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Sclerostin (SOST) and Secreted Frizzled Relatedefrrd2 (SFRP-2) are two Wnt
antagonists that are important for maintaining bbameostasis through different modes
of regulation. Wnt signaling is an important reggal of hematopoietic stem cell and
progenitor cells as well as lymphoid cells, butréghare only a few studies that have
investigated the influence of Wnt antagonists omd&epoiesis. In addition, Wnt
signaling guides osteoblastic fate, in turn dimegtimineralization, which can also
potentially influence hematopoiesis. Wnt antageniate currently being targeted for
treatments in osteoporosis, further demonstratiegitportance of understanding how
Wnt antagonists influence hematopoietic cell fadeisions. In this dissertation, | have
shown that mineralization using vitro mineralizing and non-mineralizing MC3T3-E1
osteoblast like cell lines display increased SFR&xRression, which correlated to a
decrease in hematopoietic differentiation in miheirsg MC3T3-E1 co-cultures seeded
with hematopoietic stem cells. We extended thiglytto anin vivo system using
sclerostin knockout Sost) mice that display overactive osteoblast and astes
populations. Sclerostin is secreted by osteocgtesmature osteoblasts transitioning to
the osteocyte fate and blocks Wnt signaling by ibipdo Lrp4/5/6 receptors. Using
Sost™ mice, | observed decreased B cell survival inlibee marrow due to changes in
the B cell microenvironment through alteration ilX@.12 and SCF. Interestingly,
competitive and serial transplantation assays dstremed that the absence 8bst
resulted in increases in hematopoietic stem cegjtaftment in the bone marrow. Taken
together, our work demonstrates an underappreciabéel of the Wnt antagonist

Sclerostin, as well as the influence of osteobiaseralization, on hematopoiesis.

XVii



Chapter 1: Wnt Antagonists and Hematopoiesis
1.1. Overview of Hematopoiesis:

The hierarchy of blood cell lineages that develapnf hematopoietic stem cells
(HSC) and their cell surface marker profiles in theuse has been extensively reviewed
[1], and is summarized in Figure 1.1. In the moutses clear that critical relationships
between hematopoietic cells in the bone marrow (B&jity and osteolineage cells, such
as mesenchymal stem cells (MSCs), osteoblasts (@®$)perhaps osteocytes (OCYSs)
exist. The generation of hematopoietic cellsghtty regulated by balancing the cell fate
decisions of self-renewal, quiescence, differeimtiatand cell death through internal
transcriptional programs and external cues from é¢hgironment that the stem cell
resides [2]. Multiple BM stromal cell populatioms the “stem cell niche,” such as
osteoblasts, perivascular CXCL12 abundant reti@#&R) cells, endothelial cells, and
nestin  mesenchymal stem cells, support HSC self-renewal ather aspects of
hematopoiesis [3,4,5,6,7,8,9]. For example, ostestdand BM stromal cells that remain
close to the endosteum support B cell developmgntelkeasing interleukin-7 (IL-7),
CXCL12 (SDF-1), and stem cell factor (SCF), all which are required for B cell
progenitors to mature into naive B cells in the B&J. In addition, maturation of
osteoclasts (OC, which are hematopoietic cellshef myeloid lineage) requires the
secretion of the receptor activator of nucleardakbappa-B ligand (RANKL) from OBs,
highlighting the role of osteolineage cell to heopatietic cell interactions in bone
homeostasis [10]. Crosstalk between hematopotelis and the cells of the bone and
bone marrow environment also requires Wnt signatinigcilitate proper development of

hematopoietic stem and
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Figure 1.1: Wnt Requirements Along the Hematopoidfineage Hierarchy A
simplified schematic of the known hematopoietid be&rarchy in the adult mouse is
shown. The abbreviations for the distinct cellety@nd their identifying cell surface
marker profile are listed as follows: LT-HSC (letegm hematopoietic stem cell) -
Lineage (Lin) c-Kit"9"Sca-1"" FLK2  CD34 CD150 CDA41 IL7Ra’; ST-HSC (short
term hematopoietic stem cell) - Lio-Kit"9" Sca-1'9" FLK2'CD34" CD150" CD41
IL7Ra’; MPP (multipotent progenitor) - Lin-Kit"%" Sca-1"9" FLK2* CD34" CD150
CDA4T IL7Ra’; CMP (common myeloid progenitor) - Lio-Kit"9" Sca-1" CD34
IL7Ra” CD16/3%;  CLP (common lymphoid progenitor) - Lio-Kit® Sca-1™™
FLK2" CD34 IL7Ra" CD16/32 CD27"; GMP (granulocytic/monocytic progenitor) -
Lin c-Kit" Sca-1CD34" IL7Ra” CD16/32"; MEP (myeloid/erythroid progenitor) - Lin
c-Kit* Sca-1CD34 IL7Ra’ CD16/32. LT-HSC, ST-HSC, MPP, osteoclasts, B cells,
T cells and NK cells rely on Wnt signaling duritigeir development.




progenitor cells, as well as committed hematopoietils.

Once an HSC is removed from the “niche cell” in thene marrow,
differentiation into multipotent progenitors (MPPglickly occurs (Figure 1.1) [11].
MPPs are only capable of short bursts of proliferaand will differentiate into either
common myeloid progenitors (CMPs) or common lymghamiogenitors (CLPs) (Figure
1.1) [1]. Differentiation into either the myeloadt lymphoid lineage occurs and the cell is
irreversibly committed to that lineage. CMPs arsoalransit amplifying cells that will
give rise to either the granulocyte macrophage gmiigr (GMP) or a megakaryocyte
erythroid progenitor (MEP) (Figure 1.1) [1]. TheéM® produces innate immune cells
such as granulocytes (eosinophils, basophils, oghils) along with monocytes and
macrophages and myeloid derived dendritic cell® ME&EP, on the other hand, produces
red blood cells and megakaryocytes [1,11]. CLR=slpce lymphoid derived dendritic
cells, natural killer cells (NK cells), T cells aidcells of (Figure 1.1) [11].

HSC-enriched populations are commonly isolated mfrdoone marrow
suspensions by the depletion of committed hemagbigolineages (i.e. positive cell
surface expression of lineage-specific markersh) siscCD3e, CD4, CD8, CD19, NK 1.1,
CD11b, Gr-1, and Terl119, referred to as’L.end then staining for c-Kit, Sca-1, often
referred to as the LSK HSC population [1,11]. Tapulation is still heterogeneous and
further work has been performed to try to isolatd define the putative HSC from these
enriched populations. Yang and colleagues uset Skemarkers in addition with CD34
and FLK2 (FIt3) ligand to further delineate the LEISC population into long term (LT)
HSCs and short term (ST) HSCs. LT HSCs lack theression of CD34, and FLK2

while ST HSCs are transiently cycling and are passitor CD34 [12,13]. MPPs can also



be distinguished this way, having the LSK profiledapositive expression of
CD34'FLK2". In a separate characterization study by Kiel @vitkagues, the signaling
lymphocyte activating molecule (SLAM) family protsi (specifically CD150) were used
to enrich for long term hematopoietic populatioip [Originally these markers consisted
of CD150, CD48 and CD244, however, it was foundt t@D48 and CD41 (a
megakaryocyte marker) better enriched for LT HS@upations [14]. Stringent isolation
and characterization of LT HSCs is important toueasthat LT HSC populations are
identical in each study. For murine LT HSC isioliat the most accepted definition uses

Lin" c-Kit"9"Sca-1""FLK2" CD34 CD150 CD4I IL7R0o (Figure 1) [15,16].



1.2. Canonical and non-canonical Wnt signaling:

Whnts are secreted glycoproteins that range infstra 350 to 400 amino acids [17].
Mutations in thewinglessgene were first described Drosophila[18,19]. It was later
shown that the oncogenet in Drosophilaandwinglesswere orthologs and mapped to
the same region as tlénglessmutation [20]. The receptor for Wnt proteins renaai
unknown until the identification of Frizzled, a s&vpass transmembrane G-coupled
protein receptor [21]. Subsequently, disruptionlishevelledDSH) definitively showed
that Frizzled and Dishevelled proteins are regdlditg Wnt proteins [22] (Figure 1.2A).
At least 19 different Wnt molecules have been idiextin humans and mice to date, as
well as at least 10 Frizzled receptors. The ditserand complexity of the Wnt and
Frizzled families makes the identification of Wiptesific targets extremely challenging
[23,24].

Activation of Frizzled receptors by the canonicahtvgignaling pathway triggers the
release off-catenin from the axis inhibition protein 1 (AXINIlycogen synthase kinase
3B (GSK3P), and adenomatous polyposis coli (APC) complegifé 1.2A). Migration
of B-catenin to the nucleus results in its binding wtitl transcription factors T cell factor
(TCF)/lymphoid enhancer binding factor (LEF), whitbgether, activate an array of
genes involved in proliferation and self renewag(e-Myc, n-Myc, Cyclin D1, Notch-
1), tissue specific differentiation (e.g. CD44, matmetalloprotease-7 (MMP-7)) or
hematopoietic specification genes (e.g. runt rdlatenscription factor-1 and -2 (RUNX1
and RUNX2), bone morphogenic protein 4 (BMP-4) dadged-1) [25,26,27]. Non-
canonical Wnt signaling, in contrast to canonicattWignaling, is an alternative Wnt

activation pathway that does not require B-catenin.



)

Frizzled

((EFTCRy~
h nt Target
; Genes

Figure 1.2: Canonical and Non-Canonical W(A) Canonical Wnt signaling utilizes
Frizzled and Lrp4/5/6 receptors to transduce aadigm Dishevelled (DSH) protein.
Dishevelled activation will signal the axis inhibih protein-1 (AXIN1), glycogen
synthase kinasep3(GSK3), and adenomatous polyposis coli (APC) complex to
release cytoplasmif-catenin. Migration of3-catenin to the nucleus results in the
activation of TCF and LEF-1 transcription factorsdaupregulation of Wnt target
genes. (B) Non-canonical Wnt signaling pathwaysi¢tv arep-catenin independent)
have two pathways have been extensively describbdmatopoiesis, the Planar Cell
Polarity (PCP) Pathway and the Wnt:€pathway. The PCP pathway (left) requires
Wnt binding to Frizzled and/or the Receplorosine Kinase-like Orphan Receptor
1/2 (ROR1/2) binding. This involves the activatioh DSH, RhoA/RAC family
proteins culminating in the JUN N-terminal kinag&lK) family proteins. The Wnt-
Ca'? (right) also requires Wnt and Frizzled binding bostead, G proteins are
activated and go on to activate phospholipase CCJPIPhospholipase C will
hydrolyze a phosphotidyinositol (PI) to inositoiptiosphate (IP3) resulting in the
release of internal stores of Ba Diacyglycerol (DAG) is also released from PLC
and will go on to activate Protein kinase C (PKG)gether with release of calcium,
NF«B and NFAT will translocate to the nucleus andadB target gene expression of
non-canonical Wnt target genes.




Non-canonical Wnt signaling was observed in studheg characterized Wnt signaling
between Wnt5a and Frizzled iDrosophila [21,28]. Non-canonical Wnt signaling
consists of at least 11 described pathways, buy anlfew have been extensively
characterized in mice and humans [29,30,31]. Thagp cell polarity (PCP) pathway
and the Wnt-C% pathways are two non-canonical Wnt signaling pagswvthat are
involved in hematopoiesis and are the best undeatstmn-canonical Wnt pathways in
mice and humans [29] (Figure 1.2B). Both of thes¢hways require Wnt/Frizzled
binding for activation, and share some, but notdallvnstream targets [32]. The PCP
pathway stimulates actin cytoskeletal rearrangentbotigh the Receptomyrosine
Kinase-like Orphan Receptor-1/2 (ROR1/2) and DSétgins, which in turn upregulates
Ras homolog gene family member A/ Ras related QBilBoToxin (RhoA/RAC family)
proteins resulting in the activation of JUN N-tenali kinase (JNK) family [29]. The
Wnt-Ca? pathway utilizes G protein activation through fhiezled receptor, which will
further signal the production of inositol triphospé (IP3) and diacylglycerol (DAG).
Phospholipase C (PLC) mediated degradation of ptaigtylinositol (Pl) from the
release of internal stores of @awill culminate in the activation the expression of
Nuclear Factor of Activated T cells (NFAT) and Neet Factor kappa B (MB), that
will then translocate to the nucleus for the upfation of non-canonical Wnt target

genes, which can also suppress canonical Wnt &gn@9,32].



1.3. Wnt Signaling in Hematopoietic Development:

Most studies on Wnt signaling in hematopoiesis hagen performed in murine
models. Wnt signaling facilitates cell fate demi® across all hematopoietic lineages,
ranging from HSCs to myeloid cells (osteoclastay] ymphoid lineages (NK, B, and T
cells) [33]. The importance of Wnt signaling foS8 proliferation was first showim
vitro by the addition for soluble Wnt5a (a non-canonléait) to HSC cultures [34,35].
Loss of Wnt5a signaling through the ‘€pathway resulted in the formation of B cell
lymphomas, implying that non-canonical Wnt signglimormally down regulates
proliferation in B cell precursors, in contrastite activation of proliferation in HSCs
[36]. In zebrafish Danio rerig), Wnt signaling activates the BMP pathway, anduim,
the expression atdx-hoxpathway [37]. Recently, Wnt16, another non-cacanint,
was shown to be necessary for proper hematopdiesebrafish, although the role of
Wntl6 role in mammalian hematopoiesis is still eacl[38,39].

Canonical Wnt signaling is an important regulatbrH$C homeostasis, lymphoid
development and osteoclast maturation [33,40,4tlis necessary for HSC self-renewal,
as demonstrated through the injection of over esging AXIN-1 HSCs into lethally
irradiated mice [42]. Deletion of the Frizzled€ceptor implicated Wnt signaling in the
control of B cell development [43,44]. In suppoftthis, Lef-I" mice display loss of B
cell survival [45]. In addition, when Wnt signaiinis excessively activated, Chronic
lymphocytic leukemia can develop [43,44]. Surpgdy, conditional deletion of-
catenin (using Mx-Cre mice crossed witttatenir?/'™ mice) did not alter the frequency
of hematopoietic stem and progenitor cells or arifielo bone marrow derived

hematopoietic cells. There was also no differemceommitted T cell proliferation or



survival, although it should be noted that the fiomal redundancy off-catenin witha-
andy-catenin is not well understood in hematopoietitsdd6,47].

Developing T cells are also reliant on Wnt signgliior normal development, as
demonstrated by the blocks observed in the eaalysition of the CD4CD8 (double
negative, DN) thymocyte stage to the CD@DS8" (double positive, DP) stage in
knockout mice in which Wnt signaling pathway genese targeted [41]. For example,
conditional B-catenin knockouts display a pronounced block betwthe DN3 (CD4
CD8 CD44 CD25") to DN4 (CD4 CD8 CD44 CD25) stages [48], andcf-1" mice
have an earlier thymocyte developmental defecttisgpat the early thymic progenitor
(ETP) or DNla/DN1lb stage of thymic development 4839,50]. Germar and
colleagues further demonstrated that TCF-1 wasatedeto be a downstream target of
Notch signaling (which is absolutely required fanonical T cell development), linking
Wnt and Notch pathways in development of the T dekkage [50]. No T cell
developmental abnormalities were observetléfil” mice [33,49], butef-1 andTcf-1
double-deficient mice revealed a complete blocthatintermediate single positive stage
of thymocyte development [51]. Natural killer (NKElls, which also belong to the
lymphoid lineage, require Wnt signaling. Specificathe NK receptor Ly49A promoter
contains a binding site for TCF-1, aldf-1" mice have a 2 fold reduction in the Ly49A
subset of NK cells, although the NK cells that present are still mature and functional
[40]. Osteoclasts, which are cells of the myelbittage, are also sensitive to Wnt
signaling. Secreted Frizzled related protein-1RBR) was shown to reduce osteoclast
development by binding to RANKL, presumably to getbinding to the receptor [35].

Interestingly, Wnt signaling down regulation is wegd for the development of the



myeloid lineage and the dysregulation of Wnt sigmaloften results in myeloid-based

leukemia [33,52,53].
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1.4. Regulation of hematopoiesis by Wnt antagonists

Whnt signaling is tightly modulated by a multitudiesoluble Wnt antagonists that
vary in both function and structure. Some Wnt gatasts, such as Wnt inhibitory
factor-1 (WIF-1) and SFRPs, bind to Wnt ligandsedily and inhibit canonical Wnt
signaling by preventing their interaction with Flied receptors[54] (Figure 1.3A). Other
Wnt antagonists, such as Dickkopf (DKK) family giots and Sclerostin (SOST), bind to
Wnt co-receptors Lrp4, Lrp5 and Lrp6 and down ratulWnt signaling [55] (Figure
1.3B). Below, we review the documented roles oRBFand Sost Wnt antagonists on

hematopoiesis (Table 1.1, and Figures 1.2 and 1.3).
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Table 1: Wnt Antagonist Mouse Models that Displdiefed Hematopoiesis

Model Is the Wnt | Effect on Defect in | Alterations| Alterations | Alterations Non-Cell Reference
antagonist | HSC/HSPC HSC to to to Bone Autonomous
expressed by numbers | quiescence? Peripheral| Lymphoid | Structure? Effect on
hematopoietiq Blood Populations Hematopoiesis]
cells? Cells? Defect?
Yes,
- increased ves, B and
Sfrp-1 No None Yes B220+ B T cell Yes Yes [56,57]
Defects
Loss-of- cells
function| Sfrp-2” unknown unknown unknown unknown unknown unknown Nnovkn [57]
Yes,
Sost” No None unknown No reduced B Yes Yes [58]
cells
SFRP1
treatment No decrease unknown n/a n/a n/a Yes [57,39]
Gai in vitro
o [ SFRP2
. treatment,  unknown increase unknown n/a n/a Yes Yes [57,60]
function| . "
in vitro
Wif-1 Tg No Increase yes No No No Yes [61]
Dkk-1 Tg Yes None yes No No Yes Yes [62]
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1.4A. Secreted Frizzled Related Proteins

SFRPs bind to Wnt ligands directly via a cysteiigh rdomain (CRD) that is
homologous to that of Frizzled transmembrane rece63] (Figure 1.3A). SFRPs can
block both canonical and non-canonical Wnt sigrplpathways [54] (Figure 2C).
Currently, only five SFRPs have been identifiedcR8-1, SFRP-2 and SFRP-5 contain
similar netrin like domains (NTR), which are digtirfrom the NTR domains in SFRP-3
and SFRP-4 [63]. The NTR is thought to bind Wrdteins, although conclusive studies
in mammalian models are lacking [64]. All SFRPsteins contain a CRD that is used
for binding both Wnt and Frizzled proteins [63]o dlate, only SFRP 1 and SFRP 2 have
been shown to influence hematopoiesis, which wereiiew below [56,57].

SFRP-1 is expressed by bone marrow stromal celid,Sdrp-I"~ mice display
increased trabecular bone formation due to redapegtosis in osteoblast and osteocyte
populations [65]. As the osteoblast has been ifilethitas a HSC niche cell, one might
expect that HSCs would be increase®frp-I" mice. In agreement with this, long-term
(LT) HSCs (as defined by Lineagescal®" c-kit"" (LSK) CD34 FIk2) were
significantly increased, and cell cycle analysisvebd that higher numbers of (LSK)
HSCs and multipotent progenitors (MPP) were notvalyt cycling in Sfrp-I” mice
compared to wild-type controls, demonstrating aenquiescent cell phenotype, which is
typical of stem cells when they are in contact witéir niche. Interestingly, the non-cell-
autonomous effects of tH&frp-1 deficiency on HSCs were only revealed by seriadebo

marrow transplantation assays, which demonstrated the maintenance of self
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Frizzled Lrp4/5/6 Frizzled Kremen

Wnt Activation

Figure 1.3: Wnt Antagonists in the Bone MartopA) Wnt antagonists use a variety
of mechanisms to block Wnt signaling transducti®@FRPs can bind both Wnt and
Frizzled receptors to halt the Wnt activation wiasr&VIF-1 can only bind to Wnt
proteins directly. (B) Dickkopf (DKKs) and Scletos (SOST) bind to Lrp family
members that are Frizzled co-receptors. DKKs regamother co-receptor, Kremen,
to fully block Wnt signaling. It is not known ifGBST requires a similar co-receptor.
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renewing HSCs was negatively affected in$|1ilep1"' bone microenvironment.

SFRP-1 can inhibit Wntl, Wnt2, Wnt3a and Wnt7b-rageti signalingn vitro
[63]. Exogenous SFRP-1 decreased hematopoietimirigr coloniesin vitro, and
treatment of hematopoietic progenitors with SFRPBefore transplantation resulted in
decreased HSC engraftment efficiency [57], paragiii similar to the HSC phenotype
observed in the Sfrpl-deficient mice. In addittorthe HSC phenotype,Sfrp-I” mice
displayed increased numbers of white blood celthénperipheral blood and a significant
increase in B220B cells in the spleen, thymus, and bone marrowont@ry to the
known role of SFRP-1 as an antagonist of canonivat signaling, Sfrp-I” mice
displayed reducefi-catenin activation, but LSK HSCs contained hidlegels of nuclear
B-catenin indicating increased Wnt activation [56,63t has been suggested that the
upregulation of non-canonical Wnt targets in theeslze of SFRP-1 may be responsible
for the diminishedB-catenin stabilization observed Bfrp-I"” mice. For example, in
Sfrp-l‘" mice, Pparg a non-canonical Wnt target gene that can supgresgenin, is
upregulated in MPPs [30,66,67].

SFRP-1 is estrogen-inducible and expressed by bwreow stromal cells [59].
Both the injection of estrogen and natural pregpaglevated the levels of SFRP-1,
which resulted in reduced lymphoid cell productwithout influencing myeloid cell fate
in vivo. Moreover, the exogenous addition of SFRP-1 redwearly B cell development
in vitro. These studies demonstrate that SFRP-1 is anriampomediator of early
hematopoietic cell fate decisions, particularly shoof LT-HSCs and early B cell

precursors [57].
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SFRP-1 and SFRP-2 and can stimulate CDC8K HSC proliferation in a similar
fashion, however, SFRP-2 appears to increase gues@nd engraftment of HSCs [57].
LT-HSCs treated with SFRP-2 also showed a subséguenease in HSC engraftment in
serial transplantation assays.Sfrp-2° mice are not embryonic lethal and are
reproductively viable, but the analysis of HSC nensband cell dynamics in these mice
have not been reported [68,69].

It has been shown that SFRP-1 and SFRP-2 have dadurfunctions in
embryonic development, but this redundancy does amtear to exist for adult
hematopoiesis [68,69]. Given the observations tBBRRP-1 and SFRP-2 mediate
opposite effects on HSda vitro, it is possible that these two proteins also nadnt
distinctly different functions on hematopoiesisvivo. It has been hypothesized that as
osteoblasts mature and progress to the termindligrentiated osteocyte fate, that the
expression of genes involved in hematopoietic stppecreases [70]. SFRP-2 secretion
from osteoblasts increases as a consequence ofalimadion, in conjunction with the
secretion of other Wnt antagonists (such as DKKadl &clerostin, reviewed in later
sections) [71]. The secretion of SFRPs in turmil@¢anfluence hematopoietic cell fate in
the area where mature osteoblasts reside at thestenun. In line with this, our
laboratory has co-cultured HSCs with mineralizirsgeoblasts, and observed a decrease
in hematopoietic differentiation compared to cotards with non-mineralizing
osteoblasts (described in detail in Chapter 2)RFSR is upregulated in these cultures,
although it does not seem to be the indicativeofatdr the hematopoietic reduction
observed in our studies. Taken together, the SFR&uced by bone marrow stromal

cells, including osteoblasts, definitely can infice the behavior of their neighboring

16



hematopoietic cells in somewhat perplexing manneksbetter understanding of how
SFRPs control of canonical versus non-canonical Wighaling in HSC will help
elucidate the molecular mechanisms that underbe thstinct effects on HSC cell fate

decisions.
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1.4B. Sclerostin

Sclerostin §OSY is related to the ifferential screening-selected genkbeeant in
neuroblastoma (DAN) family of BMP protein antagogiff2] (Figure 1.3B). SOST is a
secreted protein that is encoded by 8wstgene, and is mainly restricted to mature
osteocytes in its expression [72]. Initial studiescribed SOST'’s role in the regulation
of bone development as a BMP antagonist, but lateras shown that SOSiias a more
potent antagonist for Wnt signaling [73]. SOSTuegulated by BMP signaling, and
may help in controlling osteoblast proliferation dandifferentiation through
downregulation of Wnt signaling in these cells [78OST binds directly to the Lrp4/5/6
co-receptor, effectively halting osteoblast diffetfation into osteocytes [55,72,73].
There still exists some controversy as to whethhenat SOST requires a co-receptor,
(similar to DKK-1 co-receptor Kremen), although such co-receptor has been identified
[75]. Sostexpression can be dampened by parathyroid hormankprmone that
influences osteoblast growth and development, aimtiuktes genes involved in
preserving HSC self-renewal [4].

The best known function of thBostgene is to negatively reduce bone mass. In
murine models, overexpression of tB®stgene results in marked defects in bone
development and an osteoporotic phenotype [76,7Conversely, inSost” mice,
osteoblasts and osteocytes are increased severrdsldting in osteopetrosis [78,79]. In
humans, a 52 Kb deletion in ti8stenhancer region results in Van Buchem'’s disease,
which presents with debilitating bone hardening].[7@ur laboratory has characterized
the hematopoietic phenotype 8ost” mice and has observed tHanst™ mice contain

bones with severely reduced bone marrow cavitieat tbontain hematopoietic
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abnormalities [58] (described in detail in Chap&r Hematopoiesis and immune
function in Van Buchem’s patients has not been attarized, so it is still unclear
whether the mousBost™ phenotype is translatable to humans.

Previous descriptions of osteopetrotic mouse mdukele reported transient increases
in HSCs [80]. In theSost” mouse, LSK HSCs are largely unchanged, althoughdur
dissection of this population into LT-HSC versus-I33Cs might reveal differences.
The results of competitive co-transplantation of \&fid Sost” bone marrow into WT
recipients, serial transplantation assays, and Hiff€rentiation assays are presented in

detail in Chapter 4.
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1.5. Objective of study and hypothesistested:

One of the most difficult questions to addrestematopoietic stem cell biology
is the contribution of the microenvironment to héopaietic cell fate decisions. Both
Wnt signaling and Wnt antagonists have been shawplay a role hematopoiesis,
however the direct contribution on Wnt signalingl anineralization is only beginning to
be elucidated. In this dissertation, | aimed todgtthe role of Wnt signaling and
mineralization by completing the following objects:

1) Analyze the role of mineralization on hematep. | hypothesized that
mineralization would reduce hematopoidsivitro. To test this hypothesis, | co-cultured
MC3T3-E1 cells together with LSK HSCs under mineiay or non-mineralizing
conditions to determine what factors influence h@mpaiesis. These results are
discussed in Chapter 2.

2) Determine how the absence of Sclerostin al@rgell development. |
hypothesized that the absence of sclerostin wafldence B cell survival. | tested this
hypothesis irSost” mice by analyzing the B cell populations that amspnt in the bone
marrow. These results are discussed in Chapter 3.

3) Determine if the absence of Sclerostin inflesnbematopoietic stem cell
function in vivo | tested this by usin§ost” mice and distinct transplantation assays to
see if there was a definitive connection betwedergstin and hematopoietic stem cell

function. These results are discussed in Chapter 4
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Chapter 2: Mineralization and Differentiation of Osteoblast Cells Decreases
Hematopoietic Support In vitro
2.1 Introduction:

In mammals, hematopoiesis is supported and magdaby a heterogeneous
population of bone marrow (BM) stromal cell popidats that control hematopoietic
stem cell (HSC) fate decisions [81]. Among thes& ®romal cells, the osteoblast (OB)
has been primarily indicated as supporting both H®@-renewal and differentiation
[4,5,82,83]. OBs differentiate from MSCs and pexy through several stages of
differentiation until terminal differentiation intan osteocyte (OCY). Commitment to the
osteoblast lineage requires the expression ofrdreseription factor Runx2, effectively
diminishing the MSC capacities to form both thepadite and chondrocyte lineages
[84]. Runx2 expression also confers commitmentthie pre-osteoblast stage of
development and signals the upregulation of mirea@bn genes such as osteopontin,
osteocalcin and bone sialoprotein [84,85]. Nonerafized OBs (also known as bone
lining cells) are located along endosteal regiohshe bone cavity of the long bones,
subject to modifications by various cells and festpresent in the bone marrow and are
mostly quiescent [86,87]. As pre-osteoblasts neatilney upregulate Osterix and express
genes involved in mineralization and bone matrixrfation. The differentiation of a pre-
osteoblast to a mature OBs happens at the endgstkernnterface of the bone and the
bone marrow [84].

In addition to terminally differentiating into osieytes and establishing bone
matrix, OBs have been shown to express factordvadan myeloid differentiation such

as Granulocyte colony-stimulating factor (G-CSF)l aMacrophage colony-stimulating
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factor (M-CSF) [82,83,88]. Distinct OB cell lineBave been shown to express
interleukin-7 (IL-7), c-Kit, and stem cell factd8CF), all of which are factors involved in
B cell maturation and differentiation, demonstrgtithe capacity of OBs to support both
myeloid and lymphoid differentiation [89,90,91]. hahg and colleagues utilized
BMPR1a conditional knockout mice to analyze enddstéche dynamics and observed
that an increase in OB populations correlated witheased numbers of HSCs in the BM
[5]. Similarly, Calvi et al observed an increase in OBs in mice that express
constitutively active parathyroid hormone-relatedaptor (Pthrp), as well as an increase
in HSCs in the BM [4]. The same group recently obse that murine osteocytes that
constitutively express the parathyroid receptorpgPtiiso have a corresponding increase
in HSCs [92]. Further confirming the role of odtéasts in supporting HSC self renewal
and differentiation, conditional ablation of OBsuéied in a marked decrease of HSCs
from the BM and induction of extramedullary hemategis [93]. Embryonically-
derived OB progenitors can support the developroéeictopic hematopoietic stem cell
niches, further supporting the role of osteoblastmaintaining hematopoietic stem cell
populations [94]. Taken together, these data supbe role of the OB in hematopoietic
stem cell self renewal and differentiation.

OB development and maturation is tightly regulabgdWnt signaling. Runx2
contains binding sites for Wnt activated Lef-1 @jamth a number of other proliferation
induced genes [95]. In addition, Wnt3a and Wnthébe been shown to be important for
early osteoblast development and pre-osteoblagivalif96]. OBs themselves can serve
as a source of Wnt signaling in the bone marroguleging proliferation of osteoblasts

that have been exposed to mature hematopoieticltived osteoclasts [97]. Wnt
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activation can upregulate other mineralization gesech as osteocalcin and alkaline
phosphatase [97]. Mice that lack Lrp5, the Fridzleo-receptor, have severe

osteoporosis, while mice that have Sclerostin ddlétave high bone mass phenotypes,
further implicating the role of Wnt signaling in O@evelopment and mineralization

[98,99].

Wnt signaling also plays a primary role in hematepo development, in the
regulation of self renewal of hematopoietic stehscnd control of cell fate decisions of
committed progeny [41]. B cells also rely on Wignslling, as Frizzled 9 knock-out
mice lack mature B cell populations and Lef-1 kragkmice display reductions in Pro-B
cells [44,45]. Myeloid progenitor proliferation isliant on canonical Wnt signaling and
the dysregulation of Wnt signaling can result ire tthevelopment of Acute Myeloid
Leukemia (AML) [53,100]. It has also been estdi#id that osteoblasts that are exposed
to Wnt signals can better facilitate osteoclastfedd#ntiation, demonstrating the
importance of Wnt signaling in bone homeostasis1[10 Wnt signaling can also
modulate blood cell adhesion through VCAM-1 and CXZ that is secreted from
stromal cell populations, further supporting herpaietic development [102,103].

Wnt antagonists are important for regulating Wignals during hematopoiesis,
by preventing Wnt binding to its receptors or bjeefing Wnt co-receptors. DKK-1
transgenic mice show subtle hematopoietic phenestypg]. SFRP-1 knock-out mice
have reduced LT HSC, while SFRP-2 promotes hemadsisin vitro [57,62]. Sclerostin
alters B cell development in a non cell autonomaasner [58]. In another study that

examined Wnt Inhibitory Factor 1 (WIF-1) expressitimere was an overt depletion of
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guiescent hematopoietic stem cells [61]. Togetltese studies indicate an important
role of Wnt antagonists in hematopoiesis.

In this study, we utilized the osteoblast-like dele, MC3T3-E1 to address the
guestion of how mineralization influences hematepoi cell fate decisions. Under
inducing conditions, MC3T3-E1 can be differentiatatb mineralizing OBs [104,105].
We confirmed similarities in gene expression betw®#C3T3-E1 cells and primary
OBs. We then co-cultured sorted HSCs with MC3T3eells under mineralizing and
non-mineralizing conditions and investigated howt\8lgnaling pathway genes changed
upon mineralization of MC3T3-E1 cells. In partayl we identified SFRP-2 as
differentially expressed in the mineralizing MC3E3-subclone 4 and tested its role on

HSC differentiatiorin vitro.
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2.2 Methods:

Cdl Culture. MC3T3-E1 “bulk” cells were a generous gift frontoRessor
Andrea Mastro (Pennsylvania State University, Staikege, PA). MC3T3-E1 Subclone
4 (mineralizing), and MC3T3-E1 Subclone 24 (non-enaiizing) [106] were purchased
from ATCC (Manassas, VA). MC3T3-E1l cells were gnowm “maintenance media
(MM)” consisting of atMEM (Invitrogen, Carlsbad, CA) supplemented with¥dG-CS
(Atlanta Biologicals, Lawrenceville, GA) and 1X peiflin/streptomycin (Invitrogen).
For induction of mineralization, basal media wagdaeed with “mineralization induction
media (MIM)” consisting ofaMEM supplemented with 10% FCS 1X Penicillin/
Streptomycin (Invitrogen), 10 mM ascorbic acid (fés Scientific,Atlanta, GA) and 10
mM glycerol-2-phosphate (Sigma, St. Louis, MO). eT@QP9 cell line was purchased
from ATCC and was maintained iaMEM supplemented with 20% FCS and 1x
Penicillin/ Streptomycin, as described [107,108].

Mice. C57BL/6J (B6) mice were purchased from The JatKsaboratory (Bar
Harbor, ME) and housed in sterile microisolatoresagith autoclaved feed and drinking
water. Mice were used between 4 to 12 weeks ofaagewere all sex matched. Mice
were euthanized by GQasphyxiation followed by cervical dislocation befalissection.
All animal procedures were approved by the UC Merbestitutional Animal Care and
Usage Committee (IACUC).

Von Kossa Staining. Von Kossa staining was modified and performed as
described [109]. Briefly, MC3T3-E1-Bulk and MC3EX subclones 4 and 24 were
grown to confluency in 60 mhtissue culture dishes in MM as described abovedat

0, the media was replaced with MIM, and culturesnta@aned for 10 or 20 days. At each
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time point, the media was aspirated and cells \iieeel in 4% paraformaldehyde diluted
in Phosphate Buffered Saline (PBS). Cells weren ttieated with 1% silver nitrate
(Fisher Scientific) and sodium thiosulfulate (Fist&cientific) to remove nonspecific
mineralization and counterstained with Nuclear FRetd stain (Fisher Scientific).
Cultures were photographed at 100X magnificationaoBX51 microscope and DP70
digital camera (Olympus, Central Valley, PA) usihgagePro Plus 5.1 software
(Silverspring, MD).

RNA extraction, cDNA synthesis and RT-PCR. MC3T3-E1 cell lines and OP9
cells were cultured to confluency and then cellsenteeated with 0.25% Trypsin-EDTA
(Invitrogen) then placed in Trizol (Invitrogen) foRNA extraction. For bone
preparations, whole bones were isolated by flushimg marrow then putting the
remaining empty bone in Trizol. mRNA was isolated phenol-chloroform extraction
(Fisher Scientific) and cDNA was synthesized ugimg Superscript Il kit (Invitrogen)
with oligo-dT as the primer for the reaction, asa®ed [108]. Conventional reverse
transcriptase PCR (RT-PCR) was performed using -gpeeific primers with the
following thermocycler conditions: 90°C for 5 miesg (min), then 35-40 cycles of 95°C
for 1 min, 55-60°C for 30 seconds and 72°C for h,nfollowed by a 5 min 72°C
extension. PCR products were visualized by edptioresis on a 1.5% agarose gel in 1x
Tris base, Acetic acid and EDTA (TBA) buffer.

Quantitative real time PCR (QPCR). RNA extraction and cDNA synthesis were
performed as described above. gPCR was perforrsied) 8YBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA). All pnier efficiencies were validated by

using serial dilutions and standard slope methodjuzntification using gene specific
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PCR primers) [108]. Mouse Wnt Signaling PathwayRP&rays were purchased from
SA Biosciences (Frederick, MD). When using thegsr cDNA was synthesized using
the RT First Strand Kit, and gqPCR was performed using BYBR Green/ROX qPCR
Master Mix. All g°PCR was run on the Applied Biosyms 7300 Real-Time System and
the double delta @nethod was used to compare gene expression besaeagries.

Antibodies. Purified anti-CD16/32 (clone 93), biotinylatedtia@D8 (clone 53-
6.7), anti-c-Kit-eFluor-780 (ACK2), IL7R-PECy7 (A7R34), were all purchased from
eBioscience (San Diego, CA). Biotinylated anti-GO@8lone 145-2C11), biotinylated
anti-CD4 (clone GKL1.5), biotinylated anti-CD19 (ot 6D5), biotinylated anti-CD11b
(clone M1/70), biotinylated NK1.1 (clone PK136)ptnylated Gr-1 (clone RB6-8C5),
biotinylated Ter119 (clone Ter119), and anti-ScAPC (clone E13-161.7), anti-CD45.2
APC-Cy7 (clone 104), anti-CD105-PE (clone MJ7/18)ti-VCAM-1-FITC (clone 429
(MVCAM.A)) were all purchased from Biolegend (Sare@o, CA). Antibody titrations
were performed to determine the for optimal antibddution to use for flow cytometry
(FCM).

FCM analysis and cell sorting. To isolate HSCs, BM cells were sterilely
obtained by flushing the marrow from the hind lindfssix C57BL/6 mice with Medium
199 (Invitrogen) media contained 2% FCS [108,110Ells were then passed through a
70-micron mesh and red blood cells were lysed Wi@K lysis buffer. BM cells were
then incubated with anti-CD16/32 to block Fc reoepyll/lll, and then stained with
biotinylated antibodies specific for CB3CD4, CD8, CD19, CD11b, NK1.1, Gr-1, and
Terl119 (to identify “lineage (Lin) positive” cell$pr 30 minutes at°C, and washed in

MACS buffer containing 1X PBS, 2 mM EDTA and 0.59%68 Cells were then stained
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with 20 pl of streptavidin (SA)-conjugated magnetic beadsltévlyi Biotec, Auburn,
CA) per 10 cells for 15 minutes, and washed. Magnetic-at¢iv@ell sorting (MACS)
was then performed to deplete Lineage-positive ‘{ldells using the DepleteS program
on the AutoMACS (Miltenyi Biotec). Lineage negatiyLin) cells were then stained
with antibodies for c-kit (CD117), IL7&?(CD127) and Sca-1, as well as SA-Pacific Blue
and DAPI. HSCs were purified on the FACS Aria thuFACS Aria Ill flow cytometric
sorters (BD Biosciences, San Jose, CA) by gating.ion DAPI" CD117"9" Scaf'"
CD127 cells.

MC3T3-E1 bulk cells were harvested from MM and retdi with anti-CD16/32,
anti-CD45.2, anti-Terl19, anti-CD105, and anti-VCAM Identification of specific
hematopoietic lineages after MC3T3-E1/HSC co-celwas performed by staining with
anti-CD16/32, anti-CD45, anti-CD19, anti-Gr-1, a@®11b, anti-Terl19 and anti-CD3e.
All FCM analysis was performed on the BD FACS Alfia, FACS Aria lll, or BD LSR
Il (BD Biosciences, San Jose, CA) and analyzed Withwjo software version 7.6.1
(Treestar, Ashland, Oregon, USA).

HSC co-culture conditions. For co-cultures with non-mineralized cells, sorted
HSCs were cultured on monolayers of MC3T3-E1 bWAC3T3-E1 Subclone 4,
MC3T3-E1 Subclone 24, or OP9 cells for two weekaMEM, 20% FCS, 1x Pen/Strep,
5 ng/ml FIt3 ligand and 5 ng/ml interleukin-7 (bdtbm Peprotech, Rocky Hill, NJ). For
co-cultures with mineralized cells, MC3T3-E1 di#atiation was induced by first
culturing cells in MIM for 10 days, as describedad. After these 10 days, sorted HSCs

were added to the mineralized cells, and cultumrdah additional two weeks in MIM

28



containing 5 ng/ml Flt-3 ligand, and 5 ng/ml ingarkin-7. Two weeks were allowed for
HSC differentiation in both MM and MIM conditions.

For co-cultures with SFRP-2, we added 10, 20 or &a§0nl of recombinant
SFRP-2 (RD Biosystems, Minneapolis, MN) to the maneralized MC3T3-E1 bulk
cells seeded with HSCs. After two weeks, cellsen@arvested by gently disrupting the
monolayer with a pipette and running them througi®-amicron mesh, and then analyzed
for the presence of committed hematopoietic linedgeFCM as described above.

Statistical Analysis. Differences between the means of biological oapéis for
all samples were calculated using two-tailed T-{gtaphPad Prism, La Jolla, CA,
USA). The two tailed T-test was justified by thesamption that all samples follow a
Gaussian distribution even though sample sizesian@l, and are not paired samples.
All samples were considered statistically significaif *p<0.05, **p<0.01, and

*4p<0.001.
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2.3 Results;

Characterization of hematopoietic gene expression in MC3T3-E1 mineralizing and
non-mineralizing cell lines

MC3T3-E1 cells were originally derived from neonatalvaria and have been
used to study the dynamics of osteoblastic and topuoeetic development [82,104].
Wang and colleagues isolated specific subclon@#d@3T3-E1 cells by their capacity to
mineralizein vitro andin vivo [106]. Of these cell lines, we used MC3T3-E1 oibe 4
(mineralizing) and subclone 24 (non-mineralizingjddition to the parental MC3T3-E1
cell line (herein referred to as “MC3T3-E1 bulk)04,106]. Although osteoblasts have
been shown to support hematopoietic stem cellreatfwal, investigation into whether or
not MC3T3-E1 cells could provide an vitro support model for HSC self renewal has
not yet been performed [10]. Additionally, theesff of mineralization on hematopoietic
co-cultures has yet to be assessed and how osieotvimeralization influences
hematopoiesis is still widely debated [70].

In order to see if MC3T3-E1 cells could support hé&wpoietic co-cultures, we
examined the expression of factors involved in hepaetic stem cell self renewal and
hematopoietic differentiation. Using RT-PCR, wenfuoned the expression of
osteopontinN-Cadherin stem cell factor§c), CXCL12(Sdf-) and Bone Morphogenic
Protein Receptor 1d8Mmprlg in all MC3T3-E1 bulk, Subclone 4 and Subclonec2ls
grown under MM (Figure 2.1A and Figure 2.2)sterixandRunx2were also expressed
in MC3T3-E1 cells, indicating that the osteoblaspylations within the cultures were
heterogeneous (Figure 2.1A and 2.2) [81,111]. M&EI cells also expressed genes

involved in hematopoietic differentiation such dsgged-1 Interleukin-6 (IL-6),
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Macrophage colony-stimulating fact@-csf), andVascular Adhesion Marker (Vcam-
1) (Figure 2.2) [112,113,114]. The expression afegeinvolved in hematopoietic stem
cell self renewal and differentiation indicated ttHdC3T3-E1 cells could possibly
support hematopoietic stem cell self renewal affdr@intiation togethein vitro.

We next characterized osteoblast-enriched populstwithin MC3T3-E1 cells,
using FCM and previously described cell marker ipgsf[115]. MC3T3-E1 bulk cells
expressed VCAM-1 but did not express the hematdtipaiearkers CD45, Gr-1, CD11b,
Terl19 or CD19 (Figure 2.1B). In addition, CD1@5marker for mesenchymal stem
cells, was not expressed by MC3T3-E1 cell lineg\fe 2.1B) [116]. Taken together,
these data demonstrated that MC3T3-EL1 cells exjrsssilar cell surface profile to that

of osteoblastic enriched populations that are fyeisiolated from bone.

Kinetics of mineralization in MC3T3-E1 subclones
As osteoblasts mature, the upregulation of geneshiad in the production of

mineralizing matrix proteins increases. We used mssa staining to examine the
kinetics of MC3T3-E1 cell mineralization over a 8@y period. Under mineralizing
conditions, MC3T3-E1 Subclone 4 cultures showechpuoced dark areas (indicating
active mineralization) by Day 20, whereas markdes mineralization was observed in
Subclone 24 and MC3T3-E1 bulk cultures at the stame point. This indicated that the
MC3T3-E1 bulk cells behaved more like the non-matieing subclone 24 (Figure 2.1C
and Figure 2.2) [106]. The difference in mineratian kinetics was also confirmed by

gPCR for osteocalcinand bone sialoproteinBép (Figure 2.1D-E). Both MC3T3-
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Figure 2.1: The MC3T3-E1 cell line as a model afrary osteoblasts in culture(A)
RT-PCR was performed on MC3T3-E1 bulk, Subclonarnti Subclone 24 for genes
involved in osteoblast differentiation Ogteopontin Osteri¥y, mineralization
(Osteocalcin and the hematopoietic stem cell “nich&l-Cadherin, BMPR1a, Pthjp
using p-actin as the positive control. Positive control tissgellagenase digested
bone. (B) Representative FACS plots showing th@ession of VCAM-1, and lack
of the mesenchymal stem cell marker CD105 on MCBTI3ulk cells. Digested bone
cells highlighting osteoblast populations show thHE3T3-E1 cells show a similar
profile that of MC3T3-E1 bulk cells. (C) Von Kossg#ining at Days 10 and 20
showing progressive mineralization in culture (Blagions), with Subclone 4
displaying high mineralization compared to the MG&3H1 bulk cell line. (D) Real
time PCR of bone sialoprotein(top panel), osteocalcin (middle panel), and
osteopontinlbottom panel), at Days 0, 10, 15, 20 and 25 dfteraddition of MIM in
MC3T3-E1 and Subclone 4. (E) Real time PCR comgakC3T3-E1 and Subclone
4 of bone sialoprotein(top panel),osteocalcin(middle panel), andosteopontin
(bottom panel), at Days 0, 10, 15, 20 and 25 d#fteraddition of MIM. Samples were
considered significant by a Student’s T-test if B85, **p<0.01, ***p<0.001.
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E1 bulk and subclone 4 showed significant increasesteocalcirandbone sialoprotein
from Day 0 to Day 25. When we compared the bulthosubclone 4, there was a highly
significant difference in the fold expressionasiteocalcinandbone sialoproteir{Figure
2.1E). Interestinglypsteopontirexpression increased significantly from Day 0 &y25

in the mineralizing subclone 4, but the level odteopontinexpression was not
significantly different between MC3T3-E1 bulk andii8lone 4 from Day 0 to Day 25
within each cell line (Figure 2.1D-E). These réswerified that MC3T3-E1 subclone 4
could be induced to mineralize vitro, and that the MC3T3-E1 subclones could be

utilized to examine how osteoblast mineralizatiofiuences hematopoiesis.

MC3T3-E1 cells support hematopoiesis towar ds myeloid differentiation

The expression of hematopoietic niche related genggested that MC3T3-E1
cells might be able to support hematopoietic dgvalent within ann vitro co-culture.
To investigate whether or not MC3T3-E1 cells cosigbportin vitro hematopoiesis, we
co-cultured LSK HSCs (Lin Sca-1"" c-Kit"" |IL7Ra) on MC3T3-E1 monolayers for
14 days using the OP9 cell line as a positive cbifEigures 2.3A-G). LSK HSCs were
assessed by looking at the numbers of LSK HSC diZesent after 2 weeks. We saw
no evidence of self renewal in our co-cultures gdadt shown). We also analyzed
MC3T3-E1 co-cultures for the presence of committeshatopoietic lineages. CD45
hematopoietic cells were present in MC3T3-E1 cekumand the majority of these cells
were either monocytes (CD116r-1 ) while there was also a population of granulogyte
present (CD11b Gr-1") (Figure 2.3A, 2.3E and 2.3F). No evidence fomjhoid

development was observed on MC3T3-E1 co-cultures evith the addition of Flt-3
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Figure 2.2: Expression of genes involved in ostestbldevelopment and the
hematopoietic stem cell nich&kT-PCR from mRNA isolated from MC3T3-E1 Bulk,
MC3T3-E1 Subclone 4, and MC3T3-E1 Subclone 24. eSanvolved in osteoblast
development and maturation (collagenlal, Runx2¢iNd), hematopoietic stem cell
niche and hematopoietic development (Notch-1, JhdgeStem cell factor (SCF),
CXCL12, M-CSF, and VCAM-1) were expressed in thd tees used. Alkaline
phosphatase (ALP) was expressed in only Subclone/2ide interleukin 6 (IL-6) was
expressed in both subcloneBelta-1 was not expressed in any MC3T3-E1 cell line.
B-actin was used as a housekeeping gene contra. pditive control tissue sample
is bone that was flushed of bone marrow.
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and IL-7, as compared to HSC co-cultures with OR® ®romal cell line monolayers
prepared in the same experiment (Figures 2.3A, 288 2.3G). Quantification of the
hematopoietic cells from the co-cultures also \@bd the flow cytometry results
(Figures 2.3D-G). Although our co-cultures did sapport HSC self renewal, these data
demonstrated that MC3T3-E1 cells efficiently suppdrthe differentiation of monocytes
and granulocytesn vitro and could thus be used to see how mineralizatitecta

monocyte and granulocyte populationwitro.

Osteoblast mineralization decreasestheir ability to support hematopoiesis

Osteoblasts are important for supporting HSCs, Bs,cand OC development
[9,81,117]. The endosteum does not only contas mopulation of osteoblasts, rather it
is a dynamic environment that is constantly chagmd@iom differentiation and osteoclast
resorption activity [9,118]. While it does not &p that MC3T3-E1 subclones can
generate self renewing HSCs, they do influenceifpration of monocytes aniah vitro.
MC3T3-E1 cells support myeloid differentiation thgh secretion of M-CSF and GM-
CSF, however, the effect of mineralization on te@eyation of CD1Thmonocytes and
CD11b, Gr-1" granulocytes has not been investigated [82,88,119]

In order to assess how mineralization affects mgt@dmacrophage generation
vitro, we induced mineralization in MC3T3-E1 bulk, MC3E3 subclone 4 and
MC3T3-E1 subclone 24 by the addition of 2-glyceragthate and ascorbic acid to the
culture media for 10 days, a time point when miliegiion has clearly begun (Figures

2.1C-E). Ten-day cultures of MC3T3-E1 monolayers which mineralization
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Figure 2.3: Co-culture of non-mineralized MC3T3-Eélls supports myelopoiesis.
(A) Representative FACS plots showing CD4&ells after culturing HSCs on
MC3T3-E1 bulk cells for 14 days in culture. (B) Regentative FACS plots showing
CD45" cells after culturing HSCs on OP9 cells for 14 sldag culture. (C)

Representative FACS plots showing CD4®lls on MC3T3-E1 bulk cells with no
HSCs for 14 days in culture. (D-G) Graphs showing percentage (left) and cell
number (right) of the CD45+ hematopoietic cells ,(DD11b+ monocytes (E),
CD11b+ Gr-1 granulocytes (F), and CD19+ B cells {&m MC3T3-E1 and OP9
co-cultures. Samples were considered significana IStudent’s T-test if *p<0.05,
**p<0.01, ***p<0.001.
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was not induced were also prepared as controlsD&n10, HSCs were plated on both
control and mineralizing MC3T3-E1 monolayers, ammicoltures were allowed to

progress for an additional 14 days in MIM (FiguréA). After this time, all cells were

then harvested from each co-culture and the presendlifferentiated hematopoietic
cells was assessed by FCM.

Under mineralizing conditions, the mean number<CB#45 and CD11b cells
were decreased in all co-cultures, but only sigaiiily in the subclone 4 cultures (Figure
2.4B-1). As described above, MC3T3-E1 cells werst fcultured in MIM for 10 days
before seeding with HSC, and one interpretatiothege results is that the decrease in
hematopoiesis in all cultures was due to the sgitgibf the HSCs to the differentiation
media. To rule out that HSCs were not sensitivéhto MIM, we directly co-cultured
HSCs and MC3T3-E1 cells in either MM or MIM for ldays. In this case, the
percentages of CD4%ells observed were not different between cultimddM or MIM,
demonstrating that HSCs were not adversely affebtedthe components of the MIM
(Figure 2.4J). Statistical analysis revealed tbaly co-cultures of HSCs and the
mineralization-prone subclone 4 produced statikyicsignificantly lower percentages
and numbers of CD45+ cells in MIM compared to MMig(fe 2.4E and 2.4F).
Therefore, the data presented here indicates tla¢ratization alters the ability of
MC3T3-E1 cells to decrease myeloid differentiateomd/or proliferationin vitro. We
next performed studies to identify the molecularchaisms behind this decreased

support.
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Figure 2.4: Induction of MC3T3-E1 mineralizationstdts in a dramatic decrease of
hematopoietic support(A-D) Representative FCM plots of co-culture exypents in
which HSCs were added to (A) Non-mineralized MCEHB-ells, (B) Mineralized
MC3T3-E1 bulk cells, (C) Mineralized MC3T3-E1 Sutwaké 4 cells and (D) Non-
mineralized Subclone 4 cells. Staining for CD458lls; CD11b monocytes and
CD11b Gr-1" granulocytes are shown. (E-F) Percentage of CIB% and CD11b
monocytes (F) on mineralized and non-mineralized3WI&E1 co-cultures. (G-H) Cell
numbers of CD45(G) and CD11bmonocytes (H) on mineralized and non-mineralized
MC3T3-E1 co-cultures. (I) MC3T3-E1 cells were grown basal media (left) and
mineralization media for 14 days without the 10 dageralization step. Samples were
considered significantly different if p<0.05 by 8ant's T-test if *p<0.05, **p<0.01,
***n<(0.001.

42



Wnt Signaling Molecules Involved in Hematopoietic Development are Decreased
upon Mineralization

Wnt 3a, 5a, 5b, 7b, 9b, and 10b are expressedtbyldasts as they develop and
are particularly important in the differentiatiohearly osteoblastic progenitors to mature
osteoblasts, resulting in upregulation of Runx2 atheer osteoblast-specific transcription
factors [96,118]. At the mature osteoblast statgwynregulation of Wnt signaling is
required for terminal differentiation into the ostgte [84]. In a similar fashion, Wnt
signaling has been implicated in HSC maintenanciénbone marrow niche, and can
also facilitate proliferation in myeloid subsetsdaregulation of B cell development
[42,120].

We hypothesized that the decrease in myelopoidssreed under mineralizing
conditions might result from alterations in Wnt rea¢jing in the MC3T3-E1 cells.
Alterations in Wnt signaling could then, in turnave an adverse effect on myeloid
proliferation.  Myeloid cells are influenced by Wirdignaling to regulate their
proliferation, and dysregulation of Wnt signalingnc result in AML [53,100].
Additionally, increased Wnt3a can decrease myeppaliferation through stromal cell
interactions [24]. We hypothesized that alteragiam Wnt signaling occurred upon the
induction of mineralization, which in turn, resutan altered hematopoiesis. To test this
idea, we performed gPCR analysis of Wnt pathwayifipegenes in MC3T3-E1 bulk
and MC3T3-E1 subclone 4 cells before Day 0 and dewys after induction of
mineralization. There were only a few genes thatewsignificantly up- or down-
regulated after induction of mineralization of thC3T3-E1 bulk cells such ascnd2

Fbxw4 Dixdcl, Csnkla2 Tcf7, Wnt4, Wnt5b, and Wnt{bables 2.1-2.2). We also
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examined Wnt antagonist genes in MC3T3-E1 cellgiBZR and observed th#if-1

andSfrp-2were differentially expressed (Tables 2.3-2.4).

Examination of the Wnt target genesusing qPCR

Preliminary investigation of MC3T3-E1 bulk and sldme 4 gene expression
changes allowed us to determine which genes areredlt upon induction of
mineralization. We next wanted to examine Wntéaigene expression over the course
of mineralization in MC3T3-E1 cells. Wnt activation osteoblast cells results in the
upregulation of numerous target genes that arelvaedoin both proliferation and
survival. Of these target genes, we examibefdl andc-Myc by qPCR at Days 0, 10,
and 24 in MC3T3-E1 bulk and subclone 4 to assestsadtivation in our cultures (Figure
2.5A and 2.5B).

Interestingly,c-Myc showed high expression at Day 10, but droppedfgigntly
at Day 24 to the levels observed at Day 0 (Figus&R Subclones 4 displayed a higher
level of expression af-Myc compared to MC3T3-E1 bulk at Day 10, but then gezpto
the Day O levels at Day 24ef-1 showed no significant difference in expressiomiro
Days 0-24, however, at Day 24ef-1 expression was significantly higher in subclone 4
compared to MC3T3-E1 bulk cultures (Figure 2.5Bhe continued expression of Wnt
target genes indicated that Wnt signaling was atilive at the endpoint of our cultures,
and that this could potentially alter myeloid pfedation in our cultures. Another
interesting finding from the gPCR screen was thegylation ofSfrp-2in subclone 4 at
day 24 (Figure 2.5A and 2.5BJfrp-2levels remained unchanged at Days 0 and 10, but

drastically increased at day 24 in culture. Wedtlgpsized that the increaseSfrp-2
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Table 2.1: Relative Expression of Selected Gemas PCR Array for MC3T3-E1 Bulk
and MC3T3-E1 Subclone 4.

Gene Gene Name Bulk| Bulk | Sub4 | Sub4
Symbol Day 0 | Day Day 0 | Day 10
10
CCND2 Cyclin D2 1.28 [3.53 |1.50 8.40
(n=3) | (n=4) |(n=2) |(n=2)
Fboxw4 F-box/WD repeat-containing 1.43 |3.35 |0.38 1.38
protein 4 (n=3) | (n=3) | (n=2) | (n=2)

DIXDC1 DIX Domain Containing 1 1.65|2.63 0.83 7.29
(n=3) | (n=3) | (n=2) | (n=2)

CSNK1l1la2 | Casein kinase 1, alpha 1 1.14.50 0.29 1.63
(n=3) | (n=3) | (n=2) | (n=2)

TCF7 T-cell-specific transcription | 1.22 | 1.45 0.14 3.70
factor 7 (n=3) | (n=3) | (n=2) (n=2)

wnt 4 wingless-type MMTV 1.057 | 2.05 |6.19 9.22
integration site family, (n=3) | (n=4) | (n=2) | (n=2)
member 4

Wnt5b wingless-type MMTV 5.980 | 28.546| 2.944 | 26.78
integration site family, (n=3) | (n=4) | (n=2) (n=2)
member 5b

Wnt7b wingless-type MMTV 1.71 |25.12 | 3.22 43.01
integration site family, (n=3) | (n=4) | (n=2) | (n=2)
member 7b
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Table 2.2: p values of Selected Genes from PCRyAf MC3T3-E1 Bulk and MC3T3-
E1 Subclone 4.

Gene Gene Name Bulk Day 0 Sub 4 Day | Bulk Day O | Bulk Day 10
Symbol vs. Bulk Ovs.Sub4|vs.Sub4 |vs.Sub4
Day 10 Day 10 Day 0 Day 10

CCND2 Cyclin D2 0.2290 0.0009 0.8027 0.0694

Fboxw4 F-box/WD 0.2544 0.0169 0.4041 0.3049
repeat-
containing
protein 4

DIXDC1 DIX Domain | 0.4957 0.0353 0.5058 0.0441
Containing 1

CSNK1a2 | Casein kinase| 0.1962 0.0226 0.0652 0.3473
1, alpha 1l

TCF7 T-cell-specific | 0.7110 0.0710 0.2359 0.0396
transcription
factor 7

wnt 4 wingless-type | 0.4788 0.6246 0.2100 0.0114
MMTV
integration site
family,
member 4

Wnt5b wingless-type | 0.1107 0.0444 1.000 0.9006
MMTV
integration site
family,
member 5b

Wnt7b wingless-type | 0.0215 0.7156 0.3663 0.3882
MMTV
integration site
family,
member 7b
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Table 2.3: Relative Expression of Wnt Antagorfistsn Gene Array of MC3T3-E1 Bulk
and MC3T3-E1 Subclone 4.

Gene Gene Name Bulk | Bulk Sub 4| Sub 4
Symbol Day 0 |Day 10 | DayO| Day 10
DKK-1 Dickkopf-1 N.D. N.D. N.D. | N.D.
SFRP-1 Secreted Frizzled 1.00 2.03 19.05| 1.84
Related Protein 1 (n=2) | (n=4) (n=2) | (n=2)
SFRP-2 Secreted Frizzled 2.87 14.66 31.61 | 44.92
Related Protein 2 (n=3) | (n=4) (n=2) | (n=2)
SFRP-3 Secreted Frizzled 3.51 39.20 45.06 | 31.83
(FRZB) Related Protein 3 (n=2) | (n=4) (n=2) | (n=2)
SFRP-4 Secreted Frizzled 1.26 0.86 1.77 | N.D
Related Protein 4 (n=3) | (n=4) (n=2) | (n=1)
WIF-1 Wnt Inhibitory Factor 1| 1.00 | 3.63 1.32 |18.45
(n=1) | (n=4) (n=2) | (n=2)

*N.D. Not determined

a7



Table 2.4:

p values of Wnt Antagonists from GeneyAof MC3T3-E1 Bulk and

MC3T3-E1 Subclone 4.

Gene Gene Name Bulk Day| Sub 4 Day 0 | Bulk Day 0 | Bulk Day 10
Symbol O vs. Bulk | vs. Sub 4 vs.Sub 4 |vs.Sub4
Day 10 Day 10 Day 0 Day 10

DKK-1 Dickkopf-1 N.D N.D N.D N.D

SFRP-1 Secreted Frizzled0.3995 N.D 0.2279 0.2436
Related Protein 1

SFRP-2 Secreted Frizzled0.2200 0.5764 0.2297 0.0445
Related Protein 2

SFRP-3 Secreted Frizzled 0.2511 0.9829 0.3650 0.7956

(FRZB) Related Protein 3

SFRP-4 Secreted Frizzled0.6051 0.5055 N.D. N.D.
Related Protein 4

WIF-1 Wnt Inhibitory N.D. 0.7795 N.D. 0.0317

Factor 1

*N.D. Not determined
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could potentially explain the decrease in myelomllscin the highly mineralizing

subclone 4.

Co-culture of MC3T3-E1 cellsand hematopoietic stem cellswith exogenous Sfrp-2

The finding thatSfrp-2expression was significantly upregulated at the @nour
co-culture experiment indicated that this Wnt aatast might be acting on myeloid cells
to reduce hematopoiesis. We hypothesized thatrtbeease inSfrp-2 at Day 10 may
reduce the myeloid progenitors in our co-cultufiestest this hypothesis, we co-cultured
LSK HSCs with MC3T3-E1 bulk and subclones for 14/gdin co-culture under non
mineralizing conditions with the addition of exogels SFRP-2 (Figure 2.6A).

The addition of exogenous SFRP-2 at 10, 20, andud@@ did not result in any
observable differences CD4%opulations compared to the untreated control uféig
2.6A-D). There were also no observable differerine€D115 monocyte populations,
both in percentage and cell number (Figure 2.6AC2and 2.6D). There was a
significant increase in granulocytes cultured wi0 pg/ul SFRP-2 when compared to
the untreated control, but no other observablesgiffices in the cultures. Although it
seems that there are Wnt signaling changes at Bayh2 cause of the decrease in

myeloid cells we observed in culture is not duedgcreases irSfrp-2 expression.
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Figure 2.5: Differential Expression of Wnt targe¢érmgs in MC3T3-E1 Bulk and

Mineralizing MC3T3-E1 Subclone @A) gPCR analysis dbecreted Frizzled Protein

2 (Sfrp-2, c-MycandLef-1on MC3T3-E1 Bulk (left, n=3) and MC3T3-E1 Subclone
4 (right, n=3). (B) Comparison &frp-2(top panel)c-Myc (middle panel) andef-1
(bottom panel) expression in MC3T3-E1 Bulk and MG&H1 Subclone 4 at days 0,
10 and 24. Mean + SD are shown and were considerbd statistically significant
Student’s T-test if *p<0.05, **p<0.01, ***p<0.001.
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Figure 2.6: Addition of Secreted Frizzled Protein($FRP-2) does not result in
reduced hematopoiesiéA) Representative flow cytometry plots of the iidah of
SFRP-2 at 0 ug/ml (top panel), 10 ug/ml (top middenel), 20 ug/ml (bottom
middle panel), and 100 ug/ml (bottom panel). (B) 313-E1 cultures with no
hematopoietic cells at 0 ug/ml (top panel), 10 dghop middle panel), 20 ug/ml
(bottom middle panel), and 100 ug/ml (bottom pan@) Percentage of CD45 cells
(left panel), CD11b monocytes (middle panel) and CD116r-1" granulocytes
(right panel). (D) Total cell number of CD45 ceflsft panel), CD11b monocytes
(middle panel) and CD11kGr-1" granulocytes (right panel). Mean + SD are shown
and were considered to be statistically signific&ident's T-test if *p<0.05,
**p<0.01, ***p<0.001.
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2.4 Discussion

We have demonstrated that the MC3T3-E1 cell linpresses genes that are
involved in both hematopoietic stem cell self reabvand differentiation and that
MC3T3-E1 cell lines can support hematopoietic stath differentiation, but not HSC
self renewal. Our study also revealed that aeralization increases in MC3T3-E1 cell
lines, the ability to support myeloid proliferaticand differentiation is dramatically
reduced. We observed differences in expressioVmfsignaling genes; in particular, a
decrease irsfrp-2 and Wif-1  Adding exogenous SFRP-2 did not rescue thelaitye
reduction observed in MC3T3-E1 co-cultures.

Wnt antagonists are only beginning to be appregiade having a role in
hematopoiesis. DKK-1, SFRP-1, SFRP-2 and WIF-Ihalle been shown to influence
hematopoietic stem cell function [56,57,61,62].alistudy by Nakajima and colleagues,
the addition of exogenous SFRHAfvitro resulted in increased hematopoietic colony
formation that contained exogenous Stem Cell F4&6F) and Thrombopoietin (TPO),
as well as increased engraftment efficiency in H8f= secondary transplantation [57].
In the same study, SFRP-1 was also shown to inefeamatopoietic colony formatiom
vitro. The colony forming assays performed in Nakajimd aolleagues study differed
significantly from our study, as we utilized a gstakin to the OP9 co-culture system,
which requires the addition of Interleukin 7 andTFR ligand to enhance lymphoid
generation[107]. Although our studies do not intica specific role of SFRP-2 in
promoting hematopoiesis, we have yet to perfornctional studies on how SFRP-2

specifically influences myelopoiesis.
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Another interesting finding was the elevated exges of Wif-1 in mineralized
MC3T3-E1 subclone 4 at Day 10. Recently, it hasnbglgown that Wif-1, under the
control of the Col2.3 promoter in osteobladtéft1-Tg, exhausted LT HSCs and altered
normal hematopoiesis[61]. In the same study Wik 1-Tgmice, it was shown that the
decreases in LT HSC populations were non cell auntaus. Since Wif-1 can result in
decreased LT HSCs and altered hematopoiesis, lid gaientially explain the reduction
observed in our studies. The MC3T3-E1 co-culttadd-back” experiment could
subsequently be used with the addition of WIF-idemntify if there are any influences on
hematopoiesis in our co-cultures.

There are currently five known secreted Frizzleotgins in mice (SFRP1-5)[54].
In vivo studies usingfrp-I” mice demonstrated a marked reduction in hemattipoie
stem cell function [56]. SFRP-1 has also been shtmwnegatively influence secondary
transplantation, but the mechanism for how SFRRd SFRP-2 differentially regulate
hematopoiesis is still unclear [57]. SFRP-1 lewdits were not significantly different in
MC3T3-E1 bulk and subclone 4 cells (Table 2.1 aa#hl@ 2.2). SFRP-1 and SFRP-2
have been shown to be redundant in early developrhewever, in hematopoiesis, the
two proteins seem to have vastly different funcdigf8]. Not all SFRPs block Wnt
signaling, which may partly explain why SFRP-1 aBHRP-2 have vastly different
effects observed in our culture [121]. Our resdtisnot seem to conflict with the results
from Nakajima and colleagues, which showed an aszanproliferation of HSCs with
the addition of both SFRP-1 and SFRRR2vitro, although it is interesting that the

addition of exogenous SFRP-2 did not increase hepoasis in our cultures. This
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indicates that the utilization of different cultusystems can influence the output of
hematopoietic cells.

Mineralization occurs as osteoblasts mature intor O@wever, it seems that as
osteoblasts mature, another consequence is the dbsshe ability to support
hematopoiesis. Recently, Cheng and colleagues eshothat maturing calvarial
osteoblasts displayed reduced ability to supponmndiepoiesis, while Chetti and
colleagues showed th&unx2 expression in osteoblasts correlated to an iner@as
hematopoiesisin vitro [70,122]. MC3T3-E1 expresRRunx2 before and after
mineralization, but we still need to quantify thevéls of Runx2 expression after
mineralization. Many pathways other than Wnt, sastthe Notch, BMP and Hedgehog
pathways, are also important regulators of botheaidast and hematopoietic
development [118], and their role in mineralizingCBT3 cultures has yet to be
investigated. In addition, the effects of thesthpays and mineralization on the direct
production of hematopoietic growth factors, such MsCSF and GM-CSF, require
additional study.

In summary, we have shown that the MC3T3-E1 moreslesystem can be
utilized to test the effects of distinct stagesosteoblast maturation on hematopoiesis,
and could be a simple method to further the undedihg of the crosstalk between
osteoblasts and myeloid cells during their recipradifferentiation and development.
This system could also be advantageous in decipdetie interactions of other
hematopoietic cell types, such as embryonic stdivdeegved hematopoietic progenitors

with mature OBs. Finally, this system could alstemtially be used to test the reciprocal
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effects of the HSC on OB differentiation, which boccur after bone injury or fracture,

and metastasis[10].
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Chapter 3: Absence of Sclerostin Adversely Affects B cell Survival
3.1. Introduction:

It is well appreciated that cellular crosstalk be¢w OBs and osteoclasts in the
adult bone is required for proper bone homeostdst8] and that disruption of the
balanced activity between bone-building OBs andeb@sorbing OCs can result in
altered bone metabolism, leading to high or loweborass, respectively. More recently,
the relationship between abnormal bone phenotypes tlee development and
differentiation of BM stromal cells and hematopmetells has been an active area of
investigation [10,117]. At embryonic day 12, sokSCs begin expressinBunx2
solidifying commitment to the osteoblastic lined&é]. Activation of Wnt signaling and
expression ofOsterix foster further differentiation to the osteoprogenistage [97].
Commitment to the mature OB stage is confirmedhayupregulation of mineralization
genes [85]. Finally, terminal differentiation toet osteocyte requires downregulation of
Whnt signaling by Wnt antagonists [85,97].

As was shown in Chapter 2, Wnt antagonists playoke iin regulating
hematopoiesis. Canonical and non-canonical Wntasiigm has been implicated in
various aspects of hematopoiesis, particularly iceB survival [24,124]. B lymphocyte
development in the bone marrow Btatenindeficient mice is normal [125], whereas B
cell development is increased by non-canonical Wntediated signaling [19]. Wnt
signaling is also important for osteoblast develeptn as canonical Wnt3a-signaling
inhibited or promoted osteogenesis depending oMtht8a concentration and age of the
mice examined [126]. Haploinsufficiency of the AmanonicalWnt5a gene in mice

resulted in loss of bone mass and increased adipsgein the bone marromm vivo
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[127], but promoted osteogenesis from human mesemahstem cellan vitro [128].
Taken together, the role of Wnt signaling in hematesis and osteogenesis is clearly
influential in preserving bone homeostasis.

Sclerostin §ost Entrez GenelD50964) antagonizes canonical Wnt signaling by
its binding to the Wnt co-receptors LRP4, LRP5, /and.RP6 [55,73], blocking
signaling via Frizzled receptors. SOST is a sedrg@rotein that is primarily expressed
by fully mature osteocytes and acts on OBs as ativegregulator of bone growth by
inducing OB apoptosis in culture and effectively\yenting osteoblast maturation into
osteocytes [73]. Mice with deletions of tBestcoding region display highly mineralized
bones with reduced BM cavity size, due to increasadvity of OBs without affecting
osteoclast development and activity [78]. Van Bamls disease in humans has been
traced to a 52 Kb deletion in tHgostregulatory region, which results in deforming
increases in bone mass [129]. Despite the cldaralbSOST in the regulation of Wnt
signaling, osteoblast activity and the size of B\ cavity, the function of SOST in the
regulation of bone marrow hematopoiesis has non loeeestigated. Here, we analyzed
hematopoietic differentiation and the bone marromvimnment in Sost” mice to
examine whether the lack &ostin the bone affects hematopoiesis, particularlgel

development.
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3.2Materialsand M ethods:

Mice. C57BL/6J and B6.SJL-Ptgt€ep&/BoyJ mice were obtained from The
Jackson Laboratory (Bar Harbor, MEJost™ mice on the B6 background were generated
by Regeneron Pharmaceuticals, Inc. as a Sost-kaogk-in as part of the Knockout

Mouse Project (KOMP)hitp://www.velocigene.com/komp/detail/10068]). Mice of

both sexes were analyzed between 3 - 4 monthseof Bgta were combined from both
male and female mice, as no sex-specific differeneere observed [78,79], and data not
shown). All mice were euthanized by g&sphyxiation followed by cervical dislocation.
All animal procedures were approved by the LLNL &i@ Merced Institutional Animal
Care and Usage Committees.

Antibodies. Monoclonal antibodies (mAb) were purchased eitliom
eBioscience, Biolegend or BD Biosciences (San Di€i). The mAb clone name is
listed in parentheses. Purified anti-CD16/32 (@35 used to block Fc receptai#/|Iil.
Biotinylated-anti-CD3 (145-2C11), CD4 (GK1.5), C§83-6.7), CD19 (6D5), CD11b
(M1/70), NK1.1 (PK136), Gr-1 (RB6-8C5), and TER-1(T®r119) were used for lineage
depletions. Other antibodies and stains usedistesllas follows: anti-c-Kit-eFluor-780
(ACK2), CD34-FITC (RAM34), CD135-PE (A2F10.1), CD3@-PerCp-Cy5.5 (93),
CD25-PerCp-Cy5.5 (PC61), Sca-1-APC (D7), IiFRECyY7 (A7R34), AA4.1-APC
(AA4.1), B220-FITC (RA3-6B2), IgD-PerCp-Cy5.5 (15&2a), CD19-APCCy7, -APC,
or -PE (6D5), IgM-PE (RMM-1), CD21-FITC (7G6), a@D23-Biotin (B3B4), CD45-
FITC (30-F11), NK1.1-PeCy5 (PK136), CBAPC (145-2C11), TER-119-PeCy7
(Terl19,) Gr-1-PECy5 (RB6-85C), CD11b-PE (M1/70p45.1-FITC (A20), CD45.1-

APC (A20), CD45.2-PE (104), CD45.2-APC-Cy7 (104).
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Sorting and analysis of hematopoietic progenitor and stromal populations by
flow cytometry (FCM). Bone marrow cells were obtained and counted exsribed
[108]. For stromal cells, flushed tibiae and femamre digested in M199+ containing
0.125% (w/v) collagenase D (Roche) and 0.1% DNRselfe) on an agitator at &7, in
which fresh media was added every 15 minutes, ftota of 75 minutes. Following
digestion, 0.125% Neutral Protease (Worthington} wedded for 15 minutes and then
stromal cells were incubated in a mixture of PB®nM EDTA, 1% FCS, 0.02% NaN
for 10 minutes to help disrupt cellular fragments.

All cells were incubated with purified anti-CD16/3@ block Fc receptors and
lineagé were MACS depleted as described [108]. Live,ekigé cells were then
counted by hemocytometer using Trypan Blue exctusi@ll Lineagé cells were stained
with antibodies specific for c-Kit, Sca-1 and IL@Ror 20 min. at 4C, washed and
resuspended in M199+ media with @ud/ml of DAPI (Fisher). LSK HSC, MPP, CLP,
CMP, MEP/GMP populations were then sorted usindh\@% Aria Il (BD Biosciences,
San Jose, CA). All populations were sorted to 8%%urity, as verified by post-sort
analysis. Analysis of flow cytometric data was fpaned with FlowJo software
(Treestar, Ashland, OR).

Flow cytometric sorting and analysis of committed cell lineage population in
the bone marrow and spleen. Bone marrow cells were isolated as described][108
counted, and cells were stained with anti-CD16/8@ then stained with fluorochrome-
conjugated Abs specific for CD3, CD19, NK1.1, T&1CD11b, and Gr-1. Splenocytes

were obtained by gentle physical disruption of spgewith the base of a 5 ml syringe and
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resuspended in M199+. Splenocytes were filteregitéd with ACK lysis buffer,
incubated with anti-CD16/32, and then either sthingth fluorochrome-conjugated Abs
specific for CD3, CD19, NK1.1, Terl19, CD11b, and1G or fluorochrome-conjugated
Abs specific for AAl1.1, CD19, IgM, CD21, and CD23Analysis was performed as
described above.

RNA Isolation, cDNA synthesis, and PCR. RNA from cells was collected from
collagenase-digested bones, FACS-sorted cells amolewbone, as described [108].
Briefly, cells were placed in Trizol (Invitrogenr&hd Island, NY) and RNA was purified
using phenol-chloroform extraction. Purified mRNyas then used as a template to
synthesize cDNA using oligo-dT primers with the &igeript Il kit (Invitrogen).
Conventional reverse-transcriptase PCR (RT-PCRJOMA was performed using the
following thermocycler conditions: 90°C for 5 mien 35-40 cycles of 95°C for 1min,
55-60°C for 30 sec. and 72°C for 1 min, followed &y min 72°C extension. PCR
products were visualized by electrophoresis orb&blagarose gel.

Quantitative real-time PCR (qPCR) was performeddascribed [108]. Al
primers used were validated for efficiency usingngiard curves on control tissues and
were used only if the primer efficiencies excee@8éb and only one PCR product was
visualized after gel electrophoresis.

Analysis of apoptosis and cell death in B cells. Bone marrow B cells were
enriched as described above and stained with filwoone-conjugated antibodies
specific for B220, IgM, c-Kit, and CD19. Cells wewashed in M199+ one time, and
then subsequently washed twice in 10@f Annexin V Binding Buffer (Biolegend) and

then resuspended at a concentration 8fcills/ml in Annexin Binding Buffer. &l of
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Annexin V-FITC (Biolegend) and 10 of 7-AAD (eBioscience) were then added for 15
minutes and washed with Annexin-V binding buffed amalyzed by FCM.

LacZ staining of bone marrow sections. Tibiae and calvariae from 6-month old
and Sost” and wild-type littermate control mice were pregarand sectioned as
previously described [130]. Samples were decaltjfistained with 5-bromo-4chloro-
indolyl-B-D-glacotpyranoside (X-gal), paraffin processed;tiseed and counterstained
with Nuclear Fast Red. All images were taken rgramvth plates and trabecular bone
regions at 1000X magnification under oil immersion.

Bone marrow transplantation assay. Sost »WT and WT—Sost™ bone marrow
chimeras were generated. All recipient mice wethdlly irradiated with 1000 rads
using a Cesium-137 source (J.L. Shepherd and AsssciSan Fernando, CA), and a
minimum of 4 hours were allowed to pass before bmaerow reconstitution. For the
Sost —WT chimeras, B6.SJRtprc® Pep&/BoyJ (CD45.1) recipients were transplanted
with 5 x 10 Sost” CD45.2 bone marrow cells (BMC) via retro-orbital intravers
injection. Control WT (CD45.2p»WT (CD45.1) chimeras were prepared by
transplantation of wildtype C57BL/6J BMC into wilgite or B6.SJLPtprc® Pep@/BoyJ
(CD45.T) recipients. For the reciprocal WASost™ chimeras, C57BL/6J oBost”
recipients (both CD45'2 were transplanted with B6.SRtprc® Pepé/BoyJ (CD45.1)
BMC, and control WT (CD45.13>WT (CD45.2) chimeras were prepared as described
above. Peripheral blood samples were stained @i45.1, CD45.2, Gr-1, CD11b,
CD3¢, and CD19 and analyzed for the presence of ddmorezism at 3 weeks by FACS.
Chimeras were euthanized at 5 weeks post-trangpiamt for analysis of donor

hematopoietic lineages in the bone marrow and splee
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B cell proliferation assay. Splenocytes fronSost” and Sost”™ mice were
sterilely isolated and B cells were enriched by MAGepletion of CD8 CD4, CD&,
NK1.1, Terll9, NK 1.1, CD11b and Gr-1-positive sellB cell purity was found to be
>95% B220 CD19 (data not shown). MACS-purified B cells were wagtour times
with 1x PBS. Cells were then washed two more tinvéh culture media containing
DMEM (Invitrogen) with 10% FCS (Atlanta BiologicdJs1x penicillin/streptomycin
(Invitrogen), and 5 x1®M 2-mercaptoethanol. Cells were then plated @irecentration
of 2.0- 5.0 x 10 cells per well, in triplicate, in a 96-well flatotiom plate (Fisher
Scientific), in the presence of 0, 10, or 1@9ml LPS (Sigma-Aldrich). Cells were then
kept in a humidified cell incubator with 5% G@t 37C for 48 or 72 hours. After
incubation, cultures were harvested, counted aatyaed by FCM.

Statistical analysis. Differences between the means of biologicalicaps for all
samples were calculated using two tailed Studdntisst (GraphPad Prism, La Jolla, CA,
USA). The two tailed Student’s T-test was justlfiey the assumption that all samples
follow a Gaussian distribution even though samjzessare small, and are not paired

samples. All samples were considered statisticadjgificant if p < 0.05.
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3.3 Results:
Reduction of B cellsin the bone marrow of Sost”” mice

Sost” mice were generated using conventional gene targetethods, in which
the Sosbpen reading frame was replaced widtZto generate the null allele [79%0st
" mice display a high bone mass phenotype and redBbecavity volume in both male
and female mice, very similar to the phenotypéhefSostknockout mice generated by Li
et al. [78,79]. Consistent with this, the totalmbers of BM cells and CD45
(hematopoietic) cells were significantly decreasied Sost” mice (Figure 3.1A).
However, no difference in the percentage of CDells was observed betwe&wst
and wild-type Sost™*) controls (Figure 3.1A).

We also examined the frequencies of committed lyorgbland myeloid lineages
in Sost™ mice. Consistent with the clear reduction irerad BM cellularity, the
numbers of cells amongst all lymphoid and myelangdges were severely reduced in
Sost” mice. No differences in the frequencies of T Iy1ogytes (CD8), natural killer
cells (NK1.T), monocytes (CD1TbGr-1), granulocytes (CD11IbGr-1") and erythroid
cells (TER-119) were observed in the BM (Figures 3.1B — 1D). ldwer, CD19 B

cells were significantly reduced in both their fneqcy and cell number in the BM

(Figures 3.1C, 1D), indicating a B cell-specifidelt due to the absence $6st.

Elevated apoptosisin B cellsin the bone marrow of Sost” mice
B cell maturation in the BM proceeds through aesedf steps that have been defined by
cell surface marker expression. HSCs differentiatie CLP, which then give rise to the

early pre/pro-B cell progenitor (also known as Emac A) identified as negative for
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Figure 3.1: CD18* B cell populations in the bone marrow are redu@edSost”
mice. (A) Total number of bone marrow cells (left panel)atqiercentage (middle
panel) and total number of CD4fight panel) in the bone marro{B) FCM plots
of myeloid lineages in wildtypeSpst') and Sost™ mice. (C) FCM plots of
lymphoid lineages in wild type anBlost” mice. (D) Total percentages of B cells
(CD19), T cells (CD3"), monocytes (CD1IbGr-1) and granulocytes (CD11b
Gr-1"). Data are representative®dst”” (n=6) andSost” (n=12) of pooled sexes at
8 to 13 weeks of age. Mean + SD are shown, and w@nsidered to be statistically
significant if p < 0.05, two-tailed Student’s T4es
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CD3k, CD4, CD8, CD11b, Gr-1, NK1.1, Ter119, CD19, Igdhd c-Kit and positive for
B220 [91]. Subsequent immunoglobulin heavy chaeneg rearrangements ensure
commitment and differentiation into pro-B cellss@lknown as Fraction B/C) that are
CD19" B22d° c-Kit" IgM™ [131,132], but negative for other lineage-specifiarkers.
Further rearrangement of light chain genes corddéfarentiation into the pre-B cell (also
known as Fraction D) with subsequent c-Kit downtagion. Functionally immature B
cells (CD1¥ B22d° c-Kit" IgM*) that survive negative selection become mature IgD
expressing B cells, which then migrate out of tiM BBto the periphery. These mature,
recirculating B cells can then be identified byitteairface phenotype (CD18'B22d""
c-Kit” IgM™) when they return to the BM [91,132].

To identify if and where a block in B cell developnt occurred irSost™ mice,
we examined the frequencies of the stages of Bdiféirentiation in the BM irSost’™*
andSost” mice. In our analysis, we used a staining stsategvhich pre/pro-, pro- and
pre-B cells are observed as one group (design&exklt precursors” for simplicity), but
immature and recirculating B cells in the BM candgtinguished [131,132,133]. We
observed significant decreases in the frequendiedl committed B cell developmental
stages (Figures 3.2A, 2C). Additional flow cytonwtanalysis using the Hardy
nomenclature confirmed that block in B cell develgmt occurred very early at the
Fraction B (pro-B/pre-B-1) stage, and this blocknagintained until the Fraction D (late
pre-B) stage irSost” mice (Figure 3.3A-D). In addition, the numbemadture B cells in
Fraction F was notably decreased (Figure 3.3E).e dbcline in B cells directly
correlated with increased levels of apoptotic cellsthe “precursor”, immature and

recirculating stages of B cell developmentSnst” mice, as measured by co-staining
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Figure 3.2: Elevated B cell apoptosis in Sostice. (A) FCM plots showing B cell
developmental stages from bone marrow. The lefepshows the gating strategy for
“precursors”, immature and recirculating B cell ptagions. The middle and the right
panels represent staining from ti8ost’* and Sost mice, respectively. (B)
Representative analysis of apoptosis by FCM incpreor” B cells, as measured by
staining with Annexin-V and 7-AAD. Live (Annexin-V7-AAD"), early apoptotic
(Annexin-V" 7-AAD") and combined late apoptotic and dead (AnnexXirrMAAD™) B
cells are discriminated(C) Total percentages of pre/pro-, pro- and pre-Bscel
combined (“precursors™: B220gM") (left panel), immature (B220gM™) (middle
panel) and recirculating (B228' IgM™) (right panel) B cells itBost™ (n=8) andSost

" (n=10) mice. (D) Total percentages of Annexin-V7-AAD" “precursors” (left
panel), immature (middle panel) and recirculatiright panel) B cells irSost™* and
Sost bone marrow. Data are representativé;oi;f’+ (n=4) andSost” (n=3) that are
of pooled sexes and 12 to 15 weeks of age. Me8D are shown, and all data were
considered to be statistically significant if p €9, two-tailed Student’s T-test.
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Figure 3.3: Early B cell progenitors are reduced $ost” mice.(A) Representative
FCM plots of bone marrow B cell fractions A through The top panels show the
gating strategy for B cell Fractions A-F using B22D43, BP-1, CD24, and IgM and
the bottom histograms show AA4.1 staining in thoBections. Data from
representativ&ost’" andSost™ mice are shown. B cell fractions were phenotypica
defined as follows:Fraction A: Lineagé B220" CD43 BP-I CD24 AA4.17;
Fraction B: Lineagé B220 CD43 BP-1 CD24 AA4.1%; Fraction C:Lineagé,
B220" CD43 BP-1" CD24 AA4.1%; Fraction C* Lineagé B220° CD43 BP-T
CD24"" AA4.1"; Fraction D: Lineagé B220° CD43 AA4.1" IgM7; Fraction E
Lineagé B220 CD43 AA4.1" IgM®. Fraction F Lineagé B220 CD43 AA4.1
IgM™ (B) Frequencies of cells within the Fractions A thioug. (C) Total cell
numbers in Fractions A through C(D) Frequencies of B cell Fractions D through F.
(E) Total cell numbers of B cell Fractions D through (B-E) Data shown are
representative of &ost’* and 4Sost” age and sex matched mice. Mean + SD are
shown, and all differences were considered stediyi significant if p<0.05 by
Student’s two-tailed T-test.
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with Annexin V and 7-AAD (Figures 3.2B and 3.2D)However, no difference in
apoptosis was evident in the Linea@®19 B220 IgM" populations, which contain the
HSC, CLP, and stromal populations in the bone mafdata not shown). Interestingly,
the observed decrease in B cell populations inbitvee marrow did not extend to the
spleen, and but we did note an increase in sphgaitulocytes irSost” mice (Figures 3.4
and 3.5). Splenic B cells iBost” mice were comparable to B cells in wildtype mice,
both in frequency and in function when stimulatgdlipopolysaccharide (Figures 3.6
and 3.7). These data indicate that the reductid® cells observed in the BM &ost”
mice is due to increased apoptosis at all commiBezkll developmental stages in the
bone marrow, but does not affect survival and antigesponse in peripheral lymphoid

organs.

Expression of Wnt signaling pathway and target genesin B cells
High expression oSostmRNA has been reported in osteocytes, with astatia

diffuse SOST protein staining in osteocytic deredribnd canaliculi [134]. To assess
whether the B cell phenotype observe®st” mice is due to a cell-autonomous versus
non-cell-autonomous defect in the BM niche, we exaoh purified “precursor”,
immature, and recirculating B cell populations fréime bone marrow for expression of
Sostby RT-PCR. Sostexpression was not observed in any B cell populafigures
3.8A and 3.8B), supporting that the effect of thsence ofSoston B cells is non-cell-

autonomous.
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Figure 3.4: Splenic myeloid lineages are alteredSost mice. (A) Total number
(left panel, 6Sost™™ and 12Sost mice), total percentage (middle panel, left pagel,
Sost* and 14Sost” mice) and total number of CD4%right panel, left panel, 8
Sost’* and 14Sost” mice) in the spleen(B) Representative FCM plots of splenic
myeloid lineages in wildtype an8ost” mice. (C) Representative FCM plots of
splenic lymphoid lineages in wildtype ag®st” mice. (D) Frequencies of CD11p
Gr-1" granulocytes (left panel), and CDT1monocytes (right panel) in the bone
marrow. (E) Frequencies of CDI9B cells (left panel) and CR3" T cells (right
panel) in the bone marrow. F®B-E), data shown are representative @&t and
14 Sost” mice. Data were collected from a pool of mixeses and 8 to 13 weeks of
age. Mean + SD are shown, and all differences wemesidered statistically
significant if p<0.05 by two-tailed Student’s T-tes
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Figure 3.5: Splenic B cell populations appear sounaffected by the absence of Sost.
Representative FCM plots of splenic B cell popoiasiinSost’™ andSost mice. The
top panel shows the gating strategy for splenieB populations from transitional 1-
3, follicular, marginal zone and B-1 cells in th@een. The middle and lower panel
show representative FCM plots for wildtyaed Sost” mice respectively. Data shown
are representative of 8ost’* and 3Sost™ pooled mice of mixed sexes and 8 to 13

weeks of age.
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Figure 3.6: Quantification of splenic B cell freqees in Sost mice. (A) Total
percentages for transitional 1 (left panel), traosal 2 (middle panel) and
transitional 3 (right panel) B cells Bost’ and Sost” mice. (B) Total percentages
for follicular (left panel), marginal zone (middbanel), and B-1 B cells (right panel)
in Sost’ and Sost” mice. Data shown are representative dast’* and 3Sost”
mice of mixed sexes and 8 to 13 weeks of age. nMe&D are shown, and

differences were considered statistically signiiici& p<0.05 by two-tailed Student’s
T-test.

76



B Blast Formation After 48 Hours
N.S. N.S. N.S.

Fold Difference

NN A NN NN
906906 906906 90%06

95.8% 4.23%

79.8% 20.2%

20+

e
o
1

-
=)
L

o
r1

0-

T T T T T
0 50K 100K 150K 200K 250K

56.5% 43.5%

T T T T T
0 50K 100K 150K 200K 250K

FSC

Sost -

93.7% 6.29%

Unstimulated

T T T T T
0 50K 100K 150K 200K 250K

1Dsj

104t (@1«( -~ ).»;){

YR —| 10 pg/ml LPS
701% 29.9%

102j

1°1t

T T T T T
0 50K 100K 150K 200K 250K

“58.4% 419%| 100 ug/mlLPS

T T T T T
0 50K 100K 150K 200K 250K

-

o ok N oy X

C Blast Formation After 72 Hours

3 Unstimulated 207 NS N.S. N.S. [ Unstimulated
=3 10 ug/ml LPS = 10&g/ml LPS
El 100 ug/ml LPS & 15 H 100 pg/ml LPS

Fold Difference
2

o
1

0-

Fryy &y
60660% 906%06 %06606

77



Figure 3.7: SOST-deficient splenic B cells disptaymal proliferative responses to
LPS. (A) FCM plots showing blast formation as measureddowérd scatter (FSC)
and side scatter (SSC) measures of cell size. agmelepleted (negative for CB3
CD4, CDS8, NK 1.1, CD11b, Gr-1 and TER-119) spldaicells were stimulated with
0, 10 or 10Qug/ml of LPS. A representative FCM plot from B sedtimulated for 48
hours is shown(B) Changes in the mean percentages of blasts forfted4& hours
in culture.(C) Changes in the mean percentages of blasts foriivexd 72 hours in
culture. Fold differences inB) and(C) are normalized to the mean percentage of
blasts present in @g/ml cultures for each genotype. Data are reptasea of
Sost™, n=4 andSost’, n=3 mice of mixed sexes and 8 to 13 weeks of ddean *
SD are shown, and were considered to be statistisanificant if p < 0.05, two-
tailed Student’s T-test.
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All purified B cell populations expressédp5 andLrp6 but lacked expression of
Lrp4 (Figure 3.8A). We hypothesized that the lack &SI binding to LRP5 and/or
LRP6 on developing B cells could result in hypekeciVnt signaling. This could then be
measured irSost” B cells by the expression of known Wnt target geseich acnd1
(also known as cyclin-D1),ef-1, andc-Mycto see if these genes were increased in the
absence ofBost[43,45]. Amongst “precursor’ and immature B celi® differences in
Lef-1, c-Mycor Ccndlexpression was observed. Expressior-dMycincreased up to
two-fold in the recirculating B cells iBost” mice (Figure 3.8C). These data showed that
in the absence dost expression of these Wnt target genes was unchangée early

stage B cells, but differentially affected in recilating B cells.

Sost is not expressed in any hematopoietic lineages in the bone marrow

We also examined all hematopoietic progenitors emmitted lineages in the
BM of Sost"* mice forSostexpression by RT-PCR, and did not obseSestexpression
in any of these cells (Figure 3.98nd data not shown). In contraSpstwas clearly
expressed in cells obtained from collagenase-digelsone (Figure 3.9A). These results
were confirmed by RT-PCR fdracZ which is a knocked-in reporter for endogenous
Sostexpression irsost” mice (Figure 3.9B). The RT-PCR results were fertvalidated
by histology of whole bone sections (in which ostges as well as the BM cavity cells
can be observed)Sostexpression, as reported bgcZ activity, was clearly observed in
the osteocytes in the tibias and calvariaSest™ mice, but not in wildtype mice. In

contrast, very low levels dfacZ activity were observed in the BM cavity (Figur8@).
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Figure 3.8: Wnt target genes in S8sB cell populations.(A) Pre/pro, Pre- and Pro-
(“Precursors”), immature and recirculating B cellsre examined for the expression
of Sost Lrp4, Lrp5, andLrp6, and B-actin. Sost’* bone was used as the positive
control (“+ control”) tissue.(B) LacZ RT-PCR analysis to determiBestexpression
in Sost’™ (left) andSost (right) B cell subsetsSost collagenase-digested bone was
used as the positive control tissue for La¢Z) gRT-PCR for Wnt target genésf-1,
c-Myc and Ccndin sorted B cell subsetRpl-7was used as the housekeeping gene.
Relative gene expression@ost” mice was calculated by normalizing to expression i
the Sost’* controls. Mean + SD are shown from three miceath genotype, and
were considered to be statistically significarg € 0.05, two-tailed Student’s T-test.

80



Cxcl12 expression is significantly reduced in bone marrow stromal cellsin Sost” mice

The lack ofSostexpression in hematopoietic cells and its cleg@ression in the
non-hematopoietic cell compartments supported dea that the B cell defect observed
in Sost™ mice is non-cell autonomous, and implicated thealsiast, osteocyte or other
stromal cell populations in the bone as the sowkté&SOST. B cell development,
proliferation and survival in the BM rely on theopiuction of interleukin-7 (IL-7), stem
cell factor (SCF), and CXCL12 (also known as SDFsbhich are produced by BM
stromal cells [91]. Examination di7 and Scflevels by quantitative PCR of collagenase
digested bones showed no statistical differeretevéenSost and wildtype controls,
althoughSost™ Scf levels were reduced, but did not reach statistighificance
(Figures 3.10A and 3.10B)Cxcl12is highly expressed in bone marrow stromal cells
including osteoblasts, endothelial cells and rédicicells, but is not expressed in
hematopoietic cells [91,135[Cxcl12was significantly reduced iBost™ mice, providing

a possible explanation for their altered B cellelepment (Figure 3.10C).

Bone marrow transplantation assays confirm a non-cell autonomous role of Sost on B
cell development

The reduction ofCxcl12 and the lack ofSostexpression in hematopoietic cell
populations indicated that the reduction of B ciellSost” mice was indeed due to a non-
cell autonomous effect. To further test this hiyesis, we performed reciprocal bone
marrow transplantation experiments, in which W¥Sost™ and Sost—WT bone
marrow chimeras were prepared. We hypothesizediftitae effect of the absence of

Soston bone marrow B cells was cell extrinsic, themgplantation of WT bone marrow
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Figure 3.9: Sost is restricted to non-hematopoiditieages. (A) Sostexpression
was determined using RT-PCR of mRNA isolated fro@M~sorted LSK HSC,
CLP, CMP, granulocytes and B cells froBost”™ mice. B-actin was used as a
housekeeping gene and internal control. The pesitontrol tissue forSost
expression was collagenase-digested bon@) RT-PCR for LacZ in sorted
hematopoietic cell lineages Bost” mice. mMRNA from collagenase-digested bones
from Sost™ mice was used as the positive controllfacZ RT-PCR forSostin the
Sost” mice was negative in all tissues examined (datashown). (C) Sost™ and
Sost" cortical bone marrow (top), trabecular (two midcéed calvarial (bottom) 6
pum whole bone sections were stained for LacZ agtivusingX-gal (blue) and
counterstained with Nuclear Fast Redost calvaria sections were used as a
positive control forLacZ activity. Representative images from 20 slidespared
from 2Sost™ and 2Sost” mice are shown.
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into Sost” mice would result in a block in B cell developmemtginning at the
“precursor” stage, buSost” bone marrow transplanted into WT recipients wobéd
result in normal B cell developmentSost” bone marrow transplanted into WT hosts
engrafted and differentiated similarly to W& WT control chimeras (Figure 3.10D). In
contrast, transplantation of WT bone marrow iStwst” recipients resulted in a decrease
in CD19" B cells as well as a significant decrease in inumeatind recirculating B cell
populations (Figure 3.10E) in the chimeras, simitathat observed in th8ost” mice
(Figure 3.2). These results confirm that the beeroenvironment of th&ost™ mice is
unable to sufficiently support B cell developmenmthie bone marrow, and the effect of

Soston B cell development is non-cell autonomous.
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Figure 3.10: Evidence that the B cell defect instSomice is cell-extrinsic.
Expression analysis df7 (A), Scf(B) andCxc12(C) by gRT-PCR. mRNA was
extracted from digested, bone-marrow flushed bond3pl-7 was used as the
housekeeping gene. Relative gene expressioSost mice was calculated by
normalizing to expression in tt®ost’* control. D) Experimental scheme of bone
marrow transplantation of CD45.2VT (n=5) or Sost” (n=5) bone marrow into
CD45.T WT recipients (top panel). CD45.2donor) cells were gated for analysis
post-transplantation. The total number of donoiveel CD19 cells in the bone
marrow (middle panel), and the total number of @Rrsors”, immature and
recirculating B cells (bottom panel) in WT(CD45-2WT(CD45.1) andSost —WT
chimeras are shown.E] Scheme of reciprocal bone marrow transplantatdn
CD45.1 WT bone marrow into CD45"2WT (n=3) orSost™ (n=3) mice (top panel).
Donor CD45.1+ cells were gated for analysis paatdplantation, and the total
number of donor-derived CD1@ells in the bone marrow (middle panel), and thtalt
number of donor-derived “Precursors”, immature aedrculating B cells (bottom
panel) in WT(CD45.1»>WT(CD45.2) and WT-Sost™ chimeras are shown. Mean +
SD are shown from age and sex matched mice , arelapasidered to be statistically
significant if p < 0.05, two-tailed Student’s T4es
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3.4 Discussion:

Here, we demonstrate that the Wnt antagonist SA&JSs @n important role in
bone marrow B cell development in the BM throughmoa-cell autonomous mechanism.
Substantial reductions in CXCL12 in the stromalscef Sost™ mice are likely to be the
causative mechanism for reduced B cell numbertasd mice [136]. Very recently, it
has been shown that activation of Wnt signalingreleses CXCL12 expression in BM
stromal cellsn vitro [102], which supports our conclusions and providdsasible link
betweenSost Wnt signaling, and B cell development. Conditioafalation of osteoblasts
resulted in blocks at the early pre/pro-B, pre-B/anpro-B cell developmental stages or
total loss of B cell development in the BM [90,98/1 We propose a model in which
osteocyte-secreted SOST regulates Wnt signalingBhh stromal cells and their
production ofCxcl12at levels that are permissive for the support aeB differentiation
(Figure 3.11A). According to this model, overaetiwnt signaling in the stromal cells in
the absence @ostresults in a reduction @@xcl12to levels that are not conducive for B
cell survival (Figure 3.11B).We speculate that this occurs via a set of eventghich
Sostnormally promotes bone homeostasis by blockingaidast differentiation directly
[134], which in turn, perhaps affects the differatibn or function of early mesenchymal
stem cells (MSC) or osteoprogenitor populations.SQMand other BM stromal cells
(namely, CAR cells [6] are located in the BM cavagd have been shown to express
CXCL12 and produce appropriate B cell microenvirents. However, the causative
link betweenSost changes in osteolineage cells, the reductiofixa12 expression and
altered B cell development must still be experirabytverified. Clearly, the elucidation

of the exact mechanisms by which
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Figure 3.11: Proposed model for the effect of SwsB lymphopoiesis(A) Under
normal circumstances, osteocytes secrete SOSThwimds to LRP5 or LRP6 (which
are associated with Frizzled receptors) to regutatguration of osteoblasts into
osteocytes. It is unclear whether SOST can dirduitid to LRP5/6 receptors on B
cells or if SOST can regulate Wnt signaling in otbell types (i.e. CXCL12 abundant
reticular (CAR) cells or osteoclasts (not showrfigure)). In this model, CXCL12
expression by endosteal OBs and CAR cells is detivAy downregulation of Wnt
signaling via SOST, to promote B cell survival @XCL12/CXCR4 signaling.(B)
Sostdeletion results in excessive osteoblast diffeaéioh into osteocytes, resulting in
high bone mass. In addition, CXCL12 expressiorShgt” osteoblasts and/or other
stromal cell populations is reduced due to laclS@IST-mediated inhibition of Wnt
signaling. In turn, this reduction of CXCL12 retsuin the induction of apoptosis at
all B cell stages in the bone marrow.
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SOST indirectly promotes B cell development willnb&t from the creation of new
osteoprogenitor-specific and BM stromal-cell specifansgenic and knockout mouse
strains, and identification of biomarkers that alistinguish between cells at distinct
stages of osteogenesis as well as different stroetlatypes [103].

The possibility that SOST could directly bind to RRor LRP6 on developing B
cells to antagonize Wnt activation is not formadcluded by our resultsLrp5” mice
display an osteoporotic bone phenotype, but havenaoB cell development (C.J.C.,
unpublished results).Lrp6” mice are embryonically lethal [73], hence preahgdihe
study of B cell development in these mice. Ouulteswhich show no difference in the
expression of Wnt target genes in “precursor” amgimature stages of B cell
development, suggest that direct regulation of Wghaling by SOST at these stages is
irrelevant for their development and support theaidhat the effect of SOST on B cell
development is non-cell autonomous. Our bone matransplantation studies confirm
the hypothesis that the reduction in B cells is doe alterations in the bone
microenvironment inSost™ mice. The increase ig-Myc expression in mature,
recirculating B cells and its relationship to afus is unclear, as recirculating B cells in
c-Mycdeficient mice do not undergo apoptosis, and ndies have explicitly examined
c-Mycoverexpression and mature B cell survival togeth@8,139].

We cannot completely rule out that hematopoiesi Brncell development are
simply negatively regulated by a hypermineralizadi®nment or by the size of the BM
cavity, independent of SOST. HSC self-renewal, ompiforming ability, and
hematopoietic differentiation appears to be neghtivaffected by osteoblast

mineralizationin vitro [[70] and Chapter 2)]. Several knockout mouse raeéich
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display reduced BM cavity size and similar defentbematopoiesis to that observed in
Sost” mice exist. For example, thap/op, oc/oc, mi/miandFos” mice are models of
osteopetrotic disease that present with small Bities and defective B lymphopoiesis
in the BM. In contrast to th8ost” mice, whose high bone mass is caused by overactive
osteoblasts that produce high quality bone, thé lhigne mass in the aforementioned
mice are caused by defective or absent osteoclabish results in poor quality, fragile
bone [80,140]. Pharmacological inhibition of osfests by zoledronic acid also
adversely affects B cell differentiation by redugithe levels of CXCL12 and IL-7
produced by BM stromal cells [140]. 8ost” mice, we observed reduction @kcl12in
digested bone, but no changesdllid or Scfexpression. Interestingly, evidence that B
cells are needed for proper bone homeostasis aists.e For example, IL-7R knockout
mice lack B cell development past the pre-B celhst and present with increased bone
mineral density [141]. ParadoxicallyMT-knockoutmice with a genetic mutation of the
mu immunoglobulin heavy-chain constant regiatso display a block at the pre-B cell
stage but have the opposite bone phenotype [142addition, B cells are an important
source of RANK ligand that induces osteoclast naion, promoting bone homeostasis
[117]. Taken together, our results and these daitsfarce the idea that reciprocally
beneficial crosstalk exists between cells involiredone homeostasis and hematopoiesis.
Further experimentation is required to investigdte mechanisms by which physical
space is detected and interpreted by developinglIB io the BM.

Other Wnt antagonists, such as Dickkopf-1 (DKK1H é&FRP-1, are robustly
expressed in osteoblasts and possibly other gaedistyn the BM, and it is possible that

DKK1 could compensate for the loss of SOST [57,6Rkk1 deficiency results in high
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bone mass phenotypes, while the overexpressio®kifl in osteoblasts oDkkl-
transgenic (Tg) mice resulted in reduction of trald@r bone [62]. Dkk-1-Tg mice did
not display any overt phenotype in the frequenaiesabsolute numbers of any
hematopoietic cell lineages, similar to our obstoves in theSost” mice. We have
observed an increase Bkkl mRNA expression irSost” mice (data not shown). The
effect of Dkk1 loss-of-function on hematopoiesis is unknown, @maould be interesting
to investigate whether different Wnt antagonist®idex distinct effects on HSC
maintenance and differentiation.

The spleen is an alternative site of hematopoibsiscan sometimes compensate
for non-ideal BM environments. SpleensSafst” mice are increased in mass, but show
no evidence of extramedullary hematopoiesis ornanrease in HSCs (data not shown),
which supports that the role 8bstin hematopoiesis is limited to B cell developmint
the bone marrow [136,143]. Recirculating B celisthe bone marrow include plasma
cells which produce high levels of antigen-specifintibodies after stimulation in
secondary lymphoid organs. Plasma cell migratiacklto the BM is believed to act as
an efficient way to release these antibodies iht dirculation during infection. The
reduction of recirculating B cells in the BM suggethat the BM environment &ost”
mice is not conducive for B cell survival or plasmal maintenance even after they
mature in the periphery, and/or that the low leve#fl<S©XCL12 in theSost” BM is not
sufficient for retention of mature B cells homirrgrh the periphery.

Since inhibition of SOST has been proposed as an@wlogic target for the
anabolic stimulation of bone formation in the treant for osteoporosis and other bone

thinning disorders [144], our findings that B cellrvival is impaired in th&ost™ mice
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suggest that patients receiving these treatmentdasely monitored for alterations in B
cell development and their ability to combat infect @ Common variable
immunodeficiency disease can be diagnosed by atibdeficiency and impaired
immune responses to bacterial infections or vationa [145]. Although LPS-induced
proliferation of Sost” splenic B cells was normal, it is possible thatdl-mediated
immune responses to diverse antigenic challenges bmaaffected in the absence of
SOST. Further detailed analyses of B cell prddifien to T-dependent antigens, cytokine
production, isotype class switching and the devalemt and survival of plasma cells and
memory B cells are required to identify any conitibn of SOST in acquired immunity

and susceptibility to infection.
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Chapter 4: Subtle Alterations to Hematopoietic Stem Cell Populations in the
absence of Sclerostin
4.1. Introduction:

In Chapter 3, we described the importance of thé &tagonist SOST in B cell
survival. Hematopoietic stem cells also rely ont\8ignaling and it has been established
that canonical and non-canonical Wnt signalingripartant for hematopoiesis [24,124].
For example, activation of canonical Wnt signalumg exogenous Wnt3a ligand has been
shown to preserve HSC populatioims vitro, while Wnt3a deficiency resulted in a
decrease in the number of HSCs and progenitor celise fetal liver (FL), as well as a
reduced capacity to reconstitute as measured byndacy transplantation [41]. Wnt
antagonists can also play in role in hematopoigtéen cell self renewal Sfrp-I”~ mice
andWif-1 over expressing mice under the control of the Gotitomoter {Vif-1-Tg) mice
both showed alterations in quiescent HSC populatif56,61] while Col2.3-DKK-1
(Dkk-1-Tg) mice also had observable defects in quiescent topwmiasis after serial
transplantation [62]. More recently Sclerostin (8 has been shown to be important
for B cell development, although the contributiotss hematopoietic stem cell self
renewal and function is not known [58].

As stated in Chapter 3, the Wnt antagonist SOStkisleanonical Wnt signaling
by its binding to the Wnt co-receptors LRP4, LRBSd/or LRP6 blocking signaling via
Frizzled receptors [55,73]. Fully mature osteosygecrete SOST, which acts on OBs as
a negative regulator of bone growth, effectivelgvyanting osteoblast maturation into
osteocytes [73]. Despite the clear role of SOSThia regulation of Wnt signaling,

osteoblast activity and the size of the BM cavihe function of SOST in the regulation
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of hematopoietic stem cell quiescence and fundi@s not been investigated. Given the
increase in osteoblast populations observe@dst” mice [58], we hypothesized that

HSC numbers and HSC quiescence and function woeldltered in theSost” bone

marrow microenvironment.
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4.2. Materials and methods:

Mice. C57BL/6J and B6.SJL-Ptft®epl/Boy] were used as described in
Chapter 3.2. Mice that expressed both CD45.1 ddd52 were a cross of C57BL/6J
and B6.SJL-PtpfPep&BoyJ mice. The generation Gost” mice is described in
Chapter 3.2. Lrp5” mice were obtained from Dr. Gabriela Loots at Lamee
Livermore National Laboratory (LLNL). Mice of bo#exes were analyzed between 3 -
4 months of age. Data were combined from both raald female mice, as no sex-
specific differences were observed [78,79], and dat shown. Euthanization of mice is
described in Chapter 3.2.

Antibodies. Monoclonal antibodies (mAb) were purchased eitliom
eBioscience, Biolegend or BD Biosciences (San Di€i). The mAb clone name is
listed in parentheses. The majority of antibodiesd in Chapter 4 are described in detall
in Chapter 3.2 with the exception of Sca-1-APC )(5ca-1-PE (E13 161.7), CD150-
PECy5 (TC15 12F12.2).

Sorting and analysis of hematopoietic progenitor and stromal populations by
flow cytometry (FCM). Bone marrow cells were obtained, counted anc wesubated
with purified anti-CD16/32 to block Fc receptat§lll and MACS depleted as described
[108]. Live Lineage cells were then counted by hemocytometer usingpdmyBlue
exclusion. All Lineagecells were stained with antibodies specific fait-Sca-1 and
IL7Ra for 20 min. at 4C, washed and resuspended in M199+ media withgdidl of
DAPI (Fisher). LSK HSC, MPP, CLP, CMP, MEP/GMP ptaiions were then sorted

using a FACS Aria Il (BD Biosciences, San Jose, .CAJl populations were sorted to
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80-90% purity, as verified by post-sort analys&nalysis of flow cytometric data was
performed with FlowJo software (Treestar, AshlaDR).

RNA Isolation, cDNA synthesis, and PCR. mRNA isolation, cDNA synthesis
and PCR are all described in Chapter 3.2.

Primary bone marrow transplantation assay. Sost —WT and WT—Sost™ bone
marrow chimeras were generated. All recipient mvege lethally irradiated with 1000
rads using a Cesium-137 source (J.L. Shepherd asdchates, San Fernando, CA), and a
minimum of 4 hours were allowed to pass before bmaerow reconstitution. For the
Sost —»WT chimeras, B6.SJRtprc® Pep&/BoyJ (CD45.1) recipients were transplanted
with 5 x 1¢ Sost” CD45.2 bone marrow cells (BMC) via retro-orbital intravers
injection.  Control WT (CD45.2»WT (CD45.1) chimeras were prepared by
transplantation of wildtype C57BL/6J BMC into wiiqie or BG.SJLPtprcaPepé)/BoyJ
(CD45.T) recipients. For the reciprocal WA Sost” chimeras, C57BL/6J oBost’
recipients (both CD45'2 were transplanted with B6.SRtprc Pep@/BoyJ (CD45.1)
BMC, and control WT (CD45.5»WT (CD45.2) chimeras were prepared as described
above. Peripheral blood samples were stained Bgt5Cl, CD45.2, Gr-1, CD11b, CB3
and CD19 and analyzed for the presence of donaneaism at 3 weeks by FACS and %
chimerism was calculated by the formula: % donamelism = (% CD45.1 (donor) /
[%CD45.1 (donor) + %CD45.2 (host)]). Chimeras were euthanized at 5 weeks- post
transplantation for analysis of donor hematopoiétieages in the bone marrow and
spleen.

Serial bone marrow transplantation assay. WT (CD45.1}»Sost” (CD45.2)

bone marrow chimeras were generated as describme.abAt 5 weeks after primary
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transplantation, recipients were euthanized ande bmarrow was sterilely harvested.
Nine-hundred thousand “primary transplant” CD458M cells were transplanted with
3.0x10 WT CD45.Z (facilitator) BM cells into lethally irradiated, 5.2 C57BL/6J
hosts. Peripheral blood samples were stained fot5CD CD45.2, Gr-1, CD11b, CB3
and CD19 and analyzed for the presence of dononariem at 3 weeks after serial
transplantation by FACS and % chimerism was caledldy the formula: % donor
chimerism = (% CD45.1(donor) / [(% CD45.1 (donor) + % CD45.1(Facilitator +
host)]). After an additional 5 weeks, secondaays$plant recipients were euthanized and
bone marrow and spleens were isolated for anabfs@D45.1 bone marrow and spleen
cells as described above. Ratios of LSK HSCs, LTC8SST HSCs, and CLPs were
calculated as follows: Ratio of WT 8ost” CD45.1 cells = (% CD45.1 (Donor) / [(%
CD45.1 (Donor) + % CD45.1Facilitator + Host)]).

Competitive bone marrow transplantation assay. Five-million WT orSost” cells
(CD45.2) were co-transplanted with 5.0%10VT (CD45.1 CD45.2) cells and
transplanted into lethally irradiated B6.SBtprc®Pepé/BoyJ (CD45.1) mice. Peripheral
blood samples were stained for CD45.1, CD45.2, Ge211b, CD3, and CD19 and
analyzed for the presence of donor chimerism ae8kw after transplantation by FACS.
At 5 weeks after transplantation, recipients werthanized and bone marrow and spleen
cells were harvested and analyzed as describedealitatios of HSCs, CMP/MEPs,
GMPs, and CLPs were calculated as follows: Rati€D45.2 WT cell = (% CD45.2
WT/ (% CD45.2 WT + % CD45.1 CD45.2 WT)); Ratio of CD45.2 KO cell = (%
CD45.7 KO/ (% CD45.2 KO + % CD45.1 CD45.Z WT)); Ratio of CD45.1CD45.2

WT cells = (% CD45.1CD45.2 WT/ (% CD45.2 WT + % CD45.1 CD45.2 WT)).
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Statistical analysis. All statistical analysis used for Chapter 4 is digsd in

Chapter 3.2
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4.3. Results
Hematopoietic stem and progenitor cell frequencies are normal in Sost” mice

Given their documented increase in osteoblastiacand Wnt signaling irBost”
mice, we hypothesized thabst™ mice would display an increase in HSCs [78]. Bm t
contrary, we observed no differences in the frequeor absolute number of HSCs,
common lymphoid progenitors (CLP), common myeloieigakaryocyte erythroid
progenitors (CMP/MEP), or granulocyte/monocyte pragprs (GMP) (Figure 4.1A and
4.1B). Therefore, the loss &ostwas not sufficient to influence changes in Linéage
Sca-1"" c-kit"" (LSK) HSCs or other hematopoietic progenitor pagiohs inSost”
mice. Mice that have altered hematopoietic stelimzieroenvironments due to changes
to the osteoblast populations often display extdutiary hematopoiesis in the spleen or
liver [80,93]. We next examinedost mice to assess for any differences in

hematopoietic stem cells and progenitor populatiorike spleen.

Sost™ mice do not show any evidence of extramedullary hematopoiesis.

OBs are required to support HSCs in bone marrowh®&s” and also help to
maintain normal hematopoiesis. When there are idlueductions to OB populations in
the bone marrow, HSCs can migrate to other orgaich s the spleen or liver to
compensate for the diminished capacity to supp&@CHelf renewal and differentiation
[93]. Bone resorbing OCs are also important in mz@ning HSC and when the
development of OCs is altered, extramedullary hepwesis is often observed [80,146].
In addition to the observation that HSPC frequeseie normal irSost” mice, we have

reported previously thatSost” mouse spleens have increased granulocyte
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Figure 4.1: Sost ablation does not affect hematefoi progenitors. (A)
Representative FCM plots of hematopoietic progenftequencies. (C) Total
percentage of LSK HSC (far left panel) CLP (midt#& panel) CMP/MEP (middle
right panel) and GMP (far right panel) from lineatgpleted bone marrow. Data are
representative oBost’", n=7 (LSK HSC and CLP) and n=6 (CMP/MEP, GMP) and
Sost’, n=13 (LSK HSC and CLP) and n=11 (CMP/MEP, GMPatdshown are
representative mice of pooled sexes aged 8-13 wédkan + SD are shown, and
were considered to be statistically significarg & 0.05, two-tailed Student’s T-test.
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populations compared to WT, indicating that HSCsotlrer progenitor cells may be
migrating to the spleen due to the reduced boneawacavity in Sost” mice [58]. To
test the hypothesis that extramedullary hematojmiescurs inSost™ spleens, we
quantified splenic HSPC populations 8ost” mice. Using FACS, we observed no
differences in both LSK HSC frequency and cell nerstinSost™ mice (Figure 4.2A-C).
Interestingly, we did observe a significant inceeas both frequencies and cell numbers
of CLP, CMP/MEP and GMP populations in the spleehSost” mice (Figure 4.2A-C).

A corresponding increase in spleen mass was alsenaodd, most likely due to the
increase in granulocytes Bost spleens (Figure 4.2C). Although hematopoietic stem
cell frequencies are unchanged, the increase inlomy@and lymphoid progenitors

indicates their enhanced migration from to the esplieom the bone marrow.

Thelack of Lrp5” does not alter hematopoietic stem cell frequencies

SOST binds to the Frizzled co-receptors LRP4, LRIRE LRP6 to halt the
transduction of Wnt signaling [144]Lrp6" mice are embryonic lethal whilep5” are
viable conventional knockouts, but are osteopordtie to low osteoblast proliferation
from a lack of Wnt signaling [124]. To our knowtg hematopoietic stem cell and
progenitor populations have not been analyzetlrp&” knockout mice. Since SOST
binds to LRP5, andlrp5” mice contain osteoporotic bones, we examined hmpoatic
stem and progenitor populations in these mice, madkexpected that the phenotype in
Lrp5” mice would be the opposite 8bst” mice.

Surprisingly,Lrp5” mice showed normal hematopoiesis in the bone maarud

spleen (data not shown). Further investigatioo ithie HSC and CLP populations of
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Figure 4.2: CLP, CMP/MEP and GMP are increased ins% Spleens.(A)
Representative FCM plots of hematopoietic progenitequencies inSost’ and
Sost™ spleens(B) Total percentage of LSK HSC (far left panel) C{tRiddle left
panel) CMP/MEP (middle right panel) and GMP (faghti panel) from lineage-
depleted spleengC) Total cell numbers of LSK HSC (far left panel) Ciddle left
panel) CMP/MEP (middle right panel) and GMP (faghti panel) from lineage-
depleted spleengD) Representative Spleens (left) and Spleen mass $msti’* and
Sost” mice. Data are representativeSﬂsf’*, n=4 andSost’, n=4. Mean + SD are
shown, and were considered to be statistically isogmt if p < 0.05, two-tailed
Student’s “-test.
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Lrp5” revealed no significant differences in the frequescof these cells, but a
significant reduction in the absolute numbers ofKLESCs and CLPs in the bone
marrow (Figure 4.3A-C). Furthermore, when we meeduhe expression dfrp5 in
wildtype mice, we observed expressionlap5 in LSK HSCs as well as CMP/MEP
populations, but not in CLPs or CD'1B cells (Figure 4.4).Lrp6 was expressed in LSK
HSCs, CLPs, CMP/MEP, B cells and granulocytes, ed&rrp4 was not expressed on
any hematopoietic cell type. The finding thap5 hematopoietic stem cell numbers are
lower in the Lrp5” mice and that LSK HSCs expressp5 indicates a potential

mechanism for SOST to regulate HSCs function irbibrge marrow.

Primary transplantation reveals no defect in HSC engraftment or function

We have previously shown in Chapter 3 tBatst” mice have altered B cell
development, in response to changes ingbst” mice bone marrow microenvironment
[58]. To test if theSost” microenvironment could alter wild type hematopaietiem and
progenitor cell frequencies and cell numbers, vemdplanted wild type CD45.1 bone
marrow into lethally irradiated CD45.2 wild type 8ost” mice (Figure 4.5A). CD45.1
gated LSK HSCs were not changed in both frequendycall number in our CD452
Sost transplants (Figure 4.5B-D). Frequency and cethbers of long term (LT, (LSK
CD150) and short term HSCs (ST, LSK CDIp@ere increased iBost” mice, but not
significantly. Interestingly, CMP/MEP and GMP pdgtions in the BM were also

unaffected by transplantation into the Sost’ microenvironment.
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Figure 4.3: The deletion of Lrp5 does not affeanh&opoietic stem and progenitors
cells. (A) Representative FCM plots of hematopoietic stend g@mogenitor
frequencies irLrp5”* andLrp5” bone marrow(B) Total percentage of LSK HSCs
(left panel) and CLPs (right pan€l}) Total cell numbers of LSK HSCs (left panel)
and CLPs (right panel). Data are representativerps”, n=2 andLrp5”, n=3.

Mean = SD are shown, and were considered to bistgtally significant if p < 0.05,
two-tailed Student’'s T-test.
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Figure 4.4: Differential expression of Lrp4, 5, arfid on selected hematopoietic
subsetsLrp4, Lrp5 and Lrp6expression was determined using RT-PCR from mRNA
isolated from FCM-sorted LSK HSC, CLP, CMP, gramytes and B cells from wild-
type mice.p-actin was used as a housekeeping gene controé pokitive control
tissue is bone that was flushed of bone marrow.
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Figure 4.5: Sost bone marrow microenvironment does not influenc€ Hsction in
primary transplant(A) Scheme of the bone marrow transplantation of CD48/T
bone marrow into CD45:2WT (n=5) orSost” (n=5) mice.(B) Representative FACS
plots of hematopoietic stem and progenitor freqiemof WT (CD45.1pWT
(CD45.2) and WT (CD45.1»Sost™ (CD45.2) mice(C) Total percentages of donor
derived LSK HSCs (far left panel), LT HSCs (middiét panel), ST HSCs (middle
left panel) and CLPs (far right panelp)(Total cell numbers of donor derived LSK
HSCs (far left panel), LT HSCs (middle left pan@); HSCs (middle left panel) and
CLPs (far right panel). Mean + SD are shown frage and sex matched mice, and
were considered to be statistically significarg & 0.05, two-tailed Student’s T-test.
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There was a modest increase in the numbers of @LRED45.1— Sost mice, but
frequencies were unchanged between wild type cisntrét was interesting that even
though the increased bone phenotype is particuldrdynatic inSost™ recipients, that
there was no influence on hematopoietic stem aefiraftment after transplantation,
given that other osteopetrotic murine models s anice with a constitutively active
parathyroid hormone receptor under the controlhef €olla have marked decreases in
HSCs [4]. This might be because the LSK HSC pdmrighat consists of LT-HSCs and
ST-HSCs [1]. In order to determine if long term &fgnent and LT HSC function was
altered in Sost” mice, we performed serial transplantation, as vesll competitive

transplantation assays.

Competitive transplantations highlight subtle defectsin WT HSC engraftment when
exposed to a Sost”” microenvironment

Primary transplantation assays can sometimesdakpose subtle differences in
HSC function. HSC that develop in a non-ideal barmrow environment can harbor
subtle differences in LT-HSC engraftment capadcityfeature that can be revealed by
secondary transplantation or competitive transpléoni. For instanceDkk-1-TgHSC
displayed a subtle hematopoietic self renewal defet was only observable after serial
transplantation into WT hosts [62]. In contra8ftp-I" and Wif-1-Tg HSC engraftment
defects were more overt, and were detectable byapyi transplantation into WT hosts
[56,61]. To determine the role &boston LT-HSC function and engraftment efficiency,
we performed a competitive transplant in which bomerrow cells from eitheBost”

mice or wildtype(both CD4572 mice were transplanted at equal ratios with wpet
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CD45.1CD45.2Z WT cells into lethally irradiated CD45. Wildtype hosts (Figure 4.6A).
When we compared the ratio of WT CD45.2 LSK HSC8\M® CD45.1 CD45.2 LSK
HSCs, they were close to 50% as expected. Howtheratio ofSost” CD45.2 LSK to
WT CD45.1 CD45.2 LSK HSCs was significantly highendicating increased
engraftment efficiency inSost” HSCs (Figure 4.6B-D). The same trend was also
observed amongst CMP/MEP, GMP and CLP populatibas originated fronSost™
mice (Figure 4.6C-D). These results suggest thaEdHiBom Sost” mice are able to
engraft and reconstitute hematopoietic lineagesr afansplantation at a superior level

compared to that of their than wild-type countetpar

Serial transplantations highlight subtle defects in long term engraftment when

exposed to a Sost”” microenvironment

Given the observed increase in LSK HSCs from thapsiitive transplantation
experiments, we performed serial transplantatioits WT CD45.1 cells that were first
transplanted into WT oBost” recipients (CD45.2) to detect any permanent seknal
changes in LT-HSCs that developed iS@st” microenvironment. If the hypothesis that
Sost” phenotype has no effect on HSC engraftment waaprwe would expect a
similar phenotype to that of our primary transpégioins shown in Figure 4.5 (i.e. no
changes in % HSPC, reduced cell numbers of alltgeés, in particular CLP and B
cells). Five weeks post-BMT, WT (CD45.1» WT and WT (CD45.1)— Sost"
chimeras were euthanized, and their BM was hargesi&T CD45.2 BM cells were

also harvested from a non-transplanted donor sttifme. Subsequently, 9.0X1BMCs
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from the primary recipients (WT (CD45.2} WT and WT (CD45.1)- Sost™ chimeras)
were co-transplanted with 3.0X1WT CD45.2 BM cells into a secondary, healthy WT
CD45.Z (Figure 4.7A) host. If the CD45.1cells from the primary BMT could not
reconstitute the secondary hosts efficiently, thvenexpected only the WT CD45.BM

to rescue the secondary hosts. The % donor CD4&ifnerism in the peripheral blood
of primary recipients were not significantly diféet, however peripheral blood CD45.1
donor chimerism was increased in secondary CD4EeRipients that received WT
CD45.1 BM that developed in th&ost primary host environment (Figure 4.7B,
Recipient #2). When we analyzed bone marrow pojpuat5 weeks after secondary
transplantation, we observed lower levels of CD4%.3K HSCs, LT HSCSs and ST
HSCs that originated from the prima®pst” microenvironment, but these decreases did
not reach statistical significance (likely due tee tmarked variability in the levels of
CD45.T cell engraftment observed in individual secondagipients (Figures 4.7C and
4.7D)). However, after secondary transplantatiwe,observed a statistically significant
decrease in the absolute number of CLPs that werivedl from WT BM that first
developed in the Sost™ primary host (Figure 4.7D). This is interesting, laoth the
primary transplantation and competitive transplots displayed reduced CLPs
(Figures 4.5 and 4.6). Since the donor CD48dlls were transplanted with CD45.2
facilitator cells in our serial transplantation, gduation that is similar to that of our
competitive transplantation assays (Figure 4.6¥) examined the ratio of CD45.zells

to the total hematopoietic cells present in the BiMtletermine if there were any overt
differences in HSC populations in our serial trdastation recipients. Analysis of WT

LSK HSCs, LT HSCs, ST HSC and CLPs ratios in sdrahsplant recipients did not
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reveal any differences in WT cell that first deyedd in theSost” primary host (Figure
4.7F). Under steady state conditions (i.e. nonsjpéanted mice)Sost” HSCs and CLPs
from Sost” mice appear normal, however, the competitive agrigls transplantation
assays revealed subtle differences in these pamsafFigures 4.1, 4.6 and 4.7). As
Sostis not expressed in hematopoietic cells, the defeloserved iBost” HSCs are non-
cell autonomous. The properties 8bst” HSCs described in this chapter appear to be
permanent, as the increased engraftment efficipecyists, even whe8ost” BM cells

are transplanted into WT secondary hosts (Figu@add 4.7).
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Figure 4.6: HSC engraftment of WT and Sobbne marrow cells is increased in
competitive transplantation assay@\) Scheme of the competitive bone marrow
transplantation oBost’ (n=4) Sost” (n=4) mixed with WT (CD45.1 CD45.2) at a
50/50 mix and then transplanted into a lethallgdrated WT (CD45.1) recipienB)
Representative FACS plots of hematopoietic stem pradjenitor frequencies of
WT(CD45.2) or Sost (CD45.2) mixed with WT(CD45.1 €92) -WT Recipient
(CD45.2) andC) Ratios of donor derived CD45.2 WT vs. CD45.1 CRAHT LSK
HSCs (far left panel), CMP/MEPs (middle left pan&MPs (middle left panel) and
CLPs (far right panel).[¥) Ratios of donor derived CD45.2 WT vs. CD45.1 C245.
LSK HSCs (far left panel), CMP/MEPs (middle lefined), GMPs (middle left panel)
and CLPs (far right panel). Mean + SD are shovamfiage and sex matched mice,
and were considered to be statistically signifigamt < 0.05, two-tailed Student’s T-
test
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Figure 4.7: Sost bone marrow microenvironment alters HSC functiorsécondary
transplantation assayfA) Scheme of the secondary bone marrow transplantafio
CD45.1 WT or Sost” bone marrow recipients that were euthanized aedbtine
marrow was transplanted into a second CD45\T recipient.(B) Percentages of
CD45.1 Chimerism in the blood of Recipient #1 (WD45.1— CD45.2 WT or Sost -
/- hosts (n=5), left panel) and Recipient # 2 (Riegit #1 WT(CD45.1) oSost-
(CD45.1) BM — WT CD45.2 Recipient #2 (n=5), right pane(C) Two
Representative FACS plots of hematopoietic stem prodjenitor frequencies of
WT(CD45.1) (n=4) oSost" (n=4) (CD45.1) BM—>WT Recipient #2 (CD45.2)D)
Total percentages of donor derived LSK HSCs (ftirdanel), LT HSCs (middle left
panel), ST HSCs (middle right panel) and CLPs (fght panel). E) Total cell
numbers of donor derived LSK HSCs (far left pankel) HSCs (middle left panel), ST
HSCs (middle right panel) and CLPs §far right pan@t) Ratios of donor derived
CD45.1 from WT (CD45.1) (n=4) d8ost™ (n=4) (CD45.1) BM—WT Recipient #2
(CD45.2). LSK HSCs (far left panel), LT HSCs (ufiel left panel), ST HSCs
(middle right panel) and CLPs (far right panelMean + SD are shown from age and
sex matched mice, and were considered to be gtaligtsignificant if p< 0.05, two-
tailed Stident’s T-test
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4.4, Discussion:

Hematopoietic stem cells are sensitive to changethéir microenvironmental
“niche” [81]. Wnt antagonists modulate Wnt signgliby controlling the osteoblast to
osteocyte transition at the endosteum. SecretioS@ST by osteocytes negatively
regulates bone growth and ost” mice, and in Chapter 3, we have revealed thaether
are alterations to B cell survival due to changeshe bone microenvironment [58]. In
this study,Sost™ mice displayed no alterations to BM LSK HSC, CMIER] GMP and
CLP populations. This finding was not entirely sisimg, asDkk-1-Tg mice did not
show alterations to LSK HSC populations [6Zost” mice splenic CMP/MEP, GMP,
and CLP populations were significantly higher tN®T cohorts, which may be from
migration from the BM, due to a lack of CXCL12 re@al in Chapter 3 (Figure 4.2).
Additionally, primary transplantation assays reeedah significant decrease in total CLP
cell numbers fronSost” BM without influencing other HSPC populations.drestingly,
and in contrast, competitive and transplantati@sags showed increases in the
engraftment efficiency oBost” LSK HSCs compared to WT controls (Figure 4.6DY, bu
this engraftment efficiency was not observed inasdransplantation of WT HSC that
developed irSost™ bone microenvironments (Figure 4.7F). Absenc8astresulted in
increased CLPs percentages in both primary and ettwp transplantation assays
(Figures 4.5 and 4.6), however, our serial tramgpt'on assays had reduced CLPs
(Figure 4.7). The differences observed in CLP pafpoihs in our transplantation assays
indicates that CLPs are altered in the absencBosf but we have yet to identify the

putative mechanism for the differences in our fpéenrgtation assays.
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SOST can bind to both LRP5 and LRP6 proteins, and,tcould be a possible
mechanism for regulating LSK HSC, CLP and CMP/MEpyations. WT LSK HSC
and CMP/MEP populations both exprdsp5, while CLPslack Lrp5 expression, and
WT LSK HSCs, CLPs, CMP/MEPs all exprdsp6. When we analyzed LSK HSC and
CLP populations inLrp5” mice, we observed significant differences to theltaell
numbers of LSK HSC and CLP populations without gigant differences to the
frequencies of these populations. Two hypothesedegroposed for the involvement of
LRP5 and LRP6 in early HSC and CLP cell fate deaisi One hypothesis is that LRP6
is the chief receptor of SOST in CLPs (since CLBsndt expresd.rp5) and that this
interaction may be directly influencing CLP popidat in Lrp5"' mice. Although we
have not yet tested this hypothesis directlyip6” mice, the reduction of HSCs and
CLPs in Lrp5"' mice does not directly support this model. Insteadmore likely
hypothesis is that LRP5 can influence both selevel as well as HSC differentiation
into CLPs, since Lrp5 is expressed in HSC, and aselobserved reductions in both
HSC and CLP populations iInrp5"'mice. Analysis ofLrp6 expression ir1_rp5"' mice
will help to confirm whether or not this hypothessaccurate.

In Sost™ mice, osteocytes and osteoblasts are the strappalations that are the
most affected from the lack of SOST, however, thseace ofSostdoes not influence
stromal cell function enough to change HSCs undemal homeostatic conditions[134].
The transgenes in tHekk-1-Tgand Wif-1-Tg mice are under the control of the Col2.3
promoter, which specifically targets mature ostasblpopulations [61,62]. Osteocytes
are responsible for maintaining bone mass and @orgmodeling through by sensing

stress induced by physical alterations and comstéoblast survival via the secretion of
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SOST [144]. It is still not clear how the absepné&ostcan alters osteoblast function as

it pertains to hematopoietic stem cells engraftnaet self renewal.

Another explanation as to howost deficiency increases HSC engraftment
efficiency in competitive and serial transplantat@ssays is that the specific osteoblast
population that supports HSCs is only moderatefgcaéd from the deletion @dost In
Sost™ mice, there is an overall increase in osteobletbtiy, stemming from the increase
in mature osteoblast function and transition frasteoblast to osteocytes [78,79]. It has
recently been shown that OBs populations that espRunx2 an early marker of
osteoblast fate, support hematopoietic stem ceadttebthan those expressif@gsterix
[122]. We have shown in Chapter 2 that osteoblastsmore prone to mineralization,
indicating a more mature osteoblastic phenotype less able to support hematopoiesis
in vitro. While it's not known what specific osteoblaspptations are involved in B cell
development, our work indicates that there are wuhstinctly different osteoblast
populations that are responsible for facilitatirg)l date decisions in B cells (as was
shown in Chapter 3), where as separate populafi@steoblasts promotes self renewal
of HSC populations iSost” mice, as shown in the current chapter. WhetheoboSost
/

" mice contain distinct osteoblast populations timatld alter HSC populations in a non-

cell autonomous manner is a question that remaibg answered.

The increased osteoblastic activity Bost” mice may also originate from
increased activity of MSC populations. Recently,stité MSCs were shown to be
important the support of LT HSCs and establishihg HSC “niche”. BM MSC

populations are heterogeneous and contain tissurirfg specific MSCs [8,147]. In
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Sost” mice, we observed an increase in line&220 IgM™ cells inSost™ mice, which
include MSCs and other stromal populations (datsshown). Identification of the MSC
populations that are altered from the absence @TS@ay further help to identify the

populations that are responsible for maintainingH®pulations irSost” mice.

Osteoclasts are myeloid-derived cells responsibiebbne resorption and also
play a role in maintaining bone mass by alteringosteal osteoblasts. Bost™ mice,
osteoclast function is not altered[78]. One modklosteopetrosis, thep/op murine
model, display alterations in osteoclast functiame do a point mutation in the M-
CSF[148]. Theoc/oc murine model (another model of osteopetrosis)ldysposteoclast
functional deficiencies due to a defecfTicirgl, which is required for efficient osteoclast
resorption function [148,149]. HSC and B cell depenent is reduced when osteoclast
function is altered [80,149,150]. In the studieattusedkk-1-Tg, Wif-1-TgandSfrp-1"
mice osteoclast functional assays were not perforfi5@,61,62]. Sost” mice do not have
overt deficiencies in osteoclast development, andctfonal assays usingost”
osteoclasts have yet to be performed, offeringl@mnative explanation as to why HSCs
are only moderately altered 8ost" mice [78].

In summary, in this chapter, we have shown that $18CSost” mice appear
normal in frequency, cell number, and primary efigrant efficiency. However, using
competitive and serial transplantation assays, ae lrevealed increased engraftment
ability of HSCs that have resided irSast” BM environment. SOST antibody treatments
are currently being developed as a treatment fimoperosis due the fact that osteocytes

are primarily responsible for SOST production ahe tiramatic increase to bone mass
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observed inSost” mice[144]. Our results iSost” mice do not indicate any negative
effects from the lack ofSoston HSCs, contrary to the effects on B cell develepm
reported in Chapter 3. Future experiments to ifleahy detrimental phenotype to HSC
populations inSost” mice will help to determine the specific role oDST and

osteocytes on HSC and hematopoietic progenitordesklopment in the bone marrow.
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Chapter 5: Synthesis and Future Directions

Whnt signaling is required for efficient mineralimn of osteoblasts and terminal
differentiation into a mature osteocyte [134]. hWugh the contributions of Wnt
signaling in hematopoiesis and osteoblast develapna@e well understood, the
regulation of Wnt antagonists in both of these psses is only beginning to be
elucidated. Taken together, the studies presentdds dissertation have contributed to
expanding current understanding in this area. Haper 2, we showed that mineralizing
osteoblasts have reduced capacity to support hemiags and that mineralizing
MC3T3-E1 cells upregulate the Wnt antagonist SFRPFR2rther work on this project
could focus on the role of SFRP-2 using differemcalture assays. For instance, OP9
cells have been shown to produce support both lgmlpand myeloid cells with the
addition of IL-7 and FIt3 ligand. [107,151]. In dition, the OP9 cell line is now
characterized as a mesenchymal stem cell linengteeexpression of MSC cell surface
markers and the capacity to differentiate into aronytes, osteoblasts, and adipocytes
[152]. Addition of SFRP-2 to co-cultures using Of@nolayers, instead of MC3T3-E1
cells might reveal what specific function SFRP-2 Ira hematopoiesis. The capacity of
OP9 to differentiate into osteoblasts can alsoakspecific changes in Wnt antagonist
signaling as mesenchymal stem cells differentiate different terminal cell lineages,
which could, in turn, can reveal more informatidmoat the dynamics of SFRP-2 in
hematopoietic developmein vitro. Corresponding studies usir&frp-2"~ mice would
add significantly to how this protein is relevant lhoth hematopoiesis and osteoblast

developmenin vivo [68].
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SFRPs are largely thought to inhibit Wnt signalihgwever, there is evidence
that supports that in some contexts, SFRPs caralpctaxpand the range of Wnt
signaling[121]. For instance, using Xenopus embrys and colleagues showed high
levels of SFRPs expression throughout the embrixleWwVnt expression was limited to
specialized areas in the same embryo[153]. SFRBsdbtw Wnt proteins increased the
area that Wnt proteins could travel, altering thradgent of Wnt signaling in these
embryos. In our cultures, SFRP-2 could potentiadtyrease the range of Wnt signaling
which, in turn, could alter MC3T3-E1 support of guéocytes that we observed in
Chapter 2 [121]. Wnt3a also binds to SFRPs anddcpassibly work in a similar
manner to alter Wnt gradients in culture [63]. Wsthe MC3T3-E1 co-culture system,
we could test if the addition of Wnt3a and SFRm+2lifferent concentrations results in
altered myeloid development. Furthermore, MC3T3-Ed-culture systems could
promote embryonic stem cell differentiation intontaopoietic stem cell populations,
which opens the possibility of a new system that peomote differentiation of ESGs

vitro (Thompson and Manilay, unpublished data).

In Chapter 3, we found that the absenc&adtinfluences B cell lymphopoiesis.
Currently, Amgen, Inc. is leading Phase 3 clinitals for a sclerostin antibody as a
potential treatment for osteoporosis [144]. Oudiings that B cell survival is reduced in
the absence dbostsuggests that this may be a possible side effeattefing the bone
microenvironment using sclerostin-depleting antibed Although our data suggests that
Sost" B cells respond normally to LPS stimulation, moxdaustive studies need to be

completed to determine if B cell function is trulypaffected by the absence 8bst
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[134,144]. Future work could focus on charactegzimmunoglobulin titers and
immune responses to more diverse antigens in’Swste, ultimately culminating in
studies in which analysis of immune function in tthaice with the sclerostin is
performed.. No study of the immune system of hurpatients with Van Buchem’s
disease has been reported, and it would be integetst investigate this further to see if
the B cell phenotype extends to the Van Buchenssalie and to anti-sclerostin treated

patients.

Another possible future direction of this work tis focus specifically on the
stromal cell populations that are responsible lier reduction in B cell survival iBost”
mice. The identity of the stromal cell populatitimat contains reduced CXCL12
expression inSost” mice remains a mystery. Osteoblasts, osteocksts CXCL12
abundant reticular (CAR) cells have been showrnrd¢alyce CXCL12 and regulate B cell
survival. Currently, we hypothesize that ostedisleae the only population that are
affecting B cells inSost” mice; however, there is a large population of O0B45B220
IlgM~ cells in Sost” mice, which could contain MSC, OB, endotheliallseind other
bone stromal cells that has yet to be charactej@éd 36,154]. We assayed mRNA
from digested bone samples in our studies, whidulshcontain mostly osteoblasts but

more extensive analysis on FACS-sorted osteobtgsilptions need to be completed.

Like the SFRPs, Wnt inhibitory factor (WIF) binds ¥Wnt ligands directly, but
does not resemble SFRPs structurally (Figure 1.384]. WIF-1 was first characterized
in Xenopusand was shown to be highly conserved fidmsophilato humans, and only

one WIF has been identified to date in mammals J[15&1F-1 contains a unique Wnt
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inhibitory factor domain that lacks the CRD and N#fat is found in SFRPs [156,157].
In contrast to SFRPs, WIF-1 lacks the capacityitm o Frizzled proteins [157]. Like
SFRPs, WIF-1 can also block both canonical andaamonical Wnt signaling. WIF-1 is
expressed by mature OBs [158], although its rola@matopoiesis is only beginning to

be elucidated [61,158].

Recently, Schaniel et al. showed that in WIF-1ggemic mice \\Vif-1-Tg), which
over express WIF-1 in osteoblasts (under the cbuwirdhe ratCol2.3 promoter), no
profound effect on their bone architecture was evidbut increased percentages of LT
HSCs with reduced quiescence were present [61].erWWif-1-Tg mice were injected
with weekly doses of 5-fluorouracil (5-FU), whichineinates proliferating cellsyif-1-
Tg mice died by 12 weeks, where as all 5-FU-treatdd type mice survived past 12
weeks. This result indicated thatif-1-TgHSCs were more proliferative than wild type
mice, or were unable to self-renew after treatmekdditionally, exhaustion of wild-type
HSCs was observed only when they were transplantedVif-1-Tghosts, demonstrating
a non-cell autonomous effect of WIF-1 on hematogieie Paradoxically, HSCs from
Wif-1-Tg mice did not display reduced-catenin signaling; rather, Wnt3a was
dramatically increased, which could have led toragtve cycling of the HSCs. In line
with this, Jagged-1, CXCL12, and N-cadherin, whact important for HSC self-renewal
and maintenance, were all upregulated in osteablast response to WIF-1
overexpression [81].

It is still unclear how WIF-1 is regulating LT-HSGand their differentiated

hematopoietic cell progeny. We have shown Saét” mice have HSCs that are altered
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through a non-cell autonomous mechanism. Althou@iss and WIF-1 have different
mechanisms to antagonize Wnt signaling, it is egeng that there are still pronounced
defects in HSC in botBost” andWif-1-Tgmice. The experimental evidence indicates a
non-cell autonomous role of WIF-1 on hematopoidsid, there are no studies showing
that WIF-1 can bind to HSCs directly. We also hageperformed studies to seeSibst”

can bind directly to HSCs or B cells, which couldlghto explain the differences
observed inWif-1-Tg mice andSost” mice. Osteoblast-specific conditional WIF-1
knockout mice could also help to determine if WIdrves a physiological role on
hematopoiesis that is not compensated by some @theantagonist in the bone marrow
such as SOST, DKK-1 or SFRPs.

We know thaDkk-1is upregulated iBost” mice, which in combination with the
lack of Sclerostin may also be influencing B cadlvdlopment (Loots et al. unpublished
data). The Dickkopf (DKK) family consists of the secret®dkKs, which bind to the
LRP4, LRP5 and LRP6 co-receptors [55,134] (Figui@B)L The first Dickkopf was
identified inXenopusas a modulator of head development [159]. Therelanembers in
the DKK family of proteins, DKK-1, DKK-2, DKK-3 an@DKK-4. In order for DKKs to
effectively block Wnt signaling, the DKK receptorrdénen must be present. DKK
proteins contain a cysteine rich domain (Cysl dajntiiat is unique to the DKKs, and
also contain a colipase domain (Cys2 domain) treat have a role in binding to LRP5/6
and Kremen [55,160]. Inhibition of Wnt signalingooirs with the binding of DKK
proteins to both LRP5/6 co-receptors and Kremengchvis quickly internalized. To
date, DKK-1 is the only DKK family protein that haseen shown to influence

hematopoiesis [62,161].
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Fleming et al. discovered that transgenic mice esging DKK-1 in osteoblasts under
control of the ratCol2.3 promoter Dkk-1-Tg showed a dysregulation in HSC
quiescence, similar to that ®¥if-1-Tg mice [61,62]. Dkk-1-Tgmice did not display
differences in HSC, CMP, MEP and GMP populationst there was a significant
increase in CLPs in the bone marrofvcatenin levels were reduced in both LT-HSC and
ST-HSC, showing that the high levels of DKK1 seedefrom endosteal osteoblasts
could antagonize Wnt signaling in HSCs. HSCs frDkk-1-Tg mice formed fewer
CFUs in vitro and also resulted in higher lethality in recipgerdfter secondary
transplantation. Like in théVif-1-Tg mice [61], this lethality was explained by
exhaustion oDkk-1-TgHSCs, due to reduced quiescence, and this eff@stfound to be
non-cell autonomous in nature by bone marrow triamsation studies. Interestingly,
secondary and tertiary transplantation of bone omafrom WT— Dkk-1-Tgmice back
into WT recipients revealed a persistent HSC phgregteven though the HSC were no
longer in aDkk-1-Tgenvironment. In our studiege showed an increase in engraftment
in both competitive and secondary transplantatiomice that were exposed 8pst”
mouse BM environment. It has been postulated th& persistent non-quiescent
phenotype in the transplanted HSCs may have resditem permanent epigenetic
programming in the HSC when they were exposed ie Dkk-1-Tg bone
microenvironment. Similarly, epigenetic programmirguld explain our observed
phenotype irSost” HSCs, however, we still need to perform experimeatconfirm this

hypothesis.
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In another study, TOP-GAIB-catenin reporter mice treated with exogenous
DKK-1, displayed reduced-catenin activation and increased RANKL signalimy i
endosteal osteoblasts (most likely due to inhihitod canonical Wnt signaling by DKK-

1, which normally suppresses RANKL secretion)[162]1 Mice treated with exogenous
DKK-1 showed increased mobilization of hematopoietiem and progenitor cells as
well as vascular progenitors from the bone marmwhe blood [161]. This mobilization
was only limited to that of progenitor cells, asréhwas no observed increase in mature
granulocytes and monocytes in the blood. We &idlVe yet to look aPy catenin
activation inSost” mice. CrossingSost” mice with TOP-GALB-catenin reporter mice
would show which hematopoietic populations arediyenfluenced from the deficiency
in SOST.

It is interesting that exogenous DKK-1 mobilizesrstcells away from the bone
marrow niche, as Fleming et al. noted no significdifference in the HSC and
committed lineages in the peripheral blood DRk-1-Tg mice [62]. These different
experimental results could be explained, in partthie differences in the strategy used to
identify LT-HSC, ST-HSC versus HSPCs in the twodstg, or due to a quantitative
difference between the levels of DKK-1 protein (amdurn, different thresholds of Wnt
antagonism) in the different model systems. Régeihthas been suggested that analysis
of vascular cells should be included in studiet@hatopoiesis and Wnt antagonists, as
vascular cells are important sources of Wnt ligaaad intimately involved in HSC self
renewal and subsequent development into hematappieigeny [3]. The changes in the
vascular cells reported by Aicher et al. might aade that vascular cells may contribute

to HSC defects iDkk-1-Tgmice.
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In addition to the altered B cell developmentSnst” mice, we observed a
significant increase in splenic granulocytes. Toesequence and the reason behind this
increase require further investigatiorSostexpression has not been observed in the
spleen, however, in Chapter 4, we showed that tpeilptions of CMP/MEP as well as
GMP populations are higher iBost” spleens compared to wild type cohorts. One
hypothesis to explain this is that CMP/MEP/GMP pmitpr cells migrate from the bone
marrow to the spleen to compensate for the lackpate present in the bone marrow in
Sost-/- mice. Injecting lethally irradiated micétwGFP HSPCs or using live animal
tracking systems that can track fluorescently katbgrogenitor cell migration are needed
to test if CMP/MEP/GMP progenitor migration is ootng in Sost” mice [94].
Additionally, there may be altered chemokine leels. CXCL12) that extend beyond
the BM in Sost-/- mice, such as the spleen or Wwisich could help to explain the altered
progenitor populations present in the spleen. tltl@émg whether the increased myeloid
populations irSost” spleens are due to over proliferative CMP/MEP patans, or from
the increased migration of CMP/MEP due to consgédispace in the BM are some future
studies would not only add significantly to undargting how bone microenvironments
influence myeloid development and migration, bsbabentify a link for Wnt signaling

and regulation of granulocytes.

It was surprising that the reduction in CXCL12d&vinSost” BM in conjunction
with the increase in osteoblast activity dbkk-1 expression observed Bost” mice did
not have a more dramatic phenotype on HSCs. Oplamation for this might be that the

levels of CXCL12 for LT-HSC and LSK HSC functioneadetermined more by the
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expression of CXCL12 in the bone marrow stromalscaluch as CAR cells and MSCs,
than that of osteoblast cells [6,8]. CXCL12 isuiegd to retain HSCs in the bone
marrow, and excess Wnt signaling has recently sbemwn to reduce CXCL12 secretion
in stromal cells [102,163]. Further analysis igjuieed to determine how CXCL12
expression in osteoblasts and other osteolineatietygees modulate HSC cell fate

decisions at the endosteum.

One of the most interesting aspects about SO%&ovisdifferent it is functionally
from the other Wnt antagonists in the context ahampoietic stem cell development.
SFRP-1 and SFRP-2 have demonstrated negative arsitivpo influences on
hematopoietic stem cells respectively [56,57]. éSscof osteoblast specific DKK-1 and
WIF-1 were shown to decrease LT-HSC function, wH®ST had no effect on
hematopoietic stem cells [61,62]. All Wnt antagtsithat have been studied in the
context of hematopoiesis have been shown to infl@edrematopoiesis through non-cell
autonomous mechanisms. The populations of ostetsbfmopulations that are changed
due to alterations in Wnt antagonist modulationhihixplain the differences observed in
hematopoietic stem and progenitor cell functionrter work to characterize Wnt
antagonist knock out models (i.e., usBfgp-2~ of Wif-1 ) or transgenic mouse models
would be helpful in determining how each of thesentWWntagonists contributes

specifically to hematopoietic stem and progenitdt loiology.
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