
pathological increases in bone growth. A selective, small molecule inhibitor of
SHIP1, 3-a-aminocholestane (3AC),(Brooks et al., 2010; Fuhler et al., 2012) 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 inhibition of SHIP1 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 wholebody BMD (Fig. 22A) and bone mass (Fig. 22B). SHIPi treatment also resulted in
diminished mechanical properties 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 stiffness
(Supporting Information Table 5). These changes correspond to significant
decreases in cortical thickness in the femurs of SHIPi treated mice (Supporting
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Information Table 5). However, the energy to peak and the energy to fracture
were not observed to be significantly different (Supporting Information Table 5),
suggesting that SHIPi treated limbs are able to undergo similar levels of
deformation prior to failure. Taken together, 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. Nevertheless, 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 osteoblastogenesis.

Figure 22- SHIP1 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
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weeks. Significant decrease was observed in (A) whole-body BMD by DEXA
analysis in SHIPi treated group (open square) vs. vehicle group (open circle)
(±SEM ***P≤ 0.0001 Student's unpaired, two-tailed t test). (B) Metaphyseal
histomorphometric parameter, bone volume over tissue volume (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 t test, each symbol represents an individual mouse).
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Table 5-SHIP1 inhibitor (SHIPi) post-treatment mid-shaft analysis.
(A) Mechanical Properties (3-point bend test) and (B) Mid-shaft cortical µCT
analysis
a. Mechanical Properties (3-point bend test):

Parameter

Vehicle

3AC treated

T-test (P value)

SHIPi
Peak Load (N)

14.44 ± 1.48

12.22 ± 1.83

0.04

Stiffness (N/mm)

105.45 ± 13.64

82.66 ± 9.43

0.01

Energy to break (F)

7.41 ± 2.72

5.61 ± 0.78

0.15

Energy to Peak (Y)

2.46 ± 0.78

1.96 ± 0.49

0.21

b. Mid-shaft µCT analysis:
Parameter

Vehicle

SHIPi3AC

T-test (P value)

treated
Femoral Length

15.51 ± 0.36

15.74 ± 0.29

0.25

CSA (micron2)

625.67 ± 6.25

653.67 ± 13.19

0.0008

Mean cortical thickness

212.06 ± 5.08

185.42 ± 7.56

0.00003

(microns)
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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

(Takeshita et al., 2002) and Peng et al (Peng et al., 2010) 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 compartment regulates OC
differentiation and resorptive capacity in vivo and can prevent SHIP1-deficient
OC from undergoing dysregulated differentiation and function in situ. Our
findings also have potential therapeutic implications for Paget’s disease, and
particularly Paget kindreds where GWAS analysis has implicated a genetic locus
at 2q37 – the location of the human SHIP1/INPP5D locus (Hocking et al., 2001).
If human SHIP1 deficiency is found to be linked to disease in these kindreds, then
our findings suggest that a hematopoietic marrow graft to replace a hyperresorptive 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.
We have clearly shown that OSXCre deletes SHIP1 in MSC and thus
deletion and activation of a ROSA-stop-flox reporter in all MSC derived marrow
cell types such as stromal cells, adipocytes and perivascular as noted in post-natal
mice by Chen et al. (Chen et al., 2014) is not only consistent with our study, but
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in fact is highly supportive of our conclusions. In context with the growth-plate
chondrocyte defect that we observed in the OSXCreSHIPflox/flox mice, this could
very well be due to expression of osterix in differentiating chondrocytes (Cheng et
al., 2013; Oh et al., 2012). In addition, the longitudinal growth deficiency is
associated with a loss of chondrocyte hypertrophy and the corresponding loss of
chondrocyte terminal differentiation (Kronenberg, 2003). Terminal differentiation
in hypertrophic chondrocytes is required to efficiently attract osteoprogenitors and
osteoclast precursors; therefore, it is possible that some of the effects observed on
bone formation and bone resorption in OSXCreSHIPflox/flox mice are due to a loss
of chondrocyte hypertrophy.
The osteoblastic requirement for SHIP1 that we have identified here
represents the first function demonstrated for SHIP1 in a cell type that is not a
component of the hematolymphoid compartment. As SHIP1 is not typically
expressed in mesenchymal lineages its expression could potentially be controlled
by transcription factors active in both hematopoietic and mesenchymal lineages.
In this regard, a potential candidate regulator is SMAD4 which is required for OB
development (Tan et al., 2007) and known to also induce expression of SHIP1 in
myeloid cells (Pan et al.). Induction of SHIP1 by SMAD4 may in turn repress the
activity of other SMAD factors that promote stemness and MSC proliferation
(e.g., USP1, Id2). Since the deletion of SHIP1 in Col1a1CreSHIPflox/flox mice is
restricted to mature OB and not MSC, these data further support the observation
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in the OSXCreSHIPflox/flox 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 consequently MSC proliferation, while also promoting
commitment of MSC to osteolineage development. Williams et al (Williams et
al., 2011) 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 PPARγ activity in adipocyte
progenitors (Park et al., 2008). Thus, increased expression of Id2 in SHIP1deficient MSC corresponds with reduced OB differentiation and increased
adipogenesis that we observed in vivo in OSXCreSHIPflox/flox mice and in MSC ex
vivo. By heterodimerizing with basic helix-loop-helix (bHLH) proteins (e.g.,
MyoD) Id proteins antagonize differentiation of stem/progenitor cells and also
drive the G1/S cell cycle transition in these primitive cells (Norton, 2000; Norton
et al., 1998). Indeed, Id2 has been found to promote self-renewal or cycling of
MSC, HSC and neural stem cells (Jung et al., 2010; Li et al., 2010; Paolella et al.,
2011; Perry et al., 2011; Williams et al., 2011). Moreover, enforced expression of
Id2 suppresses OB differentiation by MSC (Peng et al., 2004).
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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 regulate 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,(Kroger
et al., 2006; Maira et al., 2008; Wang et al., 2013; Welham et al., 2007; Yoon et
al., 2012) HSC,(Desponts et al., 2006; Hazen et al., 2009; Tu et al., 2001; Yilmaz
et al., 2006; Zhang et al., 2006) neural stem cells (Chell and Brand, 2010; Groszer
et al., 2001; Le Belle et al., 2011; Ojeda et al., 2011; Paik et al., 2009; Zhang et
al., 2011) and epithelial stem cells (Sewell et al., 2009). A recurring theme in
several stem cell types is for the PI3K/Akt pathway to inactivate GSK3β thus
promoting activation and nuclear translocation of β-catenin (Bechard M, 2012;
Korkaya H, 2009). Our studies suggest a similar role for this pathway in MS/PCs
that is regulated by SHIP1. 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 morphology. Osteopetrosis is a collection of intractable and incurable
syndromes that manifest as a pathologic increase in bone mass (Whyte and
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Asbmr, 2009). Sclerotic bone diseases are often treated surgically and have a poor
long-term prognosis, often leading to fracture and disunion (Wall et al., 1996). In
this context SHIPi may represent 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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ABSTRACT
Hematopoietic stem cell self-renewal and lineage choice are subject to intrinsic
control. However, this intrinsic regulation is also impacted by external cues
provided by niche cells. There are multiple cellular components that participate
in hematopoietic stem cell support with mesenchymal stem cell playing a pivotal
role. We had previously identified a role for SHIP1 in hematopoietic stem cell
niche function through analysis of mice with germline or induced SHIP1
deficiency. Here we show that the hematopoietic stem cell compartment expands
significantly when aged in a niche that contains SHIP1-deficient mesenchymal
stem cells; however, this expanded hematopoietic stem cell compartment exhibits
a strong bias toward myeloid differentiation. In addition, we show that SHIP1
prevents chronic G-CSF production by the aging mesenchymal stem cell
compartment. These findings demonstrate intracellular signaling by SHIP1 in
mesenchymal stem cells is critical for the control of hematopoietic stem cell
output during aging and increase our understanding of how myeloid bias occurs in
aging, and thus could have implications for the development of myeloproliferative
disease in aging.
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INTRODUCTION
The unique structural organization of the bone marrow provides an ideal
setting for blood cell production throughout life by hematopoietic stem cells
(HSC), while preserving quiescence and thus longevity of the HSC
compartment.(Li and Xie, 2005; Li and Li, 2006; Tong and Linheng, 2006)
However, as mammals age there is a decline in normal HSC function, with
impairment of self-renewal, survival and differentiation.(Beerman et al., 2010;
Chambers et al., 2007) The reasons for this decline in HSC output during aging
are still being defined; however, HSC extrinsic and intrinsic genetics defects are
both believed to contribute.(Ergen and Goodell, 2010; Rossi et al., 2005;
Woolthuis et al., 2011) Changes in the cellular composition of the HSC niche
during aging are also proposed to occur and can contribute to hematologic
decline. However, documentation of these changes and their impact on the HSC
compartment remain elusive.
The SH2 domain–containing inositol 5’-phosphatase-1 (SHIP1) removes
the 5’ phosphate from the phosphatidyl inositol 3’ kinase (PI3K) product,
PI(3,4,5)P3, enabling SHIP1 to oppose PI3K activity and thereby regulate a
variety of cellular signaling pathways important for proliferation, differentiation,
apoptosis and migration. As a key regulator of the PI3K/Akt signaling pathway,
SHIP1 has the potential to modulate multiple signaling pathways downstream of
receptors that impact HSC biology(Kim et al., 1999; Liu L, 1997) and thus can
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influence HSC function, homeostasis and homing. Consistent with this, others and
we have found that HSC isolated from germline SHIP1-/- mice demonstrate
defective repopulation and self-renewal capacity.(Desponts et al., 2006; Helgason
et al., 2003) In addition, germline SHIP1-/- mice exhibit increased production of
niche-derived factors (G-CSF, TPO, MMP9) that promote cycling and
mobilization of HSC, but reduced production of the chemokine SDF-1/CXCL12
that lures HSC to sites in the BM that promote their quiescence.(Hazen et al.,
2009) Consistent with altered niche function in SHIP1-/- mice, SHIP1 was shown
to be expressed by BM stromal cells that represent mesenchymal stem cells
(MSC).(Hazen et al., 2009) In addition, when SHIP1-deficiency was induced in
HSC while they were resident in a SHIP1-competent niche, these SHIP1-deficient
HSC were found to have normal long-term, multi-lineage repopulation and selfrenewal capacity,(Hazen et al., 2009) demonstrating that SHIP1 is not required in
a cell autonomous fashion for HSC function. Liang et al confirmed and extended
these findings by showing that in a BM microenvironment that is globally SHIP1deficient, including radio-resistant BM tissue macrophages called osteomacs, WT
HSCs have defective lineage output.(Liang et al., 2013) These studies raised the
possibility that SHIP1 expression by MSC is required for niche support of HSC
quiescence and function.
To determine if SHIP1 specifically plays a role in MSC support of HSC
function, we developed mice harboring a floxed SHIP1 locus(Wang et al., 2002)
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combined with a Cre recombinase transgene under the control of the Osterix
promoter.(Rodda and McMahon, 2006) We refer to these as OSXCreSHIPflox/flox
mice.(Iyer et al., 2014) We demonstrated the SHIP1 is selectively deleted in
mesenchymal stem cell (MSC) of OSXCreSHIPflox/flox mice.(Iyer et al., 2014)
Others, including Chen et al and Mizoguchi et al have also recently shown that
the Osterix promoter enables Cre-mediated deletion or GFP transgene expression
in MSC.(Chen et al., 2014; Mizoguchi et al., 2014) Age-associated decline in
HSC function is thought to be influenced by extrinsic cues from the
microenvironment that they reside in,(Raveh-Amit et al., 2013; Wagner et al.,
2008) and thus we compared homeostasis, global repopulation and lineage output
of HSC from young and old OSXCreSHIPflox/flox vs. age-matched SHIPflox/flox
controls to determine if SHIP1 deficiency in the MSC compartment alters HSC
behavior during aging.
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METHODS
MICE AND GENOTYPING
SHIPflox/flox mice(Wang et al., 2002) were bred with Osterix Cre(Rodda and
McMahon, 2006) transgenic mice (Jackson Laboratory, Bar Harbor, ME) to
generate OSXCreSHIPflox/flox mice where SHIP1 is deleted in MSC.(Iyer et al.,
2014) SHIPflox/flox mice were used as controls. Genotyping of Cre transgenic mice
was performed by PCR using primers detecting the Cre sequence (P1, 5’GTGAAACAGCATTGCTGTCACTT-3’;

P2,

5’-

GCGGTCTGGCAGTAAAAACTA-3’). PCR was performed using REDtaq
ReadyMix (Sigma, St. Louis, MO) with a five-step PCR protocol as follows:
initial denaturation 94° for 3 minutes; 35 cycles of each of the following:
denaturation at 94° for 30 seconds, primer annealing at 51° for 1 minute, and
extension at 72° for 1 minute; followed by a final extension at 72° for 2 minutes.
C57BL/6 SJL (CD45.1, WT) for BM transplant experiments were purchased from
Jackson Laboratories (Bar Harbor, ME). Genotyping of SHIPflox and SHIPwt
mice was performed by PCR using primers detecting the lox-P sequence (P1, 5’TTG AAC ACC TCT GCC AAC TGC GTC 3’; P2 5’- CCA CAA GTG ATG
CTA AGA GAT GC 3’) PCR was performed using REDtaq with a 5-step PCR
protocol as follows: initial denaturation 94° for 4 minutes; 35 cycles of each of
the following: denaturation at 94° for 45 seconds, primer annealing at 55° for 45
seconds, and extension at 72° for 6 minutes; followed by a final extension at 72°
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for 10 minutes. The SUNY Upstate Medical University Committee for Humane
Use of Animals approved all animal experiments.
HEMATOLOGIC ANALYSIS
Peripheral blood (Chen et al.) samples were collected by submandibular bleeding
and placed in EDTA coated microtubes (Sarstedt Co., Germany). Absolute blood
cell number was analyzed using the mouse species program in HEMAVET 950S
Veterinary Hematology Analyzer (Drew Scientific Inc.).
FLOW CYTOMETRY ANALYSIS
Whole bone-marrow (WBM) cells were treated with CD16/CD32 mouse Fc block
(2.4G2) on ice for 15 min prior to antibody staining. For multi-lineage analysis,
PB-mononuclear cells (PBMC) or WBM cells were stained with CD3ε- FITC
(145-2C11), CD19-PerCP-Cy5.5 (1D3), Mac1-PE (M1/70), Gr1-PE (RB6-8C5)
and Gr1-Alexa700 (RB6-8C5). The Lin-cKit+Sca1+CD34-Flk2- (LSKF34-)
phenotype was utilized to determine frequency of LSK, LT-HSC, ST-HSC, and
MPP; the stain was comprised of Lineage panel PerCP-Cy5.5 (145-2C11, RB68C5, TER-119, RA3-6B2, M1/70), cKit-APC (2B8), Sca1-PeCy7 (D7), CD34FITC (RAM34), Flk2-PE (A2F10). For global reconstitution PBMC were stained
with CD45.1-PeCy7 (A20) and CD45.2-APC (104). Cells were washed twice
with staining media (2% Heat-inactivated FBS in PBS) and resuspended in
staining media and DAPI for dead cell exclusion. For natural killer (NK) cell
analysis, splenocytes were harvested. Red blood cells were lysed using ACK lysis
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buffer from eBioscience (San Diego, CA). Fc receptors were blocked with an
anti-CD16/CD32 (2.4G2) antibody (BD Biosciences, San Diego, CA). Invitrogen
fixable aqua live/dead stain was used according to manufactures instructions for
dead cell exclusion. Surface markers were then stained using NK1.1 (PK136),
CD3ε (145-2C11), CD244.2 (2B4), Ly49D (4E5) and Ly49H (3D10). The
samples were analyzed on a flow cytometer LSRII or Fortessa (BD Biosciences).
All antibodies were from BD Biosciences or eBioscience. All FACS data was
analyzed using FlowJo (9.4.3) software.
SERUM CYTOKINE ANALYSIS
G-CSF (catalogue # MCS00), M-CSF (catalogue # MMC00), SDF-1 (catalogue #
MCX120) and MMP-9 (catalogue # MMPT90) levels in mouse serum were
measured using ELISA kits (R&D Systems).
CELL CYCLE ANALYSIS
WBM cells were stained for LSK34 (as described above), followed by fixation
(BD Cytofix/Cytoperm) and staining for Ki67-FITC (BD Biosciences, San Diego,
CA) and DAPI. Analysis was performed on a flow cytometer Fortessa (BD
Biosciences) and data analysis was conducted using FlowJo (9.4.3) software.
BM CELL TRANSPLANTATION STUDIES
For primary BM transplant, 8-12 week old CD45.1 (Gewinner et al.) hosts were
lethally irradiated at 1100 Rads (Split dose: 550 Rads given 4 hours apart). For
WBM competition, 1 X106 WBM cells from OSXCreSHIPflox/flox (CD45.2) or
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SHIPflox/flox (CD45.2) mice were combined with 1 X106 WBM cells from CD45.1
(Gewinner et al.) mice and injected into the retro-orbital vein of CD45.1 hosts.
PBMC from hosts were collected monthly for a 4-month period to determine
global and multi-lineage repopulation. After the 4-month analysis, host CD45.1
mice were euthanized by CO2 asphyxiation and WBM was collected and serially
transplanted into CD45.1 hosts to examine the self-renewal capacity. PBMC from
serial transplanted mice were analyzed 1 month post-transplant to determine
global and multi-lineage reconstitution.
WESTERN BLOT ANALYSIS
Sorted cells were lysed and equal amounts of proteins were separated by SDSPAGE and transferred to nitrocellulose membranes and probed with specific
antibodies against SHIP1 (P1C1) and Actin (I-20) (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-mouse or anti-goat horseradish peroxidase conjugated
secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA), as per
manufacturers recommendations. Proteins were detected using Super Signal ECL
Substrate (Pierce) on ChemiDoc XRS+(BioRad) with Imagelab 4.0 Software.
CELL SORTING
Splenocytes from secondary transplant mice were treated with CD16/CD32
mouse Fc block (2.4G2) on ice for 15 min prior to antibody staining. Splenocytes
were stained with CD45.1-PeCy7 (A20) and CD45.2-APC (104). Dead cells were
excluded by DAPI staining and were sorted with a fluorescence activated cell
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sorter (FACS) Aria (BD Biosciences). Viable sorted cells were used for western
blot analysis.
STATISTICAL ANALYSIS
All statistical analyses were performed using the statistical software Prism 5.0
(GraphPad, San Diego, CA).
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RESULTS
SHIP1 EXPRESSION BY THE MSC COMPARTMENT IS REQUIRED
FOR MAINTENANCE OF HSC HOMEOSTASIS IN AGED MICE
To analyze the impact of a SHIP1-deficient MSC compartment on HSC function,
we initially compared both peripheral blood and BM of young adult (8-14 weeks)
and old (18-24 months) OSXCreSHIPflox/flox mice vs. age-matched SHIPflox/flox
controls. We observed a significantly lower frequency of lymphocytes in the
peripheral blood of aged OSXCreSHIPflox/flox mice (18-24 months) in comparison
to age-matched SHIPflox/flox controls (Figure 23A). We observed reduced B-cell
frequency in the bone marrow compartment (Whyte and Asbmr) of young adult
and old OSXCreSHIPflox/flox mice (Figure 23B), but not in the spleen
(Supplemental Figure 1A). Interestingly, we observed higher myeloid (Mac1+)
and granulocytic (Gr1+) frequencies in the BM compartment (Figure 1B), but not
in the spleen (Supplemental Figure 4A) of aged OSXCreSHIPflox/flox mice in
comparison to age-matched SHIPflox/flox controls. In addition, we found equal
frequency

of

natural

killer

(NK)

cells

from

young

adult

and

old

OSXCreSHIPflox/flox mice and SHIPflox/flox age-matched controls in both the BM
and spleen (Supplemental Figure 4A).

Surprisingly, however, we noted

significantly decreased populations of NK cells that express the activating
receptors Ly49D and Ly49H in aged OSXCreSHIPflox/flox mice as compared to
age-matched SHIPflox/flox controls (Supplemental Figure 5A) (no difference was
observed in young adult cohorts). We also observed significantly increased
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expression of the SLAM family receptor 2B4 by OSXCreSHIPflox/flox NK cells
compared to SHIPflox/flox NK cells (Supplemental Figure 5B). Reduced Ly49H and
D expression and an increased 2B4 expression was previously observed in NK
cells of mice with germline SHIP1 deficiency.(Fortenbery et al.; Wahle et al.,
2006) These changes partially recapitulate the NK cell repertoire defects reported
in germline SHIP1-/- mice and indicate a lineage extrinsic role for SHIP1 in the
regulation of at least some aspects of the NK cell receptor repertoire.

Figure 23-SHIP1 in the MSC compartment is required for normal
hematolymphoid output by HSC in aged mice
(A) Absolute blood cell numbers were analyzed using an automated blood cell
analyzer, (n≥5), (±SD *p≤ 0.05 Student's unpaired, two-tailed t test). WBC, white
blood cells (x103); NE, neutrophils (x103); LY, lymphocytes (x103); MO,
monocytes (x103); RBC, red blood cells (x106); PLT, platelets (x105). (B)
Frequency of hematolymphoid lineages, lymphocytes (T-cells, B-cells and
NK1.1) and myeloid cells (Mac-1, Gr-1) in the bone marrow of young adult and
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old OSXCreSHIPflox/flox and SHIPflox/flox mice, (n≥6), (±SD *p ≤ 0.05 and
**p ≤ 0.001 Student's unpaired, two-tailed t test).

Supplementary Figure 4-Hematolymphoid cell lineages in the spleen
(A) Frequency of lymphocytes (T-cells, B-cells and NK1.1) and myeloid
cells

(Mac-1,

Gr-1)

in

the

spleen

of

young

adult

and

old

OSXCreSHIP flox/flox and SHIP flox/flox mice (n≥6).

Supplementary Figure 5- Splenic natural killer (NK) cell subset analysis
in aged OSXCreSHIPflox/flox mice.
A) Ly49D+ and Ly49H+ cells were identified amongst NK1.1+CD3ε- viable,
splenic NK cells. (B) The median fluorescence intensity (MFI) of 2B4 (CD244)
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was determined on splenic NK1.1+ cells after dead cell and CD3ε+ cell exclusion.
The graph represents pooled data from three independent experiments (aged
OSXCreSHIPflox/flox n=11, aged SHIPflox/flox controls n=9). (±SEM *p ≤ 0.05
Student's unpaired, two-tailed t test).
Analysis of the BM hematopoietic stem/progenitor cell (HS/PC)
compartment showed no difference in the frequency of the broadly defined
hematopoietic stem/progenitor pool as demarcated by the LSK phenotype (LinSca1+cKit+)(Ikuta and Weissman, 1992; Spangrude et al., 1988) in young adult
OSXCreSHIPflox/flox vs. aged matched SHIPflox/flox controls. However, in aged
OSXCreSHIPflox/flox mice the LSK frequency was significantly increased relative
to aged SHIPflox/flox, young OSXCreSHIPflox/flox or young SHIPflox/flox mice (Figure
24A-B). This increase in the hematopoietic stem/progenitor pool appears to be
largely confined to the long-term HSC (LT-HSC, CD34-Flk2-Lin-Kit+Sca1+)
subset(Christensen and Weissman, 2001; Morrison and Weissman, 1994; Osawa
et al., 1996) as LT-HSC are significantly increased in aged OSXCreSHIPflox/flox
mice vs. age-matched SHIPflox/flox, young OSXCreSHIPflox/flox or young
SHIPflox/flox mice (Figure 24D), but no significant difference was observed in the
frequency of more committed progenitors within the LSK stem/progenitor pool,
including short-term HSC (ST-HSC) and multi-potent progenitors (MPP)
populations(Adolfsson et al., 2001; Christensen and Weissman, 2001) in either
young adult or aged-matched OSXCreSHIPflox/flox vs. SHIPflox/flox controls (Figure
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24E-F). However, consistent with aging we did observe a decrease in MPP
population(Rossi et al., 2005) in both aged-matched OSXCreSHIPflox/flox vs.
SHIPflox/flox controls (Figure 24E-F).
We further investigated the age-associated expansion of LT-HSC
population in OSXCreSHIPflox/flox by performing cell cycle analysis on LT-HSC
population. We found no increase in cycling or change in cell cycle status of aged
OSXCreSHIPflox/flox in comparison to aged match control SHIPflox/flox mice (Figure
25A-B). No difference was observed in young adult cell cycle status (Figure 25CD). Interestingly, we did observe a distinct Ki67-DAPIhi population in both aged
OSXCreSHIPflox/flox and SHIPflox/flox mice and at a comparable frequency in both
genotypes (Figure 25A-B). This population of LT-HSC has a much higher DNA
content than 2N diploid cells (~4N) indicating they are polyploid. Intriguingly,
this Ki67-DAPIhi polyploid LT-HSC population is not detected in LT-HSC of any
young adult mice we analyzed of either genotype (see Figure 25C-D). The agerelated appearance of this polyploid LT-HSC population suggests that aging
induces genome instability and polyploidy in a subset of the LT-HSC
compartment.

Polyploidy is know to lead to cell senescence in other

tissues(Davoli and de Lange, 2011) and thus it is tempting to speculate that this
Ki67-DAPIhi population of LT-HSC reflects senescent or defective HSC in aged
mice.
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Analysis of key niche factors showed that G-CSF production is selectively
increased in aged OSXCreSHIPflox/flox mice as compared to age-matched
SHIPflox/flox, young adult OSXCreSHIPflox/flox or young adult SHIPflox/flox mice
(Figure 26A). No significant changes in SDF-1, MMP-9 or M-CSF production in
aged OSXCreSHIPflox/flox mice vs. the other three groups were observed (Figure
26B-D). The increased and chronic production of G-CSF would be anticipated to
promote the in vivo expansion of LT-HSC that we observe in aged
OSXCreSHIPflox/flox mice, as G-CSF selectively promotes primitive HSC
expansion after myeloablation (Morrison et al., 1997) as well as cycling of
dormant HSC during normal physiology.(Wilson et al., 2008) However, we
observed no difference in the cycling status of LT-HSC of the aged
OSXCreSHIPflox/flox vs. SHIPflox/flox controls.
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Figure 24-SHIP1 in the MSC compartment is required for maintenance of
the HSC numbers in aged mice.
(A) Representative flow cytometry analysis of Lin-Sca-1+cKit+ (LSK) in the
WBM of SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) hosts. (B) Frequency of
LSK cells of young adult and old SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-)
hosts. (C) Representative flow cytometry plots of LT-HSC (LSKFlk2-CD34-),
ST-HSC (LSKFlk2-CD34+), and MPP (LSKFlk2+CD34+) populations in the
173

WBM of SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice. (D) Frequency of
LT-HSC (E) Frequency of ST-HSC (F) Frequency of MPP population. (For
young adult cohorts n=8 and old cohorts, n≥8/group, ±SEM *p ≤ 0.05, **p ≤
0.001 and ***p ≤ 0.0001 Student's unpaired, two-tailed t test)

Figure 25 - Cell cycle analysis in OSXCreSHIP flox/flox and SHIP flox/flox
mice
Cell cycle distribution was analyzed by Ki67 and DAPI staining of old and young
adult OSXCreSHIPflox/flox mice (-/-) vs. SHIPflox/flox controls (+/+) long-term HSC
(LSKCD34-). (A) Representative flow plots of old cohort and (B) Bar graph
depicting the percentage distribution of LT-HSC (LSKCD34-) in G0, G1 and
S+G2/M stages of the cell cycle and Ki67-DAPIhi polyploidy (“polyploid”) LTHSC (n≥5/group) of old SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-) mice. (C)
Representative flow plots of young adult cohort and (D) Bar graph depicting the
percentage distribution of LT-HSC (LSKCD34-) in G0, G1 and S+G2/M stages
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of the cell cycle of young adult SHIPflox/flox (+/+) and OSXCreSHIPflox/flox (-/-)
mice

Figure 26- Cytokine analysis in OSXCreSHIP flox/flox and SHIP flox/flox mice
Serum (A) G-CSF (B) SDF-1 (C) MMP-9 and (D) M-CSF levels in young adult
and old OSXCreSHIPflox/flox and SHIPflox/flox mice (n≥5/group, ±SEM *p ≤ 0.05
and ***p ≤ 0.0001 Student's unpaired, two-tailed t test).
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A SHIP1 DEFICIENT MSC BM MICROENVIRONMENT SKEWS HSC
TOWARD A MYELOID FATE WITH AGING
To further address the role of SHIP1 in an aging MSC compartment and their
support of normal HSC function, we analyzed HSC from young and aged
OSXCreSHIPflox/flox BM donors for their capacity to mediate global blood cell
repopulation, long-term multi-lineage repopulation and self-renewal as compared
to age matched SHIPflox/flox controls. To accomplish this, C57BL6/CD45.1 mice
were lethally irradiated and co-transplanted with equal numbers of WT (CD45.1)
BM cells and OSXCreSHIPflox/flox or SHIPflox/flox BM (on a CD45.2 background).
HSC derived from young OSXCreSHIPflox/flox and SHIPflox/flox BM donors yielded
equivalent global and multi-lineage repopulation in this competition assay (Figure
27A-C).

We then performed serial transfers of BM from these primary

reconstituted hosts into secondary irradiated WT (CD45.1) hosts and analyzed
their ability to perform both global and multi-lineage repopulation after serial
transfer - measures of HSC self-renewal. Again, no differences were observed in
global or multi-lineage repopulation capacity after serial transplantation when
HSC were derived from young OSXCreSHIPflox/flox vs. age-matched SHIPflox/flox
BM donors (Figure 27D-E).
We then analyzed HSC output of aged OSXCreSHIPflox/flox and
SHIPflox/flox BM donors in the same competition assays.

Here there was a

significant decrease in primary global repopulation efficacy of HSC derived from
OSXCreSHIPflox/flox donors vs. SHIPflox/flox controls (Figure 27F). In addition, we
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also observed significantly diminished lymphoid output, but normal myeloid
repopulation by HSC from aged OSXCreSHIPflox/flox BM donors (Figure 27G).
Upon serial transfer of BM to secondary hosts these differences became more
profound, as we found that HSC derived from aged OSXCreSHIPflox/flox mice
demonstrated significant increased global repopulation (Figure 27H) indicating
increased

proliferative

capacity

by

aged

HSC

clones

derived

from

OSXCreSHIPflox/flox mice. In addition, the myeloid output of these aged HSC was
significantly increased relative to age-matched HSC from SHIPflox/flox hosts
(Figure 27I). As seen in the primary reconstituted animals, the lymphoid output
of aged OSXCreSHIPflox/flox HSC remained significantly diminished upon serial
transfer to secondary hosts when compared to aged-matched SHIPflox/flox HSC
(Figure 27I). Thus, as they age HSC derived from hosts with a SHIP1-defcient
MSC compartment demonstrate increased contribution to global blood cell
production after serial transfer, and biased toward a myeloid differentiation fate.
These findings are consistent with previous studies demonstrating that myeloidbiased HSC have a higher self-renewal capacity and reduced lymphoid
repopulating efficacy (Muller-Sieburg et al., 2004; Muller-Sieburg et al., 2002;
Pang et al., 2011). To rule out the possibility that inappropriate deletion of SHIP1
in HSC derived from OSXCreSHIPflox/flox mice might have caused an intrinsic
effect on their function, we analyzed SHIP1 expression in OSXCreSHIPflox/flox and
SHIPflox/flox splenocytes derived from serially transplanted hosts. We observed
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equivalent

SHIP1

expression

by

hematolymphoid

cells

derived

from

OSXCreSHIPflox/flox HSC as compared to cells derived from SHIP1-competent
SHIPflox/flox HSC (Supplemental Figure 6). This analysis confirms that HSC
derived from the original OSXCreSHIPflox/flox donors remained SHIP1 competent
throughout both primary and serial transplantation.
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Figure

27-Aged

HSCs

within

the

SHIP1

deficient

MSC

BM

microenvironment exhibit skewed differentiation towards the myeloid
lineage
Primary and secondary transplants were established, where equal numbers of
WBM cells from young adult and old SHIPflox/flox (+/+) or OSXCreSHIPflox/flox (-/) donors and competed against CD45.1 (Gewinner et al.) BM cells in lethally
irradiated CD45.1 (Gewinner et al.) hosts. (A) Representative flow cytometry
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analysis of CD45.1 (Gewinner et al.) and CD45.2 (SHIPflox/flox (+/+) or
OSXCreSHIPflox/flox (-/-)) in the peripheral blood mononuclear cells (PBMC). For
young adult primary transplant (B) global and (C) multi-lineage repopulation: T
lymphocytes (CD3e+), B-cells (CD19+) and myeloid cells (Mac1+,Gr1+) in
primary transplant hosts reconstituted with young adult SHIPflox/flox (+/+) or
OSXCreSHIPflox/flox (-/-) BM HSC (4 months post-transplant). Analysis of (D)
global and (E) multi-lineage repopulation in secondary transplant hosts
reconstituted with BM from primary hosts reconstituted with young adult
SHIPflox/flox (+/+) or OSXCreSHIPflox/flox (-/-) BM HSC (4 months posttransplant).

(N=2, n=4).

Analysis of (F) global and (G) multi-lineage

repopulation in primary transplant hosts reconstituted with BM from aged
SHIPflox/flox (+/+) or OSXCreSHIPflox/flox (-/-) BM donors (4 months posttransplant).

(N=3, n=4).

Analysis of (H) global and (I) multi-lineage

repopulation in secondary transplant hosts reconstituted with BM from primary
hosts reconstituted with BM from aged SHIPflox/flox (+/+) or OSXCreSHIPflox/flox (/-) donors (4 month’s post-transplant) ((N=3, n=5, ±SEM *p ≤ 0.05, **p ≤ 0.001
and ***p≤ 0.0001 Student's unpaired, two-tailed t test)

180

Supplementary

Figure

6-

SHIP1

expression

is

normal

in

the

hematolymphoid progeny of aged OSXCreSHIPflox/flox HSC
SHIP1 expression in sorted splenic hematolymphoid cells from secondary
transplanted mice derived from WT (CD45.1) or aged OSXCreSHIPflox/flox (-/-)
(CD45.2) HSC.

β-actin served as a loading control.

Representative of 3

independent sorts from 3 different serial transplant hosts.
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DISCUSSION
Our findings provide the first direct demonstration that SHIP1 expression in the
MSC compartment plays a pivotal role in maintaining HSC homeostasis,
sustaining their lymphoid output, and limiting myelopoiesis during mammalian
aging. Future analysis of the cellular and molecular perturbations that occur in the
SHIP1-deficient MSC compartment with age may provide insights into how these
cells exert control over HSC function during aging. Whether SHIP1 prevents the
emergence of a G-CSF producing MSC subset during aging or simply represses
its induction in all MSC may prove informative. We hypothesize then that loss of
SHIP in the MSC of OSXCreSHIPflox/flox mice leads to qualitative changes in
these niche cells during aging (e.g., increased G-CSF production) that may
promote epigenetic modifications in HSC. These changes would then be inherited
and manifest upon serial transfer of these HSC. Our findings further suggest that
loss of SHIP1 expression or activity in the aging MSC compartment could
contribute to the increased incidence of myeloproliferative syndromes, bone
marrow failure and the development of myeloid malignancies in aging humans. If
loss, or significantly diminished, SHIP1 expression is confirmed in such patients,
then therapeutic strategies to increase SHIP1 enzymatic activity might be
explored in myeloproliferative and bone marrow failure syndromes.
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ABSTRACT
Obesity and diabetes have an adverse impact on overall health that includes
increased risk of stroke, myocardial infarct, cancer, osteoarthritis and dementia.
Increased consumption of energy dense foods containing large amounts of fat and
sugar has contributed to an obesity and diabetes epidemic in both developed and
developing nations. This looming health crisis poses a daunting economic
challenge that threatens the sustainability of health care delivery worldwide.
Changes in diet and exercise can reduce the incidence of obesity and diabetes, but
compliance limits the success of life-style associated changes. Bariatric surgery is
a proven and effective treatment; however it comes with significant risks and
failures that include diabetic relapse. Thus, novel strategies are needed to avert a
looming epidemic of obesity and diabetes. Previous work by others has shown
that SHIP2-/- mice are resistant to diet-induced obesity and diabetes. Here we
show that mice with a SHIP1-deficient mesenchymal stem cell compartment fail
to accumulate excess body fat as they age. This led us to hypothesize that panSHIP1/2 inhibition (SHIPi), if tolerated, might reduce obesity and improve blood
sugar control during aging and/or with consumption of a high fat diet. Here we
show that treatment of aging mice with SHIPi can reduce accumulation of excess
body fat during aging and reverse it in spite of continued high caloric intake.
Moreover, SHIPi improves blood glucose control without the development of
insulin resistance in mice on a high calorie diet. Thus, SHIP1 and 2 are molecular
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targets in obesity and diet-induced diabetes that can be coordinately inhibited
without apparent toxicity or morbidity.
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INTRODUCTION
Obesity has become an emerging worldwide epidemic; obese individuals
are prone to several metabolic disorders such as diabetes, cardiovascular diseases,
hypertension, cancer and other comorbidities. Hence, obesity poses as a major
health and economic threat in the coming decades. The most common obesityassociated co-morbidity is type 2-diabetes mellitus, as obese individuals are more
likely to develop insulin resistance that impairs glucose homeostasis.
The global incidence and prevalence of type 2-diabetes is projected to
double to 350 million cases by the year 2030(Wild et al., 2004), with expenditure
attributed to diabetes estimated to $245 billion(2013) in 2012 in the United States
alone. Therapeutic approaches and or targets to obesity and diabetes are rather
inadequate and few. Current therapies to combat obesity have emerged in the
recent years pose significant side effects. Potential weight-loss drugs such as
Orlistat (Xenical) Lorcaserin (Belviq) and Qysmia (phentermine/topirmate) are in
use, these drugs to cause minimal weight loss but cause high rate of
gastrointestinal side effects, possible concern for kidney function and may also
cause cardiotoxicity.
The association of obesity and diabetes has been well documented, several
mechanisms and molecular insights have been proposed.(Jonk et al., 2007;
Qatanani and Lazar, 2007) Energy metabolism is mainly regulated the hormone
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insulin, molecular mechanisms that lead to insulin resistance, the initiating factor
of development of type 2-diabetes remain unclear. Insulin is secreted by the beta
cells of the pancreatic islets of the langerhans; the metabolic functions of insulin
are tissue-specific. Insulin receptor signaling pathway is activated upon insulin
binding to its receptor it leads to phosphorylation the insulin receptor substrate
(IRS). PI3K pathway is activated upon IRS phosphorylation; the downstream
mediators of the PI3K pathway such as Akt mediate several metabolic effects of
insulin such as glucose transport, glycogen synthesis, lipid and carbohydrate
metabolism.
Lipid phosphatases, PTEN (Phosphatase and tensin homolog) and SHIP
(SH2 domain-containing inositol 5'-phosphatase, SHIP1 and SHIP2) are critical
regulators of PI3K pathway. The hydrolysis of the 5’ phosphate of PI (3,4,5) P3
gives SHIP the ability to oppose phosphatidyl inositol 3’ kinase (PI3K) activity,
thereby regulating a variety of cellular signaling pathways. PTEN and its
emerging role in obesity and insulin resistance have recently gained substantial
attention. PTEN is a major regulator of the PI3K pathway in many cell types,
disruption of PTEN embryonically is lethal, hence, several tissue-specific
knockouts have been made to explore the role of PTEN in insulin signaling
regulation and action. Increase of PTEN gene expression in soleus muscle isolated
from the obese Zucker rats was suggested to be associated with insulin
resistance.(Lo et al., 2004) In addition, studies conducted by Butler et. al.
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demonstrated that specific antisense oligonucleotides (ASOs) targeting PTEN and
therefore dampening PTEN expression lead to improvement of blood glucose
homeostasis and insulin sensitivity in diabetic mice.(Butler et al., 2002) Musclespecific knockout of PTEN(Wijesekara et al., 2005) protected against insulin
resistance and diabetes, and liver-specific knockout of PTEN(Stiles et al., 2004)
lead to insulin hypersensitivity(Stiles et al., 2004), hepatocellular carcinoma and
steatohepatitis(Horie et al., 2004), raising concerns regarding therapeutically
targeting PTEN in the liver.
SHIP2 has been extensively studied in context with obesity, insulin
signaling and glucose metabolism both in vitro and in vivo. Clement et.al.
demonstrated that SHIP2 germline deficient mice had enhanced insulin
sensitivity(Clement et al., 2001) and Sleeman et.al. group displayed the same
increased insulin sensitivity in addition to resistance to diet-induced obesity only
when the mice were fed high fat diet.(Sleeman et al., 2005) Some polymorphisms
in SHIP2 (INPPL1) have been shown to be associated with an increased incidence
of obesity, type 2-diabetes and other metabolic syndrome.(Kaisaki et al., 2004;
Marcano et al., 2007; Marion et al., 2002) A polymorphism in the catalytic
domain of SHIP2 (Kagawa et al., 2005) might that may confer protection from
insulin resistance was identified in normal Japanese population. A significant role
of SHIP1; has yet to be established in context with insulin resistance and obesity.
Several pathophysiological diseases such as osteoporosis(Takeshita et al., 2002),
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pulmonary myeloid infiltration and lung consolidation (Kerr et al., 2011) are
associated with germline SHIP1 deficient mice, rendering them less feasible to
study metabolic disorders such as insulin, tissue specific knockouts have not been
made. We noted in mice that are SHIP1 deficient in the MSC/osteoprogenitor
compartment(Iyer et al., 2014) that body fat declined significantly as the mice
aged such that they were protected from aging associated accumulation of body
fat. This led us to test whether chemical inhibition of SHIP1 (SHIPi) could
reduce or prevent obesity. Here we show that treatment of aging mice with SHIPi
reduces their body fat composition significantly. We also find that SHIPi can
reverse diet-induced obesity in young adult mice.

Using both genetic and

chemical approaches our findings demonstrate that SHIP1 is a novel target for
control of obesity and, moreover, describe a therapeutic approach that might be
rapidly implemented for obesity control.
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MATERIALS AND METHODS
MICE
SHIPflox/flox mice(Wang et al., 2002) were bred with Osterix Cre(Rodda and
McMahon, 2006) transgenic mice (Jackson Laboratory, Bar Harbor, ME) to
generate OSXCreSHIPflox/flox mice where SHIP1 is deleted in MS/PC. Male and
female mice were 6-8 month old C57BL6/J retired breeders were purchased from
Charles River. Diet-induced obesity (DIO) C57BL6/J mice were 4 to 5 month old
males purchased from Jackson Labs. DIO-C57BL6/J mice were fed a high fat 60
kcal% diet (Research Diets D12492) ad libitum. The SUNY Upstate Medical
University Committee for Humane Use of Animals approved all animal
experiments.
3AC AND K118 TREATMENT OF MICE
For in vivo administration, 3AC was suspended in a 0.3% Klucel/H20 solution at
11.46mM. Vehicle treated mice received a 200ml injection of 0.3% Klucel/H20
solution. The final concentration of 3AC in the treated mice was 60mM. K118
was dissolved in water and was injected at 10mg/kg. Vehicle group for K118
were injected with pure H20.
K118 FP ASSY
K118 and its SHIP1 inhibitory activity as measured by a fluorescent polarization
assay designed for 5′-inositol phosphatases (Echelon Biosciences). Fluorescent
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polarization assay was previously described.(Brooks et al., 2010)(and Brooks et.al
2014)
DEXA ANALYSIS
Body composition was measured pre and post treatment with a PIXImus2
bone densitometer (GE, Madison, WI), and analyzed with software version 1.46
and 2.10 due to system upgrade. Results from both versions were essentially the
same, and all results are reported using version 2.10. Mice were anesthetized with
isoflourane throughout body scan.
BLOOD GLUCOSE
Peripheral blood glucose levels were assessed using an Accu-Chek
Compact Plus meter. Control solution was used to verify the validity of the meter
prior to data collection for each treatment group. Glucose was measured both ad
libitum and after the mice had fasted for 8 hours. Anesthesia was not used during
sample collection.
GLUCOSE TOLERANCE TEST
To test for impairment of glucose disposal, glucose tolerance tests were
performed using the same Accu-Chek meter and control solution protocol as
above. Mice were fasted for 15 hours and then monitored for 120 minutes after
i.p. injection of 2g glucose/kg body weight. Anesthesia was not used when
collecting samples.
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CHOLESTEROL
Blood clinical chemistries were assessed at the Animal Clinical Core
Facility of University of North Carolina-Chapel Hill, using an automated
chemical analyzer, Vitro350 (Ortho-Clinical Diagnostic Inc. Rochester, NY).
CYTOKINE ANALYSIS
Ad libitum and post-fasting (8hr) peripheral blood was collected into
Sarstedt

serum

tubes.

Blood

was

processed

as

per

manufactures

recommendations, serum was collected and frozen at -20°c. Serum samples were
diluted 1:4 for the insulin and leptin assays following protocol guidelines.
Samples were processed according to the Bio-Rad Bio-Plex Diabetes Assay
Manual, and were read on a Bio-Rad Bio-Plex 200 instrument. Samples were
processed by the SUNY Upstate Microarray Core Facility.
STATISTICAL ANALYSIS
All statistical analyses were performed using the statistical software Prism 5.0
(GraphPad, San Diego, CA
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RESULTS
AGE-ASSOCIATED ACCUMULATION OF EXCESS BODY FAT IS
PREVENTED BY SHIP1 DEFICIENCY IN MESENCYCHMAL
COMPARTMENT OR SHIPI
We had previously developed OSXCreSHIPflox/flox mice that early in life
exhibit impaired bone development due to impaired mesenchymal stem cell
development toward osteoblasts.(Iyer et al., 2013) We noted also that as
OSXCreSHIPflox/flox mice age (3-8 months) their percent body fat declines and
remains significantly lower than SHIP1-competent SHIPflox/flox controls that like
typical C57BL/6 mice accumulate increased body fat with age(Jacobson, 2002;
Turturro et al., 1999) (Fig. 28A). These genetic findings revealed an unanticipated
and pivotal role for SHIP1 in promoting accumulation of excess body fat during
aging. We noted that mutation of the SHIP1 paralog, SHIP2, also promotes
resistance to diet-induced obesity and diabetes.(Sleeman et al., 2005) We
hypothesized then that treatment of adult or aging mice with a pan-SHIP1/2
inhibitor, 3AC(Brooks et al., 2010; Fuhler et al., 2012), (SHIPi) might reduce
body fat content. This was then tested by pulsatile SHIPi treatment of aged
C57BL/6 mice that have begun to accumulate excess body fat and then assessing
their body fat content via whole body DEXA imaging. (Fig. 28B) This analysis
confirmed that small molecule targetting of SHIP1/2 in vivo is a feasible approach
to reverse the accumulation of excess body fat during aging.
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Figure 28-Age-associated loss of fat in SHIP-deficient MS/PC and 3AC
treated mice and Structure of pan SHIP1/2 inhibitor, K118 and its SHIP1
inhibitory activity as measured by a fluorescent polarization assay
designed for 5′-inositol phosphatases (Echelon Biosciences).
(A)Percent total-body fat in 16-48 week OSXCreSHIPflox/flox (-/-) and SHIPflox/flox
(+/+) controls (n≥30). (B) Percent total-body fat in 3AC treated and vehicle mice
(n≥15). All results are expressed as mean ±SEM, Student's unpaired, two-tailed t
test *p ≤ 0.05. (C) Structure of K118. (D) SHIP1 and SHIP2 inhibitory activity
measured FP assay.
K118 REDUCES THE ACCUMULATION OF BODY FAT WITHOUT
REDUCING BONE DENSITY IN AGING MICE.
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We recently developed a 3AC analog, K118 (Fig. 28C), that is moderately
SHIP1-selective but that targets SHIP2 with comparable potency as determined
by a fluorescent polarization (FP) assay that measures SHIP1(Brooks et al., 2010)
or SHIP2(Drees et al., 2003) enzymatic activity (Fig. 28D). Importantly, K118 is
significantly more water-soluble and thus represents a more attractive candidate
for pharmacological targeting of SHIP1 vs. 3AC which has poor aqueous
solubility.(Brooks et al., 2010) As C57BL/6 mice age they are prone to obesity
and development of diabetes(Almind and Kahn, 2004; Jacobson, 2002; Turturro
et al., 1999). We hypothesized that like 3AC,K118 might decrease age-associated
weight and body fat increases in C57BL/6 mice. Thus, we performed pulsatile
K118 treatment (2X/week; 10mg/kg) of aged male and female C57BL/6 mice (912m) for 1 month. During the treatment we monitored body weight and food
intake and after treatment we then measured percent body fat, BMD and bone
mineral content (BMC) in vehicle and K118 treated groups.

This analysis

revealed that K118 was quite effective at reducing body fat and consequently
body mass (weight) in aging C57BL/6 mice of both sexes (Fig. 29A-F).
Importantly, we observed no significant difference in food intake between the
treatment groups in either gender (Fig. 29E-F) indicating K118 does not mediate
this effect via appetite suppression. However, unlike our previous studies with
3AC we found that K118 does not significantly reduce BMD or BMC
(Supplemental Figure 7). There are three major pathologies that limit the viability
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and health of germline SHIP1 mutant mice and adult MxCreSHIPflox/flox mice with
induced SHIP1 deficiency that include severe inflammation of the lungs(Brooks
et al., 2010; Helgason et al., 1998) and small intestine(Kerr et al.; Park, 2104) as
well as osteoporosis.(Takeshita et al., 2002) We find that pulsatile K118 treatment
for one-month period did not lead to any of these pathologies as K118-treated
mice had normal bone density and mineral content (Suppl. Fig. 7A-D) and lacked
any evidence of inflammation in the lungs or small intestine (Suppl. Fig. 8).
Moreover, no significant morbidity or mortality was observed in K118 treated
mice. Thus, K118 can prevent or reduce age-associated weight gain and obesity
without adversely impacting the health and viability of the host.
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Figure 29- Phenotypic analysis of K118 treated aged male and female
mice
Analysis of before (Pre-Tx) and after K118 and vehicle treatment of body-weight
(A) Aged male (B) Aged female mice. Analysis of body-fat (C) Aged male (D)
Aged female mice. Analysis of cumulative food intake (grams/day/group) (E)
205

Aged male (F) Aged female mice. All results are expressed as mean ±SEM,
Student's unpaired, two-tailed t test *p ≤ 0.05, (n≥10).

Supplementary Figure 7-K118 treatment does not negatively impact the
BMD and BMC in aged male and female mice.
Analysis of before (Pre-Tx) and after K118 and vehicle treatment of Bone mineral
density (A) Aged male (B) Aged female mice. Bone mineral content (C) Aged
male (D) Aged female mice. All results are expressed as mean ±SEM, Student's
unpaired, two-tailed t test *p ≤ 0.05, (n=10).
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Supplementary Figure 8-Histological appearance of the ileum and lungs
of K118 and vehicle treated mice
Histological appearance of the ileum (A-B) and lung (C-D) of C57BL/6J mice
administered K118 (A, C) or vehicle (B, D), showing no significant lesions,
including absence of Crohn’s disease-like ileitis and absence of eosinophillic
crystalline pneumonia, characteristic of germ line SHIP-/- mice.
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K118-MEDIATED SHIPI PREVENTS DIET-INDUCED OBESITY AND
DIABETES
To further test the ability as a potential therapeutic we wanted to
determine if K118 could prevent or reverse obesity and weight gain in young
adult C57BL6 mice (12-16 week old) placed on a caloric diet (HCD) that consists
of 60 kcal% fat; henceforth, DIO mice.(Surwit et al., 1988)

C57BL6 mice

maintained on a HCD uniformly develop both obesity and diabetes.(Surwit et al.,
1988; Winzell and Ahren, 2004)

DIO mice (3-4 months of age) that were

maintained on a HCD since weaning were purchased from Jackson Laboratories
and maintained on the HCD for the duration of the study. Hence study mice were
obese prior to initiation of K118 treatment (2X/week, 10mg/kg). As before K118
treatment was performed for one month. After K118 or vehicle treatment we
examined weight, (Fig. 30A-C) food intake, (Fig. 30D) gross comparison of fat
depots,(Fig. 30E) % body fat,(Fig. 30F).

BMD and BMC were measured

(Supplemental Fig. 10 A,B). We found that K118 treated mice lost a significant
amount of body weight during the study (Fig. 30A-C) and the vehicle group
retained or increased their body mass during the one-month study (Fig. 30A-C).
The weight difference between the K118- and vehicle-treated mice was readily
apparent upon visual examination of the mice (Fig. 30C). The weight loss could
not be attributed to appetite suppression, as there was no significant difference in
food intake, between the K118 and vehicle groups (Fig. 30D). K118-treatment
also reduced leptin production in HCD mice and therefore the leptin resistance
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that occurs in HCD mice was also averted by K118 treatment(Lin et al.,
2000)(Table 6). In addition, K118 treated mice had visibly less fat depot storage
(Fig. 30E) significantly lower percent body fat as compared to pre-treatment and
vehicle mice (Fig. 30F) while vehicle treated mice show a significant increase in
percent body fat (Fig. 30F) as compared to pre-treatment mice, consistent with the
well-documented response C57BL/6 mice to a HCD. Next, we examined the fat
depot tissue (i.e. brown and white fat) by staining with hemotoxylin and eosin
(HE). Histological examination by HE revealed that brown adipocytes tissue
(BAT) from K118 treated mice were more abundant (numerous nuclei) with
smaller and multiple lipid droplets (Supplemental Figure 9A-B) in comparison to
vehicle treated mice. White adipocytes tissue (WAT) of vehicle mice had large
and unilocular lipid droplet (Supplemental Figure 9C), the morphological features
were consistent throughout the entire WAT from vehicle treated mice. WAT
of K118

treated

mice

had

less

homogenous

morphological

features.

(Supplemental Figure 9C) Frequency distribution of white adipocyte cell surface
area of K118 mice showed a higher number of small cells with less area than
vehicle mice. (Supplemental Figure 9D) Consistent with the reduced body fat we
observed reduced total cholesterol levels in the serum of K118-treated HCD mice
(Table 6). Importantly, K118 did not adversely impact BMD or BMC in C57BL6
mice on a HCD. (Supplemental Fig. 10A-B) Taken together, these data indicate
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that pan-SHIP1/2 inhibition by K118 is a potent anti-obesity agent that reverses
body fat and weight gain while retaining consumption of a high caloric diet.
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Figure 30- Phenotypic analysis of K118 treated DIO-mice.
(A) Body-weight measured from the beginning to the end of the vehicle or K118
treatment. (B) Change in body-weight (%) in DIO-C57B6 mice from the
beginning to the end of the vehicle or K118 treatment. (C) Representative pictures
DIO-C57B6 mice after either vehicle or K118 treatment. (D) No change in food
intake in either vehicle or K118 treated DIO-C57B6 mice. (E) Representative
gross comparison of fat depots in DIO-C57B6 mice after either vehicle or K118
treatment. (F) Percent total body fat of DIO-C57B6 mice before (Pre-Tx) and
after K118 and vehicle treatment. All results are expressed as mean ±SEM,
Student's unpaired, two-tailed t test *p ≤ 0.05, (n≥10).
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Supplementary Figure 9- Histological analysis of Brown and white
adipose tissue from Vehicle and K118 mice one-month post treatment
(A) Representative sections stained with HE of BAT; each slide represents an
individual mouse. (B) Nuclei/slide were counted using ImageJ analysis software
in BAT HE sections, (C) Representative sections stained with HE of epididymal
WAT; each slide represents an individual mouse. (D) Frequency distribution of
adipocyte cell surface area from Vehicle and K118 cohorts, Images were analyzed
with Wimasis image analysis software.
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Table 6-Total cholesterol and Leptin in treated DIO mice.
Data are expressed as the mean ± s.e.m. Student's unpaired, two-tailed t test *p ≤
0.05 (n≥6).
Supplementary Figure 10- K118 treatment in DIO-C57B6 mice does not
affect BMD and BMC.

(A) Bone mineral density and (B) Bone mineral content of pre and post treatment
vehicle and K118-DIO-C57B6 mice. All results are expressed as mean ±SEM,
Student's unpaired, two-tailed t test *p ≤ 0.05.
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K118 TREATMENT IMPROVES GLUCOSE TOLERANCE IN DIO MICE
Obesity is a complex metabolic disorder that predisposes individuals to several
co-morbidities, such as type 2 diabetes mellitus. DIO mice are a well-studied
model of diet-related obesity and its leading co-morbidity, type 2 diabetes(Surwit
et al., 1988; Winzell and Ahren, 2004). In addition, DIO mice demonstrate insulin
resistance, characterized by high plasma levels of insulin and glucose.(Surwit et
al., 1988; Winzell and Ahren, 2004)

Because K118 treatment substantially

reduces fat accumulation and weight gain in DIO mice, we further investigated
whether K118 treatment improves impaired glucose control that is observed in
DIO mice. We measured fasting and ad libitum blood glucose and insulin levels
and performed the intraperitoneal glucose tolerance test (IGTT) on fasted DIO
mice. As described DIO mice were maintained on HCD during treatment with
K118 (2X/week, 10mg/kg). After 1 month we examined fasting and ad libitum
blood glucose, (Fig. 31A-B) fasting and ad libitum insulin,(Fig. 31C-D) the
fasting and ad libitum insulin:glucose ratio,(Fig. 31E) and IGTT on fasted DIO
mice (Fig. 31F). We found that K118 treated DIO mice significantly reduced
blood glucose levels in comparison to pre-treatment and vehicle after one-month
of K118 treatment. (Fig.31A-B). In addition, K118 treated mice had significantly
lower serum insulin levels as compared to vehicle mice (Fig. 31C-D), consistent
with DIO phenotype. The insulin:glucose ratio is a clinical measure of insulin
resistance(Winzell and Ahren, 2004), and studies by Winzell et al demonstrated a
progressive increase in the insulin:glucose ratio in HCD fed C57BL/6 mice with
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age.(Winzell and Ahren, 2004) We also observed a significant decrease the
insulin:glucose ratio in K118 treated DIO mice in comparison to vehicle mice
(Fig. 31E), suggesting that K118 treated DIO mice have greater insulin
sensitivity. Importantly, we observed improved glucose tolerance in K118 treated
mice in comparison to vehicle mice, as demonstrated by their response in the
glucose tolerance test (Fig. 31F). These data indicate that pan-SHIP1/2 inhibition
by K118 can significantly improve control of blood sugar and improve insulin
sensitivity in obese individuals in spite of continued consumption of a high caloric
diet.

215

Figure 31- K118 treatment in DIO-C57B6 mice improves their impaired
glucose homeostasis.
Analysis on pretreated mice (Pre-Tx), vehicle and K118 treated DIO-C57B6
mice, (A) Fasting and (B) Ad libitum blood glucose levels (mg/dL) in (n=10).
(C) Fasting and (D) Ad libitum serum insulin levels (pg/ml), (n=10), (E)
Fasting and Ad libitum serum insulin levels to blood glucose in vehicle and
K118 treated DIO-C57B6 mice, (n=10). (F) Intraperitoneal glucose tolerance
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test on vehicle and K118 treated DIO-C57B6 mice, (n=6). All results are
expressed as mean ±SEM, Student's unpaired, two-tailed t test *p ≤ 0.05.
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DISCUSSION
SHIP1 and SHIP2 are physiologically important regulators of insulin
signaling that promote PI3K mediated signaling. In this present study, we
examine the role of dual inhibition of SHIP1 and SHIP2 in controlling aging-and
diet-associated obesity and diabetes. Glucose homeostasis is perturbed in type 2diabetes, which leads to insulin resistance. The effects of insulin signaling
mediated by PI3K and its key regulators SHIP2 and PTEN have been studied
extensively. SHIP2 and PTEN play important roles in regulation of the metabolic
action of insulin and have been implicated in type 2-diabetes with insulin
resistance. Hematopoietic-restricted role of SHIP1 has been extensively studied in
context with fine-tuning of phosphoinositide signaling in hematopoietic lineages;
however, our group is the first to demonstrate novel and significant role of SHIP1
in non-hematopoietic lineage, mesenchymal stromal stem cells in recent
years.(Hazen et al., 2009; Iyer et al., 2014)
Mice that have are SHIP1 deficient in the MSC compartment(Iyer et al.,
2014) display an osteoporotic phenotype due to defective osteoblast development.
Interestingly, these mice also display an age-associated decline in body fat, such
that they were protected from aging associated accumulation of body fat. This led
us to test whether chemical inhibition of SHIP1 (3AC) could reduce or prevent
obesity. We utilized aging mice for 3AC treatment and we observed reduction of
their body fat composition significantly. However, consistent with osteoporotic
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phenotype seen we germline-SHIP knockout mice and SHIP1 deficient in the
MSC mice, we also observed a significant reduction in bone mineral density and
bone volume/ tissue volume.(Iyer et al., 2014)
Previous work by others has shown that SHIP2-/- mice are resistant to diet
induced obesity and diabetes.(Clement et al., 2001; Sleeman et al., 2005) This led
us to hypothesize that pan-SHIP1/2 inhibition (SHIPi), if tolerated, might reduce
obesity and improve blood glucose control during aging and/or with consumption
of a high fat diet.
We explored the dual inhibition of SHIP1 and SHIP2 by SHIPi in agingmice and in DIO-mice as animal models to study age- and diet-associated obesity
and insulin resistance. We demonstrate that SHIPi can reverse aging-associated
and diet-induced obesity in mice. We found that SHIPi induced fat loss and
blocked body weight gain in DIO-mice with no change in intake of food,
suggesting that weight-reducing effect of SHIPi are not caused by suppression of
appetite. Histological analysis of adipose tissue, revealed an approximately 30%
increase in heat-generating BAT cells per field in SHIPi treated in comparison to
vehicle treated mice on HCD, in addition a higher frequency small (size, by area)
WAT cells were observed by detailed WAT morphological analysis. Contribution
of BAT to increase in energy expenditure and therefore protect against weight
increase and obesity has been suggested.(Kontani et al., 2005) Uncoupling
proteins found in the inner membrane of mitochondria of BAT(Kontani et al.,
219

2005) and skeletal muscle(Choi et al., 2007) is suggested to dissipate
mitochondrial proton gradient and expend energy as heat and increase lipid
metabolism. UCP1 is primarily found in BAT, UCP3 is in skeletal muscle,
however, it is suggested that low levels of UCP3 in BAT may have substantial
effect on lipid metabolism and therefore, basal metabolic rate. The expression of
the thermogenic gene UCP-3 was increased by six-fold in SHIP2knockout(Sleeman et al., 2005) that display increase in basal metabolic rate on
HCD.
In addition, in vitro studies conducted UCP3-overexpressing myotubes
increases glucose transport and metabolism in skeletal and cardiac muscle cells in
a PI3K dependent manner.(Huppertz et al., 2001) UCP3 overexpression increases
PI3K activity and GLUT4 translocation to stimulate glucose transport. Hence,
implicating an important role of skeletal muscle in regulation of glucose
metabolism.
In association to obesity are an array of associated metabolic disorders
such as type-2 diabetes induced insulin resistance, cardiovascular diseases and
hypertension. DIO-C57BL/6 mice serve as an ideal model to study diet-induced
insulin resistance, hence we explored the therapeutic potential of SHIPi in DIOmice in context with insulin resistance. Consistent with the regulatory role of
SHIP proteins in insulin stimulated PI3K signaling, we showed that SHIPi
reduced blood glucose, insulin levels and improved glucose tolerance in insulin
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resistant DIO-mice. Our data suggest that SHIPi treatment that may leads to
increase in heat-generating BAT cells and therefore, induction of UCP1 in BAT
and/or UCP3 in skeletal muscle for regulation of glucose and energy dissipation.
In conclusion, we found that SHIPi reduces in body fat aged mice and
prevents the development of obesity by HCD in DIO-mice. SHIPi ameliorates
glucose tolerance in DIO-mice without adversely impacting the BMD or BMC.
These study sheds light on dual roles of SHIP proteins in glucose metabolism and
adipocyte regulation. Thus, SHIP1/2 are potential targets in obesity and dietinduced diabetes with apparent toxicity or morbidity.
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CHAPTER 5 DISCUSSION AND SIGNIFICANCE
SHIP1 is a critical inositol phospholipid-signaling component that is
clearly required for the normal development of blood lineages. Little however is
known about SHIP1 function outside this lineage. These findings led us to
question whether SHIP1 plays a functional role during osteolineage development
from MSCs that contribute to the low bone mass phenotype of SHIP1-deficient
mice (Takeshita et al., 2002). Previous findings indicate that SHIP1 expression
occurs in primary OBs, and that OBs development is defective in SHIP1-deficient
mice (Hazen et al., 2009). We hypothesized that the mesenchymal expression of
SHIP1 is essential for efficient development of OBs; normal body growth and
bone formation is impaired in mice that lack osteolineage expression of SHIP1.
Our findings are the first to show a novel role of SHIP1 in promoting
lineage commitment in MSCs, rather than simply acting as an inhibitor of cell
survival and function in differentiated cells. MSCs can differentiate into various
cell types that include HSC-supportive osteoblasts, as well as chondrocytes,
adipocytes, or myocytes, depending on signals derived from the cellular
environment. Bone morphogenetic proteins (BMP) and transforming growth
factor-β (TGF-β) play opposing roles in regulating MSC differentiation to OBs.
For instance, BMP signaling stimulates osteoblast differentiation while TGF-β
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suppresses osteoblast differentiation and maturation (Alliston et al., 2001; Maeda
et al., 2004). Alliston et al. demonstrated that the transcriptional repression
mechanism of core-binding factor α1 (Cbfa1), a key regulator of OB function,
proliferation, and differentiation (Karsenty et al., 1999), is mediated by SMAD3
and SMAD4 in a TGF-β dependent manner (Figure 32). Furthermore, canonical
Wnt/β-catenin signaling regulates different stages of osteoblast differentiation and
evidence suggests that TGF-β regulates β-catenin signaling via PI3K during
osteoblastogenesis of human MSC (Zhou, 2011) (Figure 32).

Figure 32-Role of SHIP1 in bone biology.
TGF-β and IGF signaling can be mediated via the PI3K pathway where AKT is
regulated by both the SHIP1 substrate PI(3,4,5)P3 and product PI(3,4)P2. AKT
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signaling leads to GSK3β inhibition, which increases β-catenin levels, and
subsequently increases Id2 levels. The Smad pathway is also activated by the
TGF-β receptor complex, which represses cbfa1 and osteocalcin, and thus inhibits
osteoblast differentiation. The Smad complexes can upregulate SHIP1, which
binds to USP1 and blocks Id2. In the absence of SHIP1, USP1 deubiquitinates Id2
and prevents its degradation leading to increased MSC proliferation and less
differentiation to OB (Iyer et al., 2013).
FUNCTIONAL ROLE OF SHIP1 IN MSC
The MSC/osteoblastic requirement for SHIP1 that we have identified
represents the first function demonstrated for SHIP1 in a cell type that is not a
component of the hematolymphoid compartment. We demonstrated that SHIP1
cell-autonomously limits signaling pathways that promote MSC proliferation
and/or survival, and potentially facilitate MSC differentiation toward an
osteoblast fate. Over-expression of the Id2 (inhibitor of differentiation 2)
transcription factor has been shown to promote MSC proliferation while
selectively blocking osteolineage differentiation (Williams et al., 2011).
Moreover, co-ordinate over-expression of the deubiquitinase USP1 has been
shown to be necessary for preventing proteasomal degradation and sustaining
expression of Id2 at levels sufficient to promote MSC proliferation and block
osteoblast differentiation (Williams et al., 2011). In HSCs, up-regulation of Id2 by
β-catenin also suppresses myeloid differentiation and expands the hematopoietic
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precursor population (Perry et al., 2011). We showed that SHIP1 limits Id2 levels
in MSCs, thus facilitating osteoblast development, potentially by sequestering
USP1, and thereby preventing its interaction with its target Id2 (Figure 32). In
support of this hypothesis, we have observed a significant increase in Id2
expression in SHIP1-deficient MSCs, both prior to and upon osteogenic
induction. Bone morphogenic proteins (BMPs) that promote either MSC cycling
(TGF-β) or osteolineage differentiation (BMPs) do so by activating SMAD family
transcription factors, including SMAD4 (Peng et al., 2004). BMPs have also been
shown to induce expression of Ids in a SMAD4-dependent fashion (Peng et al.,
2004). On the contrary, SMAD family transcription factors induced by TGF-β and
LPS can induce SHIP1 expression (Pan et al., 2010). Thus, we propose that
SMAD4-mediates induction of SHIP1 downstream of multiple osteogenic factors,
thus serves as a molecular switch to promote osteolineage commitment by MSCs
(Figure 32). SMAD4 induction of SHIP1 in MSCs/osteoprogenitors would then
provide a negative feedback loop for the effects of BMPs on MSCs by repressing
USP1/Id2 in order to limit MSC cycling, thus promoting their differentiation to
osteoblasts. Park et al. demonstrated that super-physiological expression of Id2
promotes adipocyte differentiation by promoting PPARg activity in adipocyte
progenitors (Park et al., 2008). Thus, increased expression of Id2 in SHIP1deficient MSCs corresponds with reduced OB differentiation and increased
adipogenesis (Figure 33). Therefore, SHIP1 may regulate a switch that controls
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the USP1/Id2 axis and would thus influence stem cell self-renewal versus lineage
commitment of MSC.

Figure 33- Differntiation of SHIP-competent and SHIP-deficient MSC.
Multipotential BM-derived MSCs from SHIP-competent SHIPflox/flox mice express
low levels of USP1 and Id2 proteins, proliferate normally and differentiate into
osteoblasts and adipocytes with normal efficiency. However, SHIP-deficient
OSXCreSHIPflox/flox MSCs over express USP1 and Id2 that lead to vigorous
proliferation of MSCs, and in addition, limit their capacity to differentiate into
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osteoblasts. Upon adipocyte induction, more OSXCreSHIPflox/flox MSCs are
available to differentiate towards an adipocytic fate.
SHIP-/-

germline

mice

have

previously

been

reported

to

be

osteoporotic.(Takeshita et al., 2002) However, this pathology was attributed to the
hyper-resorptive activity of myeloid-derived osteoclasts (OC) (Takeshita et al.,
2002), resulting from unopposed PI3K signaling at DAP12-associated
receptors.(Peng et al.) These findings suggested that SHIP1 prevents hyperresorptive activity by myeloid-derived osteoclasts and that this myeloid signaling
role for SHIP1 prevents osteoporosis (Takeshita et al., 2002). However, we find
that mice with myeloid-restricted ablation of SHIP1, including osteoclasts, show
no reduction in growth, bone development or mineralization. Hence, osteoporosis
in the SHIP1-deficient host results from loss of osteolineage expression of SHIP1.
Our findings also have potential therapeutic implications for Paget’s disease, and
particularly Paget kindreds, where GWAS analysis has implicated a genetic locus
at 2q37 where the human SHIP1/INPP5D gene is located (Hocking et al., 2001).
If human SHIP1 deficiency is found to be associated with disease in these
kindreds, then our findings suggest that a hematopoietic marrow graft to replace a
hyper-resorptive OC compartment may not be beneficial. The disease pathology
would likely occur due to SHIP-deficiency in mesenchymally derived OB.
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AGING OF SHIP-DEFICIENT MESENCHYMAL STEM CELL
COMPARTMENT
The BM microenvironment undergoes functional changes during aging,
causing expansion of myeloid biased HSCs in an age-dependent manner
(Beerman et al., 2010). In addition, qualitative changes to the bone architecture
(i.e. increased osteoclast activity and decreased osteoblast activity) and enhanced
adipogenesis occur with aging (Bellantuono et al., 2009; Wagner et al., 2008). We
observed qualitative changes in the aging BM microenvironment in the SHIP1deficient MSC mice (see Appendix Figure 1).
Diminished bone mass that was observed in OSXCreSHIPflox/flox mice up to 6
months of age occurred concurrently with dysregulated fat mass accumulation,
such that fat content was higher initially in OSXCreSHIPflox/flox mice, and then
decreased to be less than observed in SHIPflox/flox mice as the mice aged (Appendix
Figure 36B). OSXCreSHIPflox/flox mice were runted when compared to SHIPflox/flox
mice independent of age, despite an age-associated acceleration in the rate of
longitudinal bone growth (Appendix Figure 36A). The osteoclasts, as measured by
the TRAP assay, were consistently fewer in an age-independent manner
(Appendix Figure 36C-D, in vitro osteoclast differentiation measured by the
TRAP assay in 2year old cohorts). Interestingly, we observed an age-dependent
increase in osteoprotegerin (OPG), a TNF receptor family member that binds
RANKL and blocks its catabolic effects with no change in RANKL levels seen in
OSXCreSHIPflox/flox mice when compared to SHIPflox/flox mice (Appendix Figure
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36E-F). Although, studies suggest an age-associated increase in osteoclasts
activity and osteoporosis, due to increases in RANKL levels and decrease in OPG
levels in whole bone and osteoblasts in cultures (Cao et al., 2003). Increase in
serum OPG levels has been associated with aging (Szulc et al., 2001; Yano et al.,
1999), suggesting a possible compensatory response of other cells, other than
osteoblasts, to enhanced osteoclastic activity (Cao et al., 2003).
Daley et al. observed enhanced hematopoietic engraftment in lipoatrophic
mice (genetic A-ZIP/F1 “fatless” mice and PPARγ inhibitor-treated) compared to
wild type mice. This suggests that adipocytes are negative regulators of the HSC
functions in the BM-niche (Naveiras et al., 2009). Likewise, the age-associated
decrease in trabecular volume fat by microCT could influence the in vivo
expansion of LT-HSC that we see in old OSXCreSHIPflox/flox mice. The increased
and chronic production of G-CSF would be anticipated to promote the in vivo
expansion of LT-HSC that we see in old OSXCreSHIPflox/flox mice. G-CSF
selectively promotes primitive HSC expansion after myeloablation (Morrison et
al., 1997) and cycling of dormant HSC during normal physiology (Wilson et al.,
2008). However, we found no difference in the cycling status of LT-HSC of the
old OSXCreSHIPflox/flox vs. SHIPflox/flox controls. Nevertheless, we speculate that
HSC in OSXCreSHIPflox/flox mice are repeatedly exposed to increased G-CSF,
which might promote such epigenetic changes that lead to myeloid bias as
observed in our CRU assays. This is the case because HSC are now appreciated
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to continuously re-circulate between the bone marrow and blood during normal
physiology (Wright et al., 2001). We hypothesize then that loss of SHIP in the
MSC in the BM niche leads to qualitative changes in MSC as they age (e.g.,
increased G-CSF) which promotes epigenetic modifications in aged HSC from
OSXCreSHIPflox/flox mice that are inherited and manifest after serial transfer.
It is the first time that intracellular signaling by SHIP1 in MSC is
demonstrated to have a critical role in the control of HSC output while aging.
These findings enhance our understanding of how myeloid bias change with age,
and thus could have implications for the development of myeloproliferative
disease in aging. Our findings further suggest that the loss of SHIP1 expression or
activity in the aging MSC compartment could contribute to the increased
incidence of myeloproliferative syndromes, bone marrow failure and the
development of myeloid malignancies in older humans. If loss, or significantly
diminished, SHIP1 expression is confirmed in such patients, then therapeutic
strategies to increase SHIP1 enzymatic activity might be explored in
myeloproliferative and bone marrow failure syndromes.
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SHIP INHIBITION AND ITS ROLE THERAPEUTIC POTENTIAL
SHIP INHIBITION MAY BE AN EFFECTIVE THERAPY FOR
OSTEOPETROTIC SYNDROMES AND SCLEROTIC BONE
DISEASES
Based on our findings in the OSXCreSHIPflox/flox model, we hypothesized that
chemical inhibition of SHIP1 might be employed as a therapeutic intervention for
pathological increases in bone growth. We administered a small molecule
inhibitor of SHIP1, 3-α-aminocholestane (3AC), (Brooks et al., 2010; Fuhler et
al., 2012) to adult mice and found that we could selectively reduce bone mass,
without producing a significant loss in mechanical properties or bone
morphology. Consistent with our studies in OSXCreSHIPflox/flox mice of
comparable ages, 3AC treatment also significantly increased serum levels of OPG
(Appendix Figure 37). Patients with osteopetrosis and sclerotic bone diseases
present with pathologically increased bone mass, for which there are no effective
therapies, and thus if chemical inhibition of SHIP1 in vivo can reduce bone
growth, then such compounds might become an effective therapy. Therefore, we
propose that 3AC may be an effective therapy for osteopetrotic syndromes and
sclerotic bone diseases. Osteopetrosis is a collection of intractable and incurable
syndromes that manifest as a pathologic increase in bone mass (Whyte and
Asbmr, 2009). Activating mutations in low-density lipoprotein receptor-related
protein 5 (Lrp5) (high bone mass syndrome) (Frost et al., 2010) and mutations in
SOST gene expression (Van Buchem Disease and sclerosteosis), result in
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increased osteogenesis due to decreased osteoblast apoptosis (Whyte and Asbmr,
2009) (Figure 34). High bone mass syndrome is a relatively mild condition that
may present with cranial nerve palsy and oropharyngeal exostoses (Whyte and
Asbmr, 2009). Whereas, Van Buchem disease and sclerosteosis are severe
autosomal recessive disorders that result in limb pain, cranial nerve palsy,
deafness and optic nerve atrophy (Whyte and Asbmr, 2009). Sclerosteosis patients
also exhibit excessive height, syndactyly and a shortened life expectancy(Whyte
and Asbmr, 2009). Pathological localized increases in bone mass, or sclerosis, can
be induced through the application of X-radiation therapy (Barth et al., 2011;
Damron et al., 2003; Margulies et al., 2003; Wall et al., 1996). X-radiation
therapy used to treat metastatic carcinomas in bone, pediatric sarcomas or
osteomas often leads to sclerosis and pathologic fracture (Barth et al., 2011;
Damron et al., 2003; Margulies et al., 2003; Wall et al., 1996). Sclerotic bone
diseases are often treated surgically and have a poor long-term prognosis, often
leading to fracture and disunion (Wall et al., 1996). For patients who have these
conditions 3AC may represent an effective chemotherapeutic agent. Mutations
that result in a gain of function in canonical Wnt/β-catenin signaling and,
increased osteogenesis, 3AC (Figure 34) may represent a novel therapy for
disease with currently no known pharmacological intervention.
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Figure 34-Schematic diagram of potential pathways that SHIP1 inhibitor,
3AC could regulate pathways involved in sclerosing bone dysplasia.
Putative pathways involved in sclerosing bone dysplasia. Pathways that promote
osteoblast differentiation such as: (1) BMP signaling pathway, (4) LRP5 induced
signaling of Wnt pathway. (2) TGF-β signaling pathway inhibit osteoblast
differentiation and (3) SHIP1 inhibition by 3AC could increase USP1 levels in
MSC/pre-osteoblasts, such that USP1 deubiquitinates Id2 and therefore prevent
it’s degradation, leading to increased MSC proliferation and inhibition of
differentiation towards osteoblasts. In addition, 3AC could block osteoclast
differentiation by reducing RANKL levels and increasing OPG levels (6),
therefore blocking RANK/RANKL interactions.
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MSC EXPANSION AND THERAPEUTIC POTENTIAL IN
REGENERATIVE MEDICINE
Selective deletion of SHIP1 in MSC, showed that SHIP1 plays a cell
autonomous

role

in

limiting

MSC

self-renewal

by

opposing

the

PI3K/Akt/βcatenin/Id2 axis that can drive MSC expansion (Iyer et al., 2014). In
parallel, we observed a significant expansion of the MSC numbers with SHIP
inhibitors in SHIPi (3AC and K118) treated mice. We measured PαCD51 MSCs
in SHIPi or vehicle cohorts and observed an approximate doubling of the PαCD51
compartment in SHIPi treated mice (Brooks et al. 2014,unpublished data). We
also performed a CFU-F assay to determine whether the phenotypic increase
observed by flow-cytometry, corresponded to a functional MSC increase. Indeed,
BM of K118 treated hosts shows significantly increased frequency of CFU-F as
compared to vehicle controls (Brooks et al. 2014,unpublished data). Hence, MSC
expansion observed by SHIP inhibition may have applications in promoting selfcell source for regenerative therapy, tissue preservation, anti-inflammatory
applications and graft enhancement (Frenette et al., 2013; Murphy et al., 2013).
There are several ex vivo MSC-based clinical trials (enrolling, recruiting or
completed) underway, testing their clinical potential (United States National
Institute of Health (www.clinicaltrials.gov), 426 clinical trials using the term
“mesenchymal stem cells” as of October 9, 2014). In these trials MSCs are
proposed for the treatment of a broad spectrum of diseases that include graft
versus host disease, myocardial infarcts, various genetic diseases and bone repair.
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Allogeneic or syngeneic MSCs are mainly utilized in MSC-based clinical trials.
There are many risks and obstacles involved in cell therapy involving ex vivo
manipulation of cells prior to transplant that include stability, contamination, risk
of rejection, cost, viral infection and long-term fate of transplanted cells, to name
a few (Frenette et al., 2013; Murphy et al., 2013). In order to utilize SHIPi-based
MSC expansion for clinical application, there is a need to acquire further evidence
using experimental models (examples such as, injury repair, cardiovascular
diseases and graft enhancement (Frenette et al., 2013; Murphy et al., 2013)).
These studies in conjunction with advances in MSC isolation and characterization
techniques will help optimize SHIPi-based MSC expansion potential in
therapeutic applications.
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PANSHIP1/2 INHIBITION TO COMBAT OBESITY AND DIABETES

SHIP1/2 are key regulators of insulin-stimulated PI3K mediated signaling,
hence, they serve as potential targets in obesity and diet-induced insulin
resistance. Our study sheds light on the dual roles of SHIP proteins in glucose
metabolism and adipocyte regulation. We demonstrate that dual inhibition of
SHIP1 and SHIP2 ameliorates aging-and diet-associated induced obesity and

Figure 35- Proposed effects of pharmacological SHIP inhibition to combat
obesity and diabetes
insulin resistance (Figure 35).
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As many of the metabolic effects of insulin are mediated through PI3K,
increases in PI(3,4,5)P3 is desired to improve insulin sensitivity and restore
insulin action. Ex vivo pharmacological PTEN inhibition (Rosivatz et al., 2006;
Schmid et al., 2004), and tissue specific knockouts of PTEN, have been
extensively studied (Lazar and Saltiel, 2006) in the context of insulin and
metabolic regulation. Similarly, it is important to study the impact of altered
expression of SHIP proteins in a tissue-specific manner on overall energy
metabolism. This can be achieved by generating mice with knockouts in insulinresponsive tissues such as adipose tissue (AdipoQ-Cre (Eguchi et al., 2011)),
muscle tissue (muscle creatine kinase, mck Cre (Bruning et al., 1998)) and liver
tissue (Albumin-Cre (Postic and Magnuson, 2000)). To further understand the
metabolic mechanisms, we could conduct a combination of experiments, such as
induce insulin resistance in the above-mentioned mice by feeding them HFD and
treating them with SHIP inhibitors. These studies would provide mechanistic
insights in adipocyte regulation and glucose metabolism to further explore the
potential of SHIP proteins in the treatment of type 2-diabetes and obesity
BAT is an important metabolic tissue in the body. BAT increases energy
expenditure and therefore protects against weight increase and obesity as well as
controls plasma glucose levels (Bartelt and Heeren, 2012; Kontani et al., 2005).
Uncoupling proteins (UCP) control metabolic functions in the cell such as lipid
and glucose metabolism. UCPs dissipate the mitochondrial proton gradient that
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expends energy as heat. They are found in the inner membrane of mitochondria of
BAT (Kontani et al., 2005) and skeletal muscle (Choi et al., 2007). We observed
that there was a significant effect on BAT tissue in SHIP inhibitor treated mice.
There were more (numerous nuclei) compact (smaller and multiple lipid droplets)
cells in the BAT tissue, similar to tissue in lean mice. There is definitely a need to
further evaluate the role of SHIP in brown fat regulation. For instance, studies
should evaluate the effects of SHIP inhibition on BAT by measuring mass and
activation of BAT (expression of UCP-1 and PGC-1 levels). Although the effects
that we see in SHIP inhibitor treated mice are profound, there is a need to further
understand the mechanism that SHIP exerts on these insulin-responsive tissues.
There could be additional autocrine and/or paracrine effects on the tissues, which
need to be investigated. SHIP proteins may serve as better targets for obesity and
type 2-diabetes. The associated risk involved in restoring activation of PI3K
signaling by SHIP inhibition, are fewer in comparison to PTEN, which is a known
tumor suppressor.
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CONCLUSION
In summary, these results highlight a novel role for SHIP1 in MSC fate
determination and osteolineage commitment. In addition, we demonstrate that
SHIP1 opposes PI3K/Akt/βcatenin/Id2 signaling to limit MSC proliferation and
promote osteogenesis. We also, showed that myeloid-restricted ablation of SHIP1
does not lead to osteoporosis. It is the first time that intracellular signaling by
SHIP1 in MSC is demonstrated to have a critical role in the control of HSC output
while aging. These findings enhance our understanding of how myeloid bias
occurs in aging, and thus could have implications for the development of
myeloproliferative disease in the older populations. SHIP inhibition by 3AC may
represent a novel therapeutic approach to limit bone development in osteopetrotic
and sclerotic bone diseases. Pan-SHIP1/2 inhibition by K118; instead represents a
potential novel strategy to ameliorate aging-and diet-associated induced obesity
and insulin resistance.
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APPENDIX FIGURES
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QUALITATIVE CHANGES IN THE AGING BM
MICROENVIRONMENT IN THE SHIP1-DEFICIENT MSC MICE

Figure 36-Qualitative changes in the aging BM microenvironment in the
SHIP1-deficient MSC mice
(A) Metaphyseal histomorphometric parameters, bone volume over tissue
volume (BV/TV), measured at 2, 4, 8, 16, 26 and 52 weeks in SHIP flox/flox
(black circles) and OSXCreSHIP flox/flox (grey squares) mice. (B) An
analysis of microCT images using image segmentation demonstrated that
bone marrow (metaphyseal) fat increased 16% and 35% at 2 and 4 weeks,
respectively, and was decreased 32% at 16 weeks in OSXCreSHIP flox/flox
(grey circles) tibia vs. SHIP flox/flox (black circles) controls. A linear
regression analysis demonstrated that there is no age-associated change in
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adiposity

in

the

SHIP flox/flox

mice;

whereas

the

adiposity

in

OSXCreSHIP flox/flox mice was shown to linearly decrease with age. The pvalue for linear regression analysis was <0.0001. (C) TRAP staining of in
vitro osteoclasts differentiated showed a 50% reduction in osteoclasts
obtained

from

90-104

weeks-old

BM

of

SHIP flox/flox

(+/+)

and

OSXCreSHIP flox/flox (-/-) mice. (D) Representative TRAP staining (10X
magnifications) from these plates.(E) Serum OPG and (F) Serum RANKL
measured by ELISA in 40 to 52 week-old SHIP flox/flox (-) (black circles)
and OSXCreSHIP flox/flox (Cre) (grey circles). (n ≥ 14 mice),[Each symbol
represents an individual mouse] [± SEM. *P≤ 0.05, *** P≤ 0.0001,
Student's unpaired, two-tailed t test]
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SHIP1 INHIBITOR (3AC) TREATMENT IN AGED C57BL6/J MICE.

Figure 37 SHIP1 inhibitor (3AC) treatment in aged C57BL6/J mice.
(A) Percent body fat (B) Lean (grams) by DEXA analysis in 3AC treated
group (open square) vs. vehicle group (open circle) before (-)and after (+)
treatment (C) Serum OPG , (D) serum RANKL measured by ELISA (open
square) vs. vehicle group (open circle) before (-)and after (+) treatment
(± SEM **P≤ 0.001 and ***P≤ 0.0001, Student's unpaired, two-tailed t
test), [Each symbol represents an individual mouse].
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