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Absence of Sclerostin Adversely Affects B-Cell Survival
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ABSTRACT

Increased osteoblast activity in sclerostin-knockout (Sost ™) mice results in generalized hyperostosis and bones with small bone marrow
cavities resulting from hyperactive mineralizing osteoblast populations. Hematopoietic cell fate decisions are dependent on their local
microenvironment, which contains osteoblast and stromal cell populations that support both hematopoietic stem cell quiescence and
facilitate B-cell development. In this study, we investigated whether high bone mass environments affect B-cell development via the
utilization of Sost™~ mice, a model of sclerosteosis. We found the bone marrow of Sost ™~ mice to be specifically depleted of B cells
because of elevated apoptosis at all B-cell developmental stages. In contrast, B-cell function in the spleen was normal. Sost expression
analysis confirmed that Sost is primarily expressed in osteocytes and is not expressed in any hematopoietic lineage, which indicated that
the B-cell defects in Sost ™~ mice are non-cell autonomous, and this was confirmed by transplantation of wild-type (WT) bone marrow
into lethally irradiated Sost™~ recipients. WT—Sost™’~ chimeras displayed a reduction in B cells, whereas reciprocal Sost™~—WT
chimeras did not, supporting the idea that the Sost™~ bone environment cannot fully support normal B-cell development. Expression of
the pre-B-cell growth stimulating factor, Cxc/12, was significantly lower in bone marrow stromal cells of Sost ™~ mice, whereas the Wnt
target genes Lef-1 and Ccnd1 remained unchanged in B cells. Taken together, these results demonstrate a novel role for Sost in the

regulation of bone marrow environments that support B cells. © 2012 American Society for Bone and Mineral Research.
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Introduction

It is well appreciated that cellular crosstalk between osteoblasts
(OBs) and osteoclasts (OCs) in the adult bone is required for
proper bone homeostasis'" and that disruption of the balanced
activity between bone-building OBs and bone-resorbing OCs can
result in altered bone metabolism, leading to high or low bone
mass, respectively. More recently, the relationship between
abnormal bone phenotypes on the development and differenti-
ation of bone marrow (BM) stromal cells and hematopoietic cells
has been an active area of investigation.?®

Hematopoietic stem cells (HSCs) produce all cells of the blood
and immune system. HSC self-renewal and their subsequent
differentiation into committed hematopoietic lineages are
guided by a combination of cell-to-cell interactions, secreted
factors, and transcriptional regulation® in a physiological unit
termed the HSC niche.®® Endosteal osteoblasts are often
considered the primary “niche cell” for HSCs and have been
shown to support HSC self-renewal, as demonstrated by
transgenic and knockout mouse models in which OB populations

were increased or decreased.®® In addition, mesenchymal

progenitors, endothelial cells, and perivascular cells can also
support HSCs, suggesting that other cell types also contribute to
the HSC niche in the bone marrow.""*'" Myeloid and lymphoid
cell differentiation can also be influenced by OBs,"'*'® but the
exact mechanisms that OBs utilize to regulate these cell fate
decisions are still unclear. Furthermore, how the hematopoiesis-
supporting ability of OBs changes as the OB matures from the
mesenchymal stem cell (MSC) to an early osteoprogenitor and
then to a mature osteocyte is not well understood. Stages of
OB development have been identified using a combination of
in vivo studies in transgenic mice and in vitro studies of OB
cultures." At embryonic day 12, some MSCs begin expressing
Runx2, solidifying commitment to the osteoblastic lineage."
Activation of Wnt signaling and expression of Osterix foster
further differentiation to the osteoprogenitor stage."® Commit-
ment to the mature osteoblast stage is confirmed by the
upregulation of mineralization genes."” Finally, terminal
differentiation to the osteocyte requires downregulation of
Wnt signaling by Wnt antagonists.'®'”)
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Canonical and noncanonical Wnt signaling has been implicat-
ed in various aspects of hematopoiesis, but results from Wnt
loss- and gain-of-function models have yielded contradictory
results."®'? For example, activation of canonical Wnt signaling
via exogenous Wnt3a ligand has been shown to preserve HSC
populations in vitro, whereas Wnt3a deficiency resulted in a
decrease in the number of HSCs and progenitor cells in the fetal
liver (FL), as well as a reduced capacity to reconstitute as
measured by secondary transplantation.”” In addition, it has
been shown that B-lymphocyte development in the bone
marrow of B-catenin-deficient mice is normal,” whereas B-cell
development is increased by noncanonical Wnt5a-mediated
signaling.”? Wnt signaling is also important for osteoblast
development, as canonical Wnt3a-signaling inhibited or pro-
moted osteogenesis depending on the Wnt3a concentration
and age of the mice examined.”® Haploinsufficiency of the
noncanonical Wnt5a gene in mice resulted in loss of bone mass
and increased adipogenesis in the bone marrow in vivo®* but
promoted osteogenesis from human mesenchymal stem cells in
vitro.*®) Taken together, the role of Wnt signaling is clearly
influential in preserving bone homeostasis.

Sclerostin (Sost, Entrez GenelD: 50964) antagonizes canonical
Wnt signaling by its binding to the Wnt coreceptors LRP4, LRP5,
and/or LRP6,2%?7) blocking signaling via Frizzled receptors. SOST
is a secreted protein that is primarily expressed by fully mature
osteocytes and acts on OBs as a negative regulator of bone
growth by inducing OB apoptosis in culture and effectively
preventing osteoblast maturation into osteocytes.?® Mice with
deletions of the Sost coding region display highly mineralized
bones with reduced BM cavity size, resulting from increased
activity of OBs without affecting osteoclast development and
activity.®® Van Buchem'’s disease in humans has been traced to a
52-kb deletion in the Sost regulatory region, which results in
deforming increases in bone mass.*® Despite the clear role of
SOST in the regulation of Wnt signaling, osteoblast activity, and
the size of the BM cavity, the function of SOST in the regulation of
bone marrow hematopoiesis has not been investigated. Here, we
analyzed hematopoietic differentiation and the bone marrow
environment in Sost™~ mice to examine whether the lack of
Sost in the bone affects hematopoiesis, particularly B-cell
development.

Materials and Methods

Mice

C57BL/6J and B6.SJL-Ptprc® Pepc®/BoyJ mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Sost™~ mice on
the B6 background were generated by Regeneron Pharmaceu-
ticals, Inc. (Tarrytown, NY, USA) as a Sost-LacZ knock-in as part of
the Knockout Mouse Project (KOMP) (http://www.velocigene.
com/komp/detail/10069).%” Mice of both sexes were analyzed
from 3 to 4 months of age. Data were combined from both male
and female mice because no sex-specific differences were
observed (Li and colleagues,?® Krause and colleagues,®® and
data not shown). All mice were euthanized by CO, asphyxiation
followed by cervical dislocation. All animal procedures were

approved by the LLNL and UC Merced Institutional Animal Care
and Usage Committees.

Antibodies

Monoclonal antibodies (mAb) were purchased either from
eBioscience (San Diego, CA, USA), BioLegend (San Diego, CA,
USA), or BD Biosciences (San Diego, CA, USA). The mAb clone
name is listed in parentheses. Purified anti-CD16/32 (93) was
used to block Fc receptors. Biotinylated-anti-CD3 (145-2C11),
CD4 (GK1.5), CD8 (53-6.7), CD19 (6D5), CD11b (M1/70), NK1.1
(PK136), Gr-1 (RB6-8C5), and TER-119 (Ter119) were used for
lineage depletions. Other antibodies and stains used are listed as
follows: anti-c-Kit-eFluor-780 (ACK2), CD34-FITC (RAM34), CD135-
PE (A2F10.1), CD16/32-PerCp-Cy5.5 (93), CD25-PerCp-cy5.5
(PC61), Sca-1-APC (D7), IL7Ra-PeCy7 (A7R34), AA4.1-APC
(AA4.1), B220-FITC (RA3-6B2), IgD-PerCp-Cy5.5 (11-26c.2a),
CD19-APCCy7, -APC, or -PE (6D5), IgM-PE (RMM-1), CD21-FITC
(7G6), and CD23-Biotin (B3B4), CD45-FITC (30-F11), NK 1.1-PeCy5
(PK136), CD3e-APC (145-2C11), TER-119-PeCy7 (Ter119,) Gr-1-
PeCy5 (RB6-85C), CD11b-PE (M1/70), CD45.1-FITC (A20), CD45.1-
APC (A20), CD45.2-PE (104), CD45.2-APC-Cy7 (104), Annexin
V-FITC, and 7-AAD.

Sorting and analysis of hematopoietic progenitor and
stromal populations by flow cytometry (FCM)

Bone marrow cells were obtained and counted as described.®"
For stromal cells, flushed tibias and femora were digested
in M199+ containing 0.125% (w/v) collagenase D (Roche,
Indianapolis, IN, USA) and 0.1% DNase (Roche) on an agitator at
37°C, in which fresh media was added every 15 minutes, for a
total of 75 minutes. Next, 0.125% Neutral Protease (Worthington,
Lakewood, NJ, USA) was added for 15 minutes and then stromal
cells were incubated in a mixture of PBS, 5 mM EDTA, 1% fetal calf
serum (FCS), 0.02% NaNs for 10 minutes to help disrupt cellular
fragments.

All cells were incubated with purified anti-CD16/32 to block Fc
receptors and MACS depleted as described.®" Live Lineage™?
cells were then counted by hemocytometer using Trypan Blue
exclusion. All Lineage™? cells were stained with antibodies
specific for c-Kit, Sca-1, and IL7Ra for 20 minutes at 4°C, washed,
and resuspended in M199+ media with 0.1 wg/mL of 4,6-
diamidino-2-phenylindole (DAPI, Fisher, Santa Clara, CA, USA).
LSK HSC, MPP, CLP, CMP, and MEP/GMP populations were then
sorted using a fluorescence-activated cell sorting (FACS) Aria Il
(BD Biosciences, San Jose, CA, USA). All populations were sorted
to 80% to 90% puirity, as verified by post-sort analysis. Analysis of
flow cytometric data was performed with FlowJo software
(Treestar, Ashland, OR, USA).

Flow cytometric sorting and analysis of committed cell
lineage population in the bone marrow and spleen

Bone marrow cells were isolated as described,®" counted, and
cells were stained with anti-CD16/32 and then stained with
fluorochrome-conjugated Abs specific for CD3, CD19, NK1.1,
Ter119, CD11b, and Gr-1. Splenocytes were obtained by gentle
physical disruption of spleens with the base of a 5-mL syringe
and resuspended in M199+. Splenocytes were filtered, treated
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with ACK lysis buffer, incubated with anti-CD16/32, and then
either stained with fluorochrome-conjugated Abs specific for
CD3, CD19, NK1.1, Ter119, CD11b, and Gr-1, or fluorochrome-
conjugated Abs specific for AA1.1, CD19, IgM, CD21, and CD23.
Analysis was performed as described above.

RNA isolation, cDNA synthesis, and PCR

mMRNA from cells was collected from collagenase-digested bones,
FACS-sorted cells, and whole bone, as described.®" Briefly, cells
were placed in Trizol (Invitrogen, Grand Island, NY, USA), and RNA
was purified using phenol-chloroform extraction. Purified mRNA
was then used as a template to synthesize cDNA using oligo-dT
primers with the Superscript Ill kit (Invitrogen). Conventional
reverse-transcriptase PCR (RT-PCR) of cDNA was performed using
the following thermocycler conditions: 90°C for 5 minutes, then
35 to 40 cycles of 95°C for 1 minute, 55°C to 60°C for 30 seconds,
and 72°C for 1 minute, followed by a 5-minute 72°C extension.
PCR products were visualized by electrophoresis on a 1.5%
agarose gel.

Quantitative real-time PCR (qPCR) was performed as de-
scribed.®” All primers used were validated for efficiency using
standard curves on control tissues and were used only if the
primer efficiencies exceeded 90% and only one PCR product
was visualized after gel electrophoresis. All primer sequences
are listed in Supplemental Table S1.

Analysis of apoptosis and cell death in B cells

Bone marrow B cells were enriched as described above and
stained with fluorochrome-conjugated antibodies specific for
B220, IgM, c-Kit, and CD19. Cells were washed in M199+ one
time and subsequently washed twice in 100 pL of Annexin V
Binding Buffer (BioLegend) and then resuspended at a
concentration of 10° cells/mL in Annexin Binding Buffer. Then
5 pL of Annexin V (BioLegend) and 10 p.L of 7-AAD (eBioscience)
were added for 15 minutes and washed with Annexin V Binding
Buffer and analyzed by FCM.

LacZ staining of bone marrow sections

Tibias and calvariae from 6-month-old Sost™~ and wild-type
littermate control mice were prepared and sectioned as
previously described.®*? Samples were decalcified, stained with
X-gal, paraffin processed, sectioned, and counterstained with
Nuclear Fast Red. All photos were taken near growth plates
and trabecular bone regions at 1000x magnification with oil
immersion.

Bone marrow transplantation assay

Sost’"—WT and WT—Sost™~ bone marrow chimeras were
generated. All recipient mice were lethally irradiated with 1000
rads using a Cesium-137 source (JL Shepherd and Associates, San
Fernando, CA, USA), and a minimum of 4 hours were allowed to
pass before bone marrow reconstitution. For the Sost™/~—WT
chimeras, B6.SJL-Ptprc® Pepc®/Boy) (CD45.1%) recipients were
transplanted with 5 x 10° Sost™’~ CD45.2" bone marrow
cells (BMC) via retro-orbital intravenous injection. Control
WT(CD45.2)—WT(CD45.1) chimeras were prepared by transplan-

tation of wild-type C57BL/6J BMC into wild-type or B6.SJL-Ptprc®
Pepcb/BoyJ (CD45.1™) recipients. For the reciprocal WT—Sost ™~
chimeras, C57BL/6J or Sost™~ recipients (both CD45.2") were
transplanted with B6.SJL-Ptprc® Pepcb/BoyJ (CD45.1) BMC, and
control WT(CD45.1)—WT(CD45.2) chimeras were prepared as
described above. Peripheral blood samples were stained for
CD45.1, CD45.2, Gr-1, CD11b, CD3¢, and CD19 and analyzed for
the presence of donor chimerism at 3 weeks by FCM. Chimeras
were euthanized at 5 weeks post-transplantation for analysis of
donor hematopoietic lineages in the bone marrow and spleen.

Statistical analysis

Differences between the means of biological replicates for all
samples were calculated using two-tailed t test (GraphPad Prism,
La Jolla, CA, USA). The two-tailed t test was justified by the
assumption that all samples follow a Gaussian distribution even
though sample sizes are small and are not paired samples. All
samples were considered statistically significant if p < 0.05.

Results

Reduction of B cells in the bone marrow of Sost ™~ mice

Sost™~ mice were generated using conventional gene targeting
methods, in which the Sost open reading frame was replaced
with LacZ to generate the null allele.*® Sost™~ mice display a
high bone mass phenotype and reduced BM cavity volume in
both male and female mice, very similar to the phenotype of the
Sost knockout mice generated by Li and colleagues.?%3?
Consistent with this, the total numbers of BM cells and CD45P°*
(hematopoietic) cells were significantly decreased in Sost™/~
mice (Fig. 1A). However, no difference in the percentage of
CD45P° cells was observed between Sost™~ and wild-type
(Sost™ ) controls (Fig. 14). Using established cell surface markers
to distinguish HSCs and lineage-committed progenitors,®*3*% we
analyzed the cellular composition of the BM of Sost™~ mice.
Given their documented increase in osteoblast activity and Wnt
signaling, we hypothesized that Sost ™~ mice would display an
increase in HSCs. On the contrary, we observed no differences in
the frequency or absolute number of HSCs, common lymphoid
progenitors (CLP), common myeloid/megakaryocyte erythroid
progenitors (CMP/MEP), or granulocyte/monocyte progenitors
(GMP) (Supplemental Fig. ST and Supplemental Table S2).
Therefore, the loss of Sost was not sufficient to influence changes
in Lineage™9 Sca-1M9" c-kit"9" (LSK) HSCs or other hematopoi-
etic progenitor populations.

We also examined the frequencies of committed lymphoid
and myeloid lineages in Sost™'~ mice. Consistent with the clear
reduction in overall BM cellularity, the numbers of cells amongst
all lymphoid and myeloid lineages were severely reduced in
Sost™~ mice (Supplemental Table $3). No differences in the
frequencies of T lymphocytes (CD3&P%), natural killer cells
(NK1.1P%%),  monocytes (CD11bP**  Gr-1"%9), granulocytes
(CD11bP** Gr-1°%), and erythroid cells (TER-119P%%) were
observed in the BM (Fig. 1B-D). However, CD19P°° B cells were
significantly reduced in both their frequency and cell number in
the BM (Fig. 1C, D and Supplemental Table S3), indicating a
B-cell-specific defect resulting from the absence of Sost.
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Fig. 1. CD19P° B-cell populations in the bone marrow are reduced in Sost™'~ mice. (A) Total number of bone marrow cells (left panel), total percentage
(middle panel), and total number of CD45P* (right panel) in the bone marrow. (B) FCM plots of myeloid lineages in wild-type (Sost*'*) and Sost™~ mice.
(C) FCM plots of lymphoid lineages in wild-type and Sost "~ mice. (D) Total percentages of B cells (CD19P%), T cells (CD3&P°%), monocytes (CD11bP° Gr1"9),
and granulocytes (CD11bP%* Gr-1°°%). Data are representative of Sost*’* (n=6) and Sost '~ (n = 12) of pooled sexes at 8 to 13 weeks of age.Mean £ SD are
shown and were considered to be statistically significant if p < 0.05, two-tailed Student’s t test.

Elevated apoptosis in B cells in the bone marrow
of Sost™~ mice

B-cell maturation in the BM proceeds through a series of steps
that have been defined by cell surface marker expression. HSCs
differentiate into CLP, which then give rise to the early pre/pro-B-
cell progenitor (also known as Fraction A) identified as negative
for CD3¢, CD4, CD8, CD11b, Gr-1,NK1.1, Ter119,CD19, IgM, and c-
Kit and positive for B220.%*) Subsequent immunoglobulin heavy-
chain gene rearrangements ensure commitment and differenti-
ation into pro-B cells (also known as Fraction B/C) that are
CD19P° B220"" c-kitP>® IgM"e9,%537) put negative for other
lineage-specific markers. Further rearrangement of light-chain
genes confers differentiation into the pre-B cell (also known as
Fraction D) with subsequent c-Kit downregulation. Functionally

immature B cells (CD19'°" B220"" c-kit"9 IgMP®*) that survive
negative selection become mature IgD-expressing B cells, which
then migrate out of the BM into the periphery. These mature,
recirculating B cells can then be identified by their surface
phenotype (CD19M9" B220M9" c-kit"®9 IgMP°%) when they return
to the BM.3>37

To identify if and where a block in B-cell development
occurred in Sost ™~ mice, we examined the frequencies of the
stages of B-cell differentiation in the BM in Sost™* and Sost™~
mice. In our analysis, we used a staining strategy in which pre/
pro-, pro-, and pre-B cells are observed as one group (designated
"“B-cell precursors” for simplicity), but immature and recirculating
B cells in the BM can be distinguished.®®>® We observed
significant decreases in the frequencies of all committed B-cell
developmental stages (Fig. 2A, C and Supplemental Table S4).
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Fig. 2. Elevated B-cell apoptosis in Sost ™ mice. (A) FCM plots showing B-cell developmental stages from bone marrow. The left panel shows the gating
strategy for B-cell precursors (which include pre/pro-, pro-, and pre-B cells combined), immature, and recirculating B-cell populations. The middle and the
right panels represent staining from the Sost™* and Sost ™"~ mice, respectively. (B) Representative analysis of apoptosis by FCM in precursor B cells, as
measured by staining with Annexin-V and 7-AAD. Live (Annexin-V"¢9, 7-AAD"®9), early apoptotic (Annexin-VP°, 7-AAD"*%) and combined late apoptotic
and dead (Annexin-VP%, 7-AADP®) B cells are discriminated. (C) Total percentages of precursors (B220P°°, IgM"*9), immature (B220P°°, IgMP**), and
recirculating (B220™, IgMP®%) B cells in Sost*/* (n = 8) and Sost ™~ (n = 10) mice. (D) Total percentages of Annexin-VP°, 7-AADP°* precursor, immature, and
recirculating B cells in Sost™* and Sost™~ bone marrow. Data are representative of Sost™* (n=4) and Sost '~ (n = 3) that are of pooled sexes and 12 to
15 weeks of age. Mean = SD are shown, and all data were considered to be statistically significant if p < 0.05, two-tailed Student’s t test.

Additional flow cytometric analysis using the Hardy nomencla- CLP, and stromal populations in the bone marrow (data not
ture confirmed that block in B-cell development occurred very shown).

early at the Fraction B (pro-B/pre-B-1) stage, and this block is Interestingly, the observed decrease in B-cell populations in
maintained until the Fraction D (late pre-B) stage in Sost ™~ mice the bone marrow did not extend to the spleen, but we did note
(Supplemental Fig. S2). In addition, the number of mature B cells an increase in splenic granulocytes of Sost ™/~ mice (Supplemen-
in Fraction F was notably decreased (Supplemental Fig. S2). The tal Fig. S3 and Supplemental Fig. S4 and Supplemental Table S5).
decline in B cells directly correlated with increased levels of Splenic B cells in Sost™~ mice were comparable to wild-type
apoptotic cells at the precursor, immature, and recirculating mice in frequency and in function when stimulated by
stages of B-cell development in Sost™~ mice, as measured by lipopolysaccharide (Supplemental Fig. S5 and Supplemental
costaining with Annexin V and 7-AAD (Fig. 2B, D). However, Fig. S6, Supplemental Table S5 and Supplementary Methods).
no difference in apoptosis was evident in the Lineage™® These data indicate that the reduction of B cells observed in the
CD19"%9 B220"9 IgM™®? populations, which contain the HSC and BM of Sost™’~ mice is the result of increased apoptosis at all
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committed B-cell developmental stages in the bone marrow but
does not affect survival and antigen response in peripheral
lymphoid organs.

Expression of Wnt signaling pathway and target genes
in B cells

High expression of Sost mMRNA has been reported in osteocytes,
with associated diffuse SOST protein staining in osteocytic
dendrites and canaliculi.®® To assess whether the B-cell
phenotype observed in Sost™~ mice is owing to a cell-
autonomous versus non-cell-autonomous defect in the BM
niche, we examined purified precursor, immature, and recircu-
lating B-cell populations from the bone marrow for expression of
Sost by RT-PCR. Sost expression was not observed in any B-cell
population (Fig. 34, B), supporting that the effect of the absence
of Sost on B cells is non-cell-autonomous.

All purified B-cell populations expressed Lrp5 and Lrp6 but
lacked expression of Lrp4 (Fig. 3A). In hematopoietic stem cells
and progenitors, Lrp4 is not expressed, Lrp5 is differentially
expressed, and Lrp6 is universally expressed (Supplemental
Fig. S7). We hypothesized that the lack of SOST binding to LRP5
and/or LRP6 on developing B cells could result in hyperactive
Wnt signaling, and this could be measured in Sost™~ B cells by
the expression of known Wnt target genes, such as Ccnd1 (also
known as cyclin-D1), Lef-1, and c-Myc to see if these genes were
increased in the absence of Sost.“*" Amongst precursor and
immature B cells, no differences in Lef-1, c-Myc, or Ccnd1
expression was observed. Expression of ¢-Myc increased up to
twofold in the recirculating B cells in Sost "~ mice (Fig. 5C). These
data showed that in the absence of Sost, expression of these Wnt
target genes was unchanged in the early-stage B cells but

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

We also examined all hematopoietic progenitors and committed
lineages in the BM of Sost** mice for Sost expression by RT-PCR
and did not observe Sost expression in any of these cells (Fig. 4A
and data not shown). In contrast, Sost was clearly expressed in
cells obtained from collagenase-digested bone (Fig. 4A). These
results were confirmed by RT-PCR for LacZ, which is a knocked-in
reporter for endogenous Sost expression in Sost™~ mice (Fig. 4B).
The RT-PCR results were further validated by histology of whole
bone sections (in which osteocytes as well as the BM cavity cells
can be observed). Sost expression, as reported by LacZ activity,
was clearly observed in the osteocytes in the tibias and calvaria
of Sost™~ mice but not in wild-type mice. In contrast, very low
levels of LacZ activity were observed in the BM cavity (Fig. 4C).

Cxcl12 expression is significantly reduced in bone marrow
stromal cells in Sost™~ mice

The lack of Sost expression in hematopoietic cells and its clear
expression in the non-hematopoietic cells supported the idea
that the B-cell defect observed in Sost™~ mice is non-cell-
autonomous, and implicated the osteoblast, osteocyte, or other
stromal cell populations in the bone as the source. B-cell
development, proliferation, and survival in the BM rely on the
production of interleukin (IL-7), stem cell factor (SCF), and
CXCL12 (also known as SDF-1), which are produced by BM
stromal cells.*> Examination of /-7 and Scf levels by quantitative
PCR of collagenase-digested bones showed no statistical
difference between Sost™~ and wild-type controls, although
the data appeared to show a trend toward reduction of Scf levels

differentially affected in recirculating B cells. in Sost™~ mice (Fig. 5A, B). Cxcl12 is highly expressed in bone
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Fig. 3. Wnt target genes in Sost™~

B-cell populations. (A) B-cell precursors, immature, and recirculating B cells were examined for the expression of Sost,

Lrp4, Lrp5, and Lrp6, and B-actin. Sost™* bone was used as the positive control (“+ control”) tissue. (B) LacZ RT-PCR analysis to determine Sost expression in
Sost™* (left) and Sost™~ (right) B-cell subsets. Sost™/~ collagenase-digested bone was used as the positive control tissue for LacZ. (C) qRT-PCR for Wnt
target genes Lef-1, c-Myc, and Ccnd1 in sorted B-cell subsets. Rpl-7 was used as the housekeeping gene. Relative gene expression in Sost™~ mice was
calculated by normalizing to expression in the Sost™* controls. Mean == SD are shown from three mice of each genotype and were considered to be

statistically significant if p < 0.05, two-tailed Student’s t test.
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Fig. 4. Sost is restricted to non-hematopoietic lineages. (A) Sost expres-
sion was determined using RT-PCR of mRNA isolated from FCM-sorted
LSK HSC, CLP, CMP, granulocytes, and B cells from Sost™* mice. B-actin
was used as a housekeeping gene and internal control. The positive
control tissue for Sost expression was collagenase-digested bone. (B) RT-
PCR for LacZ in sorted hematopoietic cell lineages in Sost ™"~ mice. mRNA
from collagenase-digested bones from Sost™~ mice was used as the
positive control for LacZ. RT-PCR for Sost in the Sost ™ mice was negative
in all tissues examined (data not shown). (C) Sost™* and Sost ™~ cortical
bone marrow (top), trabecular (two middle), and calvarial (bottom) 6 pm
whole bone sections were stained for LacZ activity using B-gal (blue) and
counterstained with Nuclear Fast Red. Sost ™~ calvaria sections were used
as a positive control for LacZ activity. Representative images from
20 slides prepared from two Sost™" and two Sost”~ mice are
shown.

marrow stromal cells including osteoblasts, endothelial cells, and
reticular cells, but it is not expressed in hematopoietic cells.®>*?
Cxcl12 was significantly reduced in Sost™~ mice, providing a
possible explanation for their altered B-cell development
(Fig. 50).

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

The reduction of Cxcl12 and the lack of Sost expression in
hematopoietic cell populations indicated that the reduction of B
cells in Sost™~ mice was indeed due to a non-cell-autonomous
effect. To further test this hypothesis, we performed reciprocal
bone marrow transplantation experiments, in which WT—
Sost ™~ and Sost~’~—WT bone marrow chimeras were prepared.

We hypothesized that if the effect of the absence of Sost on bone
marrow B cells was cell extrinsic, then transplantation of WT bone
marrow into Sost™~ mice would result in a block in B-cell
development beginning at the precursor stage, but Sost ™~ bone
marrow transplanted into WT recipients would result in normal
B-cell development. Sost ™"~ bone marrow transplanted into WT
hosts engrafted and differentiated similarly to WT—WT control
chimeras (Fig. 5D). In contrast, transplantation of WT bone
marrow into Sost ™~ recipients resulted in a decrease in CD19" B
cells, as well as significant decreases in immature and
recirculating B-cell populations (Fig. 5E) in the chimeras, similar
to that observed in the Sost™~ mice (Fig. 2). These results
confirm that the bone microenvironment of the Sost™~ mice is
unable to sufficiently support B-cell development in the bone
marrow, and the effect of Sost on B-cell development is non-cell
autonomous.

Discussion

Here, we demonstrate that the Wnt antagonist SOST plays an
important role in bone marrow B-cell development in the BM
through a non-cell-autonomous mechanism. Substantial reduc-
tions in CXCL12 in the stromal cells of Sost ™~ mice are likely to
be the causative mechanism for reduced B-cell numbers in these
mice.*® Recently, it has been shown that activation of Wnt
signaling decreases CXCL12 expression in BM stromal cells in
vitro,** which supports our conclusions and provides a feasible
link between Sost, Wnt signaling, and B-cell development.
Conditional ablation of osteoblasts resulted in blocks at the early
pre/pro-B-, pre-B-, and/or pro-B-cell developmental stages or
total loss of B-cell development in the BM."#**#% We propose a
model in which osteocyte-secreted SOST regulates Wnt signaling
in BM stromal cells and their production of Cxc/12 at levels that
are permissive for the support of B-cell differentiation (Fig. 6A).
According to this model, overactive Wnt signaling in the stromal
cells in the absence of Sost results in a reduction of Cxcl12 to
levels that are not conducive for B-cell survival (Fig. 6B). We
speculate that this occurs via a set of events in which Sost
normally promotes bone homeostasis by blocking osteoblast
differentiation directly,®® which in turn perhaps affects the
differentiation or function of early mesenchymal stem cells (MSC)
or osteoprogenitor populations. MSC and other BM stromal cells
(namely, CXCL12 abundant reticular cells)*” that are located
in the BM cavity and have been shown to express CXCL12
and produce appropriate B-cell microenvironments, reinforcing
our ideas. However, the causative link between Sost, changes
in osteolineage cells, the reduction in Cxcl/12 expression, and
altered B-cell development must still be experimentally verified.
Clearly, the elucidation of the exact mechanisms by which SOST
indirectly promotes B-cell development will benefit from the
creation of new osteoprogenitor-specific and BM stromal cell-
specific transgenic and knockout mouse strains, and identifica-
tion of biomarkers that can distinguish between cells at distinct
stages of osteogenesis as well as different stromal cell types.“*®

The possibility that SOST could directly bind to LRP5 or LRP6
on developing B cells to antagonize Wnt activation is not
formally excluded by our results. Lrp5~/~ mice display an
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Fig. 5. Evidence that the B-cell defect in Sost™~ mice is cell-extrinsic. Expression analysis of /-7 (A), Scf (B), and Cxc12 (C) by qRT-PCR. mRNA was extracted
from digested, bone-marrow flushed bones. Rpl-7 was used as the housekeeping gene. Relative gene expression in Sost™~ mice was calculated by

normalizing to expression in the Sost™* control. (D) Experimental scheme of bone marrow transplantation of CD45.2" WT (n = 5) or Sost

~/~ (n="5) bone

marrow into CD45.1" WT recipients (top panel). CD45.2" (donor) cells were gated for analysis post-transplantation. The total number of donor-derived
CD19" cells in the bone marrow (middle panel) and the total number of B-cell precursors, immature, and recirculating B cells (bottom panel) in
WT(CD45.2)—WT(CD45.1) and Sost "~ —WT chimeras are shown. () Scheme of reciprocal bone marrow transplantation of CD45.1" WT bone marrow into

CD45.2" WT (n=3) or Sost™”~ (n = 3) mice (top panel). Donor CD45.1% cells

were gated for analysis post-transplantation, and the total number of donor-

derived CD19" cells in the bone marrow (middle panel) and the total number of donor-derived B-cell precursors, immature, and recirculating 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 and were
considered to be statistically significant if p < 0.05, two-tailed Student’s t test.

osteoporotic bone phenotype but have normal B-cell develop-
ment (CJC, unpublished results). Lrp6 '~ mice are embryonically
lethal,?® hence precluding the study of B-cell development
in these mice. Our results, which show no difference in the
expression of Wnt target genes in B-cell precursors and
immature stages of B-cell development, suggest that direct
regulation of Wnt signaling by SOST at these stages is irrelevant
for their development and support the idea that the effect of
SOST on B-cell development is non-cell autonomous. Our bone
marrow transplantation studies confirm the hypothesis that
the reduction in B cells is the result of alterations in the bone
microenvironment in Sost™~ mice. The increase in c-Myc
expression in mature, recirculating B cells and its relationship
to apoptosis is unclear because recirculating B cells in c-Myc—

deficient mice do not undergo apoptosis, and no studies have
explicitly examined c-Myc overexpression and mature B-cell
survival together.#%°%

We cannot completely rule out that hematopoiesis and B-cell
development are simply negatively regulated by a hyperminer-
alized environment or by the size of the BM cavity, independent
of SOST. HSC self-renewal, colony-forming ability, and hemato-
poietic differentiation appears to be negatively affected by
osteoblast mineralization in vitro (Cheng and colleagues®” and
CJC, unpublished results). Several knockout mouse models
that display reduced BM cavity size and similar defects in
hematopoiesis to that observed in Sost™~ mice exist. For
example, the op/op, oc/oc, mi/mi, and Fos™"~ mice are models of
osteopetrotic disease that present with small BM cavities and
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Fig. 6. Proposed model for the effect of Sost on B lymphopoiesis. (A)
Under normal circumstances, osteocytes secrete SOST, which binds to
LRP4, LRP5, or LRP6 (which are associated with Frizzled receptors) to
regulate maturation of osteoblasts into osteocytes. It is unclear whether
SOST can directly bind to LRP5/6 receptors on B cells or if SOST can
regulate Wnt signaling in other cell types (eg, CXCL12 abundant reticular
(CAR) cells or osteoclasts [not depicted in figure]). In this model, CXCL12
expression (represented by gray circles) by endosteal OBs and CAR cells is
activated by downregulation of Wnt signaling via SOST to promote B-cell
survival via CXCL12/CXCR4 signaling. (B) Sost deletion results in excessive
osteoblast differentiation into osteocytes, resulting in high bone mass. In
addition, CXCL12 expression by Sost™/~ osteoblasts and/or other stromal
cell populations is reduced because of lack of SOST-mediated inhibition
of Wnt signaling. In turn, this reduction of CXCL12 results in the induction
of apoptosis at all B-cell stages in the bone marrow.

defective B lymphopoiesis in the BM. In contrast to the Sost™~
mice, whose high bone mass is caused by overactive osteoblasts
that produce high-quality bone, the high bone mass in the
aforementioned mice are caused by defective or absent
osteoclasts, which results in poor-quality, fragile bone.5%°¥
Pharmacological inhibition of osteoclasts by zoledronic acid also
adversely affects B-cell differentiation by reducing the levels of
CXCL12 and IL-7 produced by BM stromal cells.*® In digested
bones of Sost™~ mice, we observed a significant reduction of
Cxcl12, evidence of reduced Scf, but no changes in I-7
expression. Interestingly, evidence that B cells are needed for
proper bone homeostasis also exists. For example, IL-7R

knockout mice lack B-cell development past the pre-B-cell stage
and present with increased bone mineral density.® Paradoxi-
cally, pMT-knockout mice with a genetic mutation of the mu
immunoglobulin heavy-chain constant region also display a
block at the pre-B-cell stage but have the opposite bone
phenotype.*> In addition, B cells are an important source of
receptor activator of NF-kB (RANK) ligand, which induces
osteoclast maturation, promoting bone homeostasis.? Taken
together, our results and these data reinforce the idea that
reciprocally beneficial crosstalk exists between cells involved in
bone homeostasis and hematopoiesis. Further experimentation
is required to investigate the mechanisms by which physical
space is detected and interpreted by developing B cells in
the BM.

Other Wnt antagonists, such as Dickkopf-1 (DKK1) and SFRP-1,
are robustly expressed in osteoblasts and possibly other cell
types in the BM, and it is possible that DKK1 could compensate
for the loss of SOST.®**® Dkk1deficiency results in high bone
mass phenotypes, whereas the overexpression of Dkk1 in
osteoblasts of Dkk1-transgenic (Tg) mice resulted in reduction of
trabecular bone.®¥ Dkk1-Tg mice did not display any overt
phenotype in the frequencies or absolute numbers of any
hematopoietic cell lineages, similar to our observations in the
Sost™~ mice. We have observed an increase in Dkk7 mRNA
expression in Sost™’~ mice (data not shown). The observation of
no changes in the frequencies of HSC, CLP, CMP/MEP, and GMPs
in Sost™~ mice lead us to conclude that DKK1 or other bone-
derived Wnt antagonists could compensate for the loss of SOST
for these cell subsets. The effect of Dkk1 loss-of-function on
hematopoiesis is unknown, and it would be interesting to
investigate whether different Wnt antagonists render distinct
effects on HSC maintenance and differentiation.

The spleen is an alternative site of hematopoiesis that can
sometimes compensate for non-ideal BM environments. Spleens
of Sost ™"~ mice are increased in mass but show no evidence of
extramedullary hematopoiesis or an increase in HSCs (data not
shown), which supports the idea that the role of Sost in
hematopoiesis is limited to B-cell development in the bone
marrow.“>*”) Recirculating B cells in the bone marrow include
plasma cells, which produce high levels of antigen-specific
antibodies after stimulation in secondary lymphoid organs.
Plasma cell migration back to the BM is believed to act as an
efficient way to release these antibodies into the circulation
during infection. The reduction of recirculating B cells in the BM
suggests that the BM environment of Sost™~ mice is not
conducive for B-cell survival or plasma cell maintenance even
after they mature in the periphery, and/or that the low levels of
CXCL12 in the Sost™~ BM is not sufficient for retention of mature
B cells homing from the periphery.

Because inhibition of SOST has been proposed as a
pharmacologic target for the anabolic stimulation of bone
formation in the treatment for osteoporosis and other bone-
thinning disorders,*® our findings that B-cell survival is impaired
in the Sost™~ mice suggest that patients receiving these
treatments be closely monitored for alterations in B-cell
development and their ability to combat infection. Common
variable immunodeficiency disease can be diagnosed by
antibody deficiency and impaired immune responses to bacterial
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infections or vaccinations.®® Although LPS-induced proliferation
of Sost™’~ splenic B cells was normal, it is possible that B-cell-
mediated immune responses to diverse antigenic challenges
may be affected in the absence of SOST. Further detailed
analyses of B-cell proliferation to T-dependent antigens, cytokine
production, isotype class switching, and the development and
survival of plasma cells and memory B cells are required to
identify any contribution of SOST in acquired immunity and
susceptibility to infection.
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