
2650 Jingjing Cao et al. Eur. J. Immunol. 2015. 45: 2650–2660DOI: 10.1002/eji.201445405

Ablation of Wntless in endosteal niches impairs
lymphopoiesis rather than HSCs maintenance
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Osteoblasts and perivascular stromal cells constitute essential niches for HSC self-
renewal and maintenance in the bone marrow. Wnt signaling is important to maintain
HSC integrity. However, the paracrine role of Wnt proteins in osteoblasts-supported HSC
maintenance and differentiation remains unclear. Here, we investigated hematopoiesis in
mice with Wntless (Wls) deficiency in osteoblasts or Nestin-positive mesenchymal progen-
itor cells, which presumptively block Wnt secretion in osteoblasts. We detected defective
B-cell lymphopoiesis and abnormal T-cell infiltration in the bone marrow of Wls mutant
mice. Notably, no impact on HSC frequency and repopulation in the bone marrow was
observed with the loss of osteoblastic Wls. Our findings revealed a supportive role of Wnts
in osteoblasts-regulated B-cell lymphopoiesis. They also suggest a preferential niche role
of osteoblastic Wnts for lymphoid cells rather than HSCs, providing new clues for the
molecular nature of distinct niches occupied by different hematopoietic cells.
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Introduction

HSCs that periodically generate all hematopoietic lineages are
mostly stored in vascular or endosteal niches in the bone marrow
[1]. Vascular niches consist of sinusoidal endothelium cells [2–4]
whereas endosteal niches are mainly composed of osteoblasts [5,
6]. These niche cells are important to regulate HSCs self-renewal
and maintenance. Recent evidence also reveals that perivascular
Nestin+ mesenchymal progenitor cells form a supportive niche for
HSCs [3, 7, 8]. In addition, studies from Dr. Morrison suggest that
HSCs mainly reside in the perivascular niches whereas the early
lymphoid progenitor cells prefer to locate at endosteal niches
[9, 10].
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Compelling evidence reveals that Wnt signaling is an impor-
tant regulator for HSCs integrity and function. Wnt proteins, which
consist of 19 members in mammals, could be transduced through
canonical or noncanonical signaling pathways [11]. β-Catenin is
the key and obligatory mediator of canonical Wnt signaling. Sta-
bilized β-catenin expression expands the pool of HSCs and leads
to deficiency in HSCs repopulation capacity [12, 13]. Conversely,
deletion of β-catenin or Wnt3a leads to defective HSCs long-term
maintenance [14, 15]. Nevertheless, several lines of evidence
also indicate that β-catenin is dispensable for HSCs maintenance
[16, 17]. On the other hand, inhibition of environmental canonical
Wnt signaling in osteoblasts impairs HSCs self-renewal and qui-
escence [18]. Collectively, canonical Wnt signaling is revealed to

∗These authors contributed equally to this work.

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



Eur. J. Immunol. 2015. 45: 2650–2660 Molecular Immunology 2651

Figure 1. Depletion of osteoblastic Wls decreases the size of thymus and bone marrow. (A) Examples of whole body (left panel), thymus, and
spleen size (upper right panel) of Col1-Cre; Wlsc/c from representative mice out of seven mice analyzed are shown. (B) Growth curve of the Col1-Cre;
Wlsc/c mice compared to Wlsc/c mice. Bars show mean ± SEM from seven mice. *p < 0.05; **p < 0.01, determined by Student’s t test. (C) HE staining
for tibia sections from the Col1-Cre; Wlsc/c and control mice. Scale bar, 50 μm. One representative image out of four independent experiments is
shown. (D) Wls expression in osteoblasts was determined by qRT-PCR and normalized to β-actin. Expression in β-actin was set to 1. Bars show
mean ± SEM from three independent experiments in seven mice per group (white bar: Wlsc/c, black bar: Col1-Cre; Wlsc/c). **p < 0.01, determined by
Student’s t test. (E) Wls protein level in osteoblasts from Col1-Cre; Wlsc/c mice were determined by Western blot. Beta-actin was used as loading
control. One representative blot out of three independent experiments is shown. (F) The BM and thymus cellularity was determined by cell count
in wild type and Col1-Cre; Wlsc/c mutant mice. Bars show mean ± SEM from six mice. (G) The size of thymus relative to whole body in the mutant
compared to the controls. Bars show mean ± SEM from n = 6 mice. All the samples were collected at P7 for the controls and mutant mice. BM,
bone marrow. *p < 0.05; **p < 0.01, determined by Student’s t test.

regulate HSCs self-renewal in a dosage-dependent manner [19].
In addition, noncanonical Wnt signaling is also reported to sustain
HSCs maintenance and aging [20, 21].

Osteoblasts also support B-cell commitment and differentiation
[22–24]. However, the function of Wnt signaling in osteoblast-
supported B-cell development remains controversial. For instance,
based on the analysis of Lef1, Apc, and Frizzle9 knockout mutant
mice, canonical Wnt signaling seems to promote the proliferation
or early development of B progenitor cells [25–27]. In contrast,
depletion of β-catenin in hematopoietic progenitor cells or mature
B cells has no overt impact on B-cell development [16, 17, 28].
Moreover, overexpression of Wnt5a in OP9 stromal cells promotes
B-cell differentiation whereas overexpression of Wnt3a inhibits it
[29–31]. These discrepancies highlight the need of novel genetic
approaches in studying the effect of Wnt signaling in osteoblasts-
regulated B-cell development.

Wntless (Wls) was first identified in the fruit fly as a GPCR
cargo protein that mediates Wnt ligand secretion [32]. Inactiva-
tion of Wls gene blocks Wnt protein secretion in varied tissues and
causes various phenotypes corresponding to Wnt signaling failure
[33–37]. Deletion of Wls in osteoblasts impairs bone mass accrual
as described in our previous report and other lab’s work [38, 39].
In this study, we continued to investigate the biological activity of
Wnts in endosteal niches and their effect on HSCs maintenance

and differentiation. Our results indicate important roles of Wnts
in osteoblasts-supported lymphopoiesis and their relatively little
influence on HSCs maintenance.

Results

Deletion of osteoblastic Wls impairs B-cell
lymphopoiesis

We first investigated B-cell lymphopoiesis in Col1-Cre; Wlsc/c mice
that had osteoblast-specific Wls deficiency. As described previ-
ously [39], the Col1-Cre; Wlsc/c mutant mice were of smaller size
and lower bone mass (Fig. 1A). The growth curve revealed that
the mutant mice displayed a significant decrease in body weight
at postnatal stage P7 (Fig. 1B). Because the mutant mice only
had a lifespan around two weeks, we analyzed hematopoiesis
at P7, which just began to display defects in bone formation as
evidenced by HE staining (Fig. 1C). qRT-PCR and Western blot
analysis validated the downregulation of Wls in osteoblasts from
mutant cortical bones at P7 (Fig. 1D and E). The relative size and
cellularity of the thymus and bone marrow (BM) in the Col1-Cre;
Wlsc/c mice were significantly smaller compared to Wlsc/c controls
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Figure 2. Deficiency of Wls in osteoblasts impairs B-cell lymphopoiesis. (A) Bone marrow cells were isolated from Col1-Cre; Wlsc/c and analyzed
for subsets of B-cell development by flow cytometry of B220, CD43, CD19, AA4.1, IgD, and IgM. One representative dot plot out of five independent
experiments is shown. (B) (top) Frequencies and (bottom) absolute numbers of B220+ cells in the BM of Col1-Cre; Wlsc/c mice were determined as
shown in A. Bars show means ± SEM from n = 5 mice. (C, D) (C) Frequencies and (D) absolute numbers of pro-B (B220+CD43+CD19+AA4.1+), pre-B
(B220+CD43−IgD−IgM−), immature B (B220+CD43−IgM+IgD−, Im-B), and mature B (B220+CD43−IgM+IgD+, M-B) populations in BM of Col1-Cre; Wlsc/c

were determined by flow cytometry. Bars show mean ± SEM from n = 5 mice. White bar: Wlsc/c, black bar: Col1-Cre; Wlsc/c. (E, F) (E) Frequencies
and (F) absolute numbers of pre-B (B220+CD19+), immature B (B220+IgM+, Im-B), and mature B (B220+IgD+, M-B) populations in spleen of Col1-Cre;
Wlsc/c were determined by flow cytometry. Bars show mean ± SEM from n = 5 mice. (G) (Left) Expression of IL-7 in the osteoblasts was determined
by qRT-PCR. Beta-actin was used as control and its expression was set to 1. Bars show means ± SEM from n = 6 mice representative of three
independent experiments. (Right) IL-7 protein levels in the supernatant from BM was determined by ELISA. Bars show mean ± SEM from from
n = 6 mice. (H) Wnt5a protein levels in the supernatant from BM were determined by ELISA. Bars show mean ± SEM from n = 6 mice. All the
samples were collected at P7 for the controls and mutant mice. *p < 0.05; **p < 0.01; ***p < 0.001, determined by Student’s t test.

at P7 (Fig. 1A, F, and G). In contrast, the size and cellularity of
the spleen were relatively normal.

Then we analyzed the subsets of B-cell population as pre-
viously described [40], which is characterized by B220+CD43+

CD19+AA4.1+ (pro-B cells), B220+CD43−IgD−IgM− (pre-B cells,
Fraction D in Fig. 2A), B220+CD43−IgM+IgD− (immature B cell,
Fraction E in Fig. 2A), and B220+CD43−IgM+IgD+ (mature B cell,
Fraction F in Fig. 2A), respectively. FACS analyses showed that the
cellularity and percentage of total B220+ B-cell lineages, pro-B,
pre-B, and immature B cells were decreased in the bone marrow
of Col1-Cre; Wlsc/c mice compared to controls (Fig. 2B–D). Consis-
tently, the size of pre-B (B220+ CD19+), immature (CD19+ IgM+),
and mature (CD19+ IgD+) B-cell pools were also smaller in the
spleen of the mutants (Fig. 2E and F). In addition, ELISA examina-
tion also showed decreased Wnt5a protein levels in the bone mar-
row (Fig. 2H), indicating defects of Wnt secretion in Wls-deficient
osteoblasts. Furthermore, qRT-PCR analysis detected a relative
decrease of IL-7 expression in the cortical bone of Wls-deficient
mutant, whereas the ELISA indicated the lower IL-7 protein level
in bone marrow (Fig. 2G). The decrease of IL-7 expression may be
the secondary effect of Wls deficiency in osteoblasts. These find-
ings suggest that Wnt proteins secreted from osteoblasts facilitate
B-cell development.

Loss of Wls in osteoblasts leads to T-cell infiltration
in the bone marrow

T cells are differentiated from common lymphoid progenitor cells
(CLP, Lin−Sca1+cKitlowCD127+) in the bone marrow and become
mature in the thymus. T cells migrate outwards from the thymus
to peripheral blood as single CD4+ or CD8+ T cells and would
enrich in tissues under condition of antigen-induced inflamma-
tion. We observed expanded pools of CD4+ and CD8+ T cells in
the bone marrow of Col1-Cre; Wlsc/c mice (Fig. 3A–C). In contrast,
the frequency and cell number of CD4+ and CD8+ T cells was
decreased in the spleen of mutant mice (Fig. 3D and E). Impor-
tantly, the majority of enriched T cells in the mutant bone marrow
were CD62L+ (Supporting Information Fig. 1A), indicating that
they were mostly näıve and not active T cells. However, the size of
näıve T-cell populations did not differ in the mutant bone marrow
from the controls (Supporting Information Fig. 1B). In contrast,
the frequency but not number of early T-progenitor cells (ETP,
Lin−CD25−c-Kit+) was increased in the thymus of Col1-Cre; Wlsc/c

mutant mice (Fig. 3F–H). However, the frequency of CD4+ or
CD8+ T cells was not altered in the Col1-Cre; Wlsc/c thymus as
compared to the controls (data not shown), indicating the normal
frequencies of matured T cells in the mutant thymus.
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Figure 3. Deletion of osteoblastic Wls leads to naı̈ve T-cell infiltration in the bone marrow. (A) Dot plots depict the CD4+ and CD8+ T cells in the
bone marrow. One representative dot plot out of seven independent experiments is shown. (B, C) The frequencies and number of CD4+ and CD8+

cells in the BM of wild type and mutant mice. Bars show means ± SEM from n = 7 mice. White bar: Wlsc/c, black bar: Col1-Cre; Wlsc/c. (D, E) The
frequencies and number of CD4+ and CD8+ cells in the spleen. Bars show means ± SEM from n = 7 mice. (F) Dot plots depict the ETP cells gated
by Lin−CD25−c-Kit+ in the thymus. One representative dot plot out of seven independent experiments is shown. (G, H) The frequency (G), but not
the cellularity (H) of ETP was increased in the thymus of Col1-Cre; Wlsc/c mice. Bars show means ± SEM from n = 7 mice. (I) Dot plots depict the
CD11b+Gr1low monocytes and CD11b+Gr1high granulocytes. One representative dot plot out of seven independent experiments is shown. (J, K) The
frequencies and number of the monocytes and granulocytes in the BM. Bars show means ± SEM from n = 7 mice. (L) IHC with anti-CD4 in the
sections from the BM of wild type and Wls mutants. Bar, 40 μm. One representative picture out of three independent experiments is shown. All
the samples were collected at P7 for the controls and mutant mice. BM, bone marrow. *p < 0.05, determined by Student’s t test.

We also detected a relative increase in the cell number and per-
centage of monocytes in the Wls mutant bone marrow compared to
the controls (Fig. 3I–K). In addition, the frequency of granulocytes
was also slightly elevated, indicating the inflammation occurred
at the bone marrow. IHC analysis with anti-CD4 antibody in the
sections from P7 bone marrow validated the enrichment of T cells
in the spongiosa area of primary ossification domain (Fig. 3L).
These observations suggest that osteoblastic Wls prevents T cells
and monocyte infiltration in the bone marrow under normal
condition.

Depletion of Wls in Nestin+ mesenchymal progenitor
cells impairs lymphopoiesis

Nestin-positive mesenchymal progenitor cells have recently been
reported to serve as niches for HSCs and participate in osteogenic
differentiation [41–43]. To obtain more extensive blockage of Wnt
signaling in osteoblastic niches, we also generated the Nestin-Cre;
Wlsc/c mice that had Wls deletion at mesenchymal progenitor and
osteoblast precursors stage. The mutant mice had a lifespan up to
18 days. The Nestin-Cre; Wlsc/c mice were smaller in size and had

arrested growth from P7 as compared to the controls (Fig. 4A and
D). The mutant mice also had a smaller spleen and thymus (Fig. 4A
and B) and decreased bone ossification (Fig. 4E) as evidenced by
HE staining. The Wls gene expression was decreased in the mutant
mesenchymal stem cells isolated from plating (Fig. 4C). FACS
analyses indicated that the frequencies of HSCs (Lin−Sca1+c-
Kit+CD127−, Fig. 4F, H, and I) and CLPs (Fig. 4G, J, and K)
were not altered in the P12 BM of Nestin-Cre; Wlsc/c mice. Simi-
lar to the osteoblastic Wls mutant mice, the impairment in B-cell
lymphopoiesis was also observed in the bone marrow of Nestin-
Cre; Wlsc/c mice, which carried fewer frequencies of pro-B, pre-
B, and immature B cells (Fig. 4L and M). The number but not
the frequency of varied B-cell subpopulations was decreased in
the spleens of mutant mice (Supporting Information Fig. 2A, B).
Together with previous evidence, these observations indicate that
Wnt proteins presented by mesenchymal progenitor cells sustain
B-cell lymphopoiesis.

In addition, the CD4+ and CD8+ T-cell infiltration in the mutant
bone marrow was quite evident (Fig. 5A, C, and D). Of note, sim-
ilar to that in the Col1-Cre; Wlsc/c mice, the majority of enriched
T cells in the bone marrow and spleen of Nestin-Cre; Wlsc/c mice
were still CD62L+CD44− näıve T cells (Fig. 5B and Supporting
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Figure 4. Defective B-cell lymphopoiesis in the Nestin-Cre; Wlsc/c mice. (A) The sizes of the body (left panel), spleen, and thymus (right panel) size
in the Nestin-Cre; Wlsc/c mice. One representative picture out of six mice is shown. (B) The size of spleen and thymus relative to whole body. Bars
show means ± SEM from n = 6 mice. White bar: Wlsc/c, slash bar: Nestin-Cre; Wlsc/c. (C) qRT-PCR showed the Wls expression in the bone marrow
MSCs. Bars show means ± SEM from n = 7 mice of three independent experiments. (D) Growth curve of the Nestin-Cre; Wlsc/c mice. Bars show
means ± SEM from n = 6 mice. (E) HE staining of the trabecular bone of the distal femur. Bar, 50 μm. One representative picture out of three mice
is shown. (F, G) Dot plot depicts depict the HSC (Lin−Sca1+c-Kit+CD127−) and CLP (Lin−Sca1+c-Kit−CD127+) populations. One representative dot
plot out of five independent experiments is shown. (H, I) The cellularity and frequency of HSCs in the BM. Bars show means ± SEM from n = 5
mice. (J, K) The cellularity and frequency of CLPs in the BM (n = 6). *p < 0.05. Bars show means ± SEM from n = 5 mice. (L, M) The frequencies and
cellularity of pro-B cells, pre-B cells, and immature B-cells in the BM. Bars show means ± SEM from n = 6 mice. All the samples were collected at
P12–P14 for both the controls and mutant mice. *p < 0.05, determined by Student’s t test. BM, bone marrow.

Information Fig. 4E). In addition, the central memory T cells
(Tcm, CD62L+CD44+), but not effector memory T cells (Tem,
CD62L−CD44+) were also enriched in the bone marrow of Nestin-
Cre; Wlsc/c mice (Fig. 5E and F). In contrast, they were not changed
in the bone marrow of Col1-Cre; Wlsc/− mice (Supporting Infor-
mation Fig. 1C, D). Furthermore, the frequency of monocytes was
relatively increased in the spleen (Supporting Information Fig.
2E, F), but not in the bone marrow (Supporting Information Fig.
2C, D). These observations indicate that no severe inflammation
reaction is induced in the bone marrow of Nestin-Cre; Wlsc/c mice.
Deletion of Wls in Nestin+ mesenchymal progenitor leads to näıve
T-cell infiltration in the bone marrow.

Deficiency of osteoblastic Wls does not affect HSCs
maintenance and repopulation

Given that osteoblasts are pivotal niche cells for HSCs mainte-
nance and self-renewal, we investigated the size and frequency
of the HSCs pool in osteoblast-specific Wls-deficient mice. We
first examined the LSKs, common lymphoid progenitors (CLPs)
and multipotential progenitors (MPPs) in the bone marrow of
Col1-Cre; Wlsc/c mice, which were defined as Lin−Sca1+cKit+,
Lin−Sca1+cKitlowCD127+, and Lin−Sca1−cKit+CD127−, respec-
tively (Supporting Information Fig. 3A). The frequency and num-
ber of these progenitor populations were not altered in the P7 bone

marrow of Col1-Cre; Wlsc/c mice compared to the controls (Sup-
porting Information Fig. 3B–G). HSCs function is regulated by the
proximity and dose of Wnt signaling activity [19, 44]. Therefore,
to gain more efficient deletion of Wls in osteoblasts, we obtained
the Wlsc/− allele by crossing Wlsc/c with Actin-Cre transgene. Then
we generated the Col1-Cre; Wlsc/− mice by crossing Wlsc/− and
Col1-Cre; Wlsc/+ mice. qRT-PCR confirmed that the depletion of
Wls mRNA was nearly 80% in the osteoblasts obtained from the
calvaria of Col1-Cre; Wlsc/− mice (Fig. 6A).

Generally, HSCs are usually categorized into subpopulations of
LT-HSCs, ST-HSCs, and MPPs (Fig. 6B). Lymphoid progenitor cells
could be defined as CLPs whereas myeloid progenitor cells include
CMPs, MEPs, and GMPs (Fig. 6E). In the bone marrow of Col1-
Cre; Wlsc/− mice, the frequencies and cell number of LT-HSCs,
ST-HSCs, CLPs, CMPs, MEPs, and GMPs were normal relative to
controls at P7 (Fig. 6C, D, F, G, H, and I). Only the percent-
age of LSKs (Lin−cKit+Sca1+) and MPPs was slightly increased
in the Col1-Cre; Wlsc/− mutant (Fig. 6C). These data indicate
that deficiency of osteoblastic Wls has a marked impact on HSCs
frequency.

Then we conducted noncompetitive and competitive bone mar-
row transplantation (BMT) for the Col1-Cre; Wlsc/− mice. Lethally
irradiated wild-type B6.SJL recipient mice (CD45.1, 6-week old)
were transplanted with 6 × 106 BM-MNCs from wild-type or
Wls mutant mice (CD45.2, one-week old). In the bone marrow
at eight weeks after noncompetitive BMT assay, the frequencies
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Figure 5. T-cell infiltration in the bone marrow of Nestin-Cre; Wlsc/c mice. (A, B) Dot plots depict the T-cell subpopulations defined by CD4, CD8,
CD62L, and CD44. One representative dot plot out of six independent experiments is shown. (C, D) The frequencies and cellularity of CD4+ and
CD8+ cells in the BM. Bars show means ± SEM from n = 6 mice. White bar: Wlsc/c, slash bar: Nestin-Cre; Wlsc/c. (E, F) The frequencies of naı̈ve
T cells and central memory T cells (Tcm) in the BM. Bars show means ± SEM from n = 6 mice. All the samples were collected at P12–P14. *p < 0.05,
determined by Student’s t test. BM, bone marrow.

of CD45.2+ HSCs and hematopoietic cells in BM were comparable
between the Wls mutant and controls (data not shown). We then
conducted a secondary non-competitive BMT based on the first
BMT bone marrow reconstituted by the Wls mutant. Three months
postsecondary noncompetitive BMT, the frequencies of CD45.2+

LSKs, LT-HSCs, ST-HSCs, MPPs, and terminal hematopoietic cells
were still comparable between the Col1-Cre; Wlsc/− and control
mice (Fig. 7A and B). In agreement, the frequencies of CD45.2+

LSKs, LT-HSCs, ST-HSCs, MPPs, and terminal hematopoietic cells
in the Wls mutant bone marrow were also indistinguishable from
the controls after four months post competitive BMT (Fig. 7C and
D). The Wls mutant mice displayed a slightly smaller pool of B220+

B cells in peripheral blood from after four to 12 weeks postcompet-
itive BMT (Fig. 7E). Yet the B-cell populations recovered to nor-
mal from 12 weeks. In contrast, the frequencies of CD3e+ T cells
were comparable to the controls in the peripheral blood after four
weeks postcompetitive BMT (Fig. 7F). Collectively, these findings
suggest that deletion of Wls in osteoblasts exerts little effect on
HSC maintenance and repopulation.

Discussion

Osteoblasts and perivascular stromal cells facilitate B-cell differ-
entiation. In our study, we investigated the overt role of Wnts
in osteobalstic niches in supporting lymphopoiesis through abla-
tion of Wls in osteoblast or perivascular mesenchymal progeni-
tor cells. The Wls-deficient mice displayed defective B-cell devel-
opment, indicating that osteoblastic Wnts act to sustain B-cell
lymphopoiesis. In addition, defective B-cell differentiation in the
mutant mice seems to be environment-dependent because B-cell
lymphopoiesis progressively returned to normal after transplant-
ing into a wild-type bone marrow microenvironment. These results
highlight the complexity of the signaling cross-talk involved in
bone marrow niches, which differ from the in vitro cultures of
stromal cells.

B-cell development is regulated by several essential
chemokines or cytokines, such as IL-7 [24]. The expression of IL-7
was decreased with loss of osteoblastic Wls, maybe resulting from
a secondary effect with loss of Wnt signaling. A previous study has
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Figure 6. Deficiency of Wls in osteoblasts has marginal effect on HSCs pool. (A) qRT-PCR showed the Wls expression in the osteoblasts
from calvaria of WT and Col1-Cre; Wlsc/- mice. Bars show means ± SEM from n = 3 mice out of three independent experiments. White bar:
Wlsc/c, transverse bar: Col1-Cre; Wlsc/−. (B) Dot plots depict the LT-HSCs (Lin−c-Kit+Sca1+CD34−Flk2−), ST-HSCs (Lin−c-Kit+Sca1+CD34+Flk2−),
and MPPs (Lin−c-Kit+Sca1+CD34+Flk2+) populations. One representative dot plot out of four independent experiments is shown. (C, D) His-
tograms show the percentage (B) and cell number (C) of LSKs, LT-HSCs, ST-HSCs, and MPPs. Bars show means ± SEM from n = 4 mice. (E) Dot
plots depict the myeloid cells including GMPs (Lin−c-Kit+Sca1−CD16/32highCD34high), MEPs (Lin−c-Kit+Sca1−CD16/32lowCD34low), and CMPs (Lin−c-
Kit+Sca1−CD16/32medCD34med). One representative dot plot out of four independent experiments is shown. (F, G) Histograms show the percentage
(H) and cell number (I) of CMPs, GMPs, and MEPs. Bars show means ± SEM from n = 4 mice. (H, I) Histograms show the percentage (H) and absolute
numbers (I) of CLPs. Bars show means ± SEM from n = 7 mice. All the samples were collected at P7. BM, bone marrow. *p < 0.05, determined by
Student’s t test.

reported that the Sost-deficient mice have a significant increase of
canonical Wnt signaling activity, bone mass, and defective B-cell
survival [23]. Therefore, the effect of osteoblastic Wnts on B-cell
lymphopoiesis also involves the action of cytokines or chemokines
that were induced by Wnt signaling in osteoblasts.

Another surprising outcome in the osteoblast-specific Wls
knockout mice is an abnormal T-cell infiltration in the bone mar-
row. In response to antigen-induced inflammation, thymic näıve
T cells migrate from thymus to targeted tissues and are activated
to become effector and memory T cells. Of note, the CD8+ memory
T cells seed in bone marrow as adult stem cells after inflammation
[45, 46]. In our study, näıve T cells and central memory T cells
were attracted to the bone marrow of Nestin-Cre; Wlsc/c mice.
CD4+ and CD8+ T cells were enriched in the bone marrow of
Col1-Cre; Wlsc/c mice, coupled with the decrease of Wnt5a protein
level in the mutant bone marrow. Wnt5a has been reported to be
required for the Cxcl12-mediated T-cell migration and infiltration
[47]. These findings indicate osteoblastic Wnts may have indirect
roles in memory T-cell seeding in bone marrow.

Osteoblasts have been reported to be important niche cells for
HSC activity. The responses of HSCs in maintenance and differen-
tiation are determined by their proximity, doses, cross-talk, and
competition with multiple Wnt ligands in niches [44]. Unexpect-
edly, Wls deficiency in the osteoblasts had no obvious impact on
HSCs maintenance and repopulation based on BMT assays. These
results may arise from the insufficient deletion of Wls or com-
pensated action of various Wnt proteins that are abundant in the
bone marrow. Given the overt defective B-cell lymphopoiesis and
marginal impact on the HSCs pool with loss of osteoblastic Wls, the
osteoblasts may primarily confer niches for lymphoid progenitor
cells instead of HSCs, which are also suggested by previous reports

[7, 9]. In summary, we observed a supportive effect of osteoblastic
Wnts on B-cell development, a protective role for T-cell infiltration
and a marginal influence on the HSCs pool. These findings pro-
vide new insights into the role of Wnt signaling in regulating B-cell
lymphopoiesis and HSCs maintenance, and also present clues for
the mechanism of T-cell infiltration in bone marrow.

Materials and methods

Mice

Conditional knockout mice were generated by crossing the Wlsc/c

with Col1-Cre (3.6 kb promoter) or Nestin-Cre transgenic mice
[48, 49]. Mice carrying the Wlsc/+ floxed allele [39] were crossed
with Actin-Cre (Jackson Laboratories) transgenic mice to obtain
the Wls null allele (Actin-Cre; Wls+/−). The Wls+/− mice were
crossed with Wlsc/c to obtain Wlsc/− mice. Then the Wlsc/c or
Wlsc/− mice were crossed with the Col1-Cre mice to obtain Col1-
Cre; Wlsc/c or Col1-Cre; Wlsc/− mice. Mice were maintained in a
specific pathogen-free environment with free access to food and
water and a 12/12 light–dark cycle. All animal experiments were
conducted in accordance with guidelines set by Bio-X Institutes in
Shanghai Jiao Tong University.

Histological analysis

The bones from mice collected at the indicated time were first
fixed in 4% PFA at 4°C overnight, then decalcified in 15% EDTA for
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Figure 7. Loss of Wls in osteoblasts has no influence on HSC repopulation. (A, B) The frequencies of CD45.2+ LSKs, LT-HSCs, ST-HSCs, MPPs
(A) and terminal differentiated hematopoietic cells (B) were comparable in the BM of wild type (n = 7) and Col1-Cre; Wlsc/− (n = 8) mice in the
secondary noncompetitive BMT assay. The second BMT was conducted at eight weeks after the first BMT. Hematopoiesis was analyzed for HSCs
after three months of secondary BMT. Bars show means ± SEM from recipient mice with pooled BM transplantation. White bar: Wlsc/c, transverse
bar: Col1-Cre; Wlsc/−. (C, D) The frequencies of CD45.2+ LSKs, LT-HSCs, ST-HSCs, MPPs (C) and terminal differentiated hematopoietic cells (D) in
the BM after four months of competitive BMT. Bars show means ± SEM from n = 7 mice. (E, F) The frequency of the B220+ and CD3e+ in CD45.2+

cells in the PB of recipients during four months after competitive BMT. Bars show means ± SEM from n = 7 mice. BM, bone marrow; PB, peripheral
blood; BMT, bone marrow transplantation. *p < 0.05, determined by Student’s t test.

several days, and finally embedded in paraffin. Paraffin embedding
and HE staining was conducted as standard procedures. Longitu-
dinal sections (10 μm) were cut through the trabecular region.

Cell preparation and FACS

After the mice were killed with standard procedures, the spleen
and thymus were weighed with balance relative to the whole body.
For FACS cell preparations, whole bone marrow were flushed out

with PBS supplemented with 2% FBS (Gibco). Spleen and thymus
were dissected into small pieces by forceps and gently squashed
by syringe, then were suspended with PBS plus 2% FBS. Spleen
cells and peripheral blood cells required an additional procedure
for red blood cell lysis. Cells were filtered through a 70 μm cell
strainer. The cell number of each organ was quantified as cel-
lularity. Cell suspensions were first treated with Fc Block (BD
Pharmingen) and then incubated with antibody combinations.
The following antibodies were obtained from eBioscience: biotin-
labeled lineage markers B220, CD11b, CD11c, Gr-1, Ter-119,
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NK-1.1, CD3, CD4, CD8a, TCRβ, TCRγδ, CD127; PerCP-Cy5.5,
PE, FITC, allophycocyanin, and allophycocyanin -Cy7-conjugated
streptavidin; and Sca-1-FITC, c-Kit- allophycocyanin, CD135-
PerCP-eFluor710, CD62L-PE, CD34-PE, B220-PerCP-Cy5.5, IgD-
FITC, CD19- allophycocyanin, CD11b-Alexa Fluor 488, Gr-1-PE,
CD4- allophycocyanin, CD8a-PerCP-Cy5.5, CD45.1-eFluor 605NC,
and CD45.2-eFluor 450. CD43-allophycocyanin, IgM-PE, AA4.1-
PE were obtained from BD Pharmingen. Cells were analyzed on
a FACS Fortessa or FACS Calibur instrument, and data were ana-
lyzed using FlowJo software.

Bone marrow transplantation

Recipient mice were irradiated using an X-ray source (RAD
Source) delivering approximately 1.01 Gy/min. After receiving
two doses of 4.75 Gy at a 4-h interval, recipient mice were trans-
planted with 6 × 106 donor cells and then treated with antibiotics
(100 mg/L neomycin sulfate and 10 mg/L polymyxin B sulfate)
for two weeks after transplantation. For competitive transplanta-
tion, 3 × 106 wild type or Col1-Cre; Wlsc/− (CD45.2) BM cells
were mixed with 3 × 106 cells from the wild type (CD45.1) before
they were transplanted into wild-type recipient mice (CD45.1).
Cells were injected into recipient mice through tail vein injection.
The hematopoiesis in the peripheral blood was monitored for 16
weeks after BMT. For the noncompetitive BMT assay, 6 × 106

Col1-Cre; Wlsc/− (CD45.2) BM cells were directly transplanted
into wild-type recipient mice (CD45.1). After two months, the
recipient bone marrow underwent secondary BMT following the
procedures in the first BMT. Three months after the secondary
BMT, hematopoiesis in the bone marrow was analyzed by FACS.

qRT-PCR

To isolate RNA from osteoblasts of cortical bone for qRT-PCR,
cortical bones from the mutant mice were removed soft tissues
(including skin, muscle et al.), and flushed out the bone mar-
row with PBS for several times. Then the diaphyses of corti-
cal bones were cut into small pieces of approx 1–2 mm2 with
scissors and grinded into power in liquid nitrogen. To isolate
RNA from calvarial osteoblasts in the Col1-Cre; Wlsc/- mice at
P7 for qRT-PCR, euthanize the mice, clean the head using 70%
ethanol, remove the skin from the top of the head, wash the
calvariae with PBS and remove the soft tissues, chop the bones
into small fragments of approx 1–2 mm2. Then osteoblasts were
also collected from the calvaria bones by five times of 15-min
digestion with Collagenase II (2.5 mg/mL) and Trypsin (0.05%).
Cells from the last two or three digestions are combined. RNA
was extracted from bone cells using Trizol reagent (Invitrogen)
according to standard procedures. SuperScript III Reverse Tran-
scriptase (Invitrogen) was used to synthesize cDNA. Real-time
PCR was performed with an ABI Prism 7500 Sequence Detection
System (Applied Biosystems) using a SYBR Green Kit (Roche).
The samples were normalized to β-actin expression. Oligos for

qRT-PCR: Wntless –F, 5′-ACCGTGATGATATGTTTTCTG-3′, Wntl-
ess-R, 5′-TACCACACCATAATGATGA A-3′; IL-7–F, 5′-TCCTCCAC
TGATCCTTGTTCT-3′, IL-7–R, 5′-GGTTCATTATTCGGGCAAT-3′.

ELISA assay

The mice were euthanized to obtain long bones. The bone marrow
was flushed out with 1.5 mL PBS per mouse, then the supernatant
was collected for ELISA assay by centrifuging the cell suspension
for 5 min at 300 × g.

Statistics

Statistical analysis was performed by Student’s t test using Graph-
Pad Prism 5 software. Data are represented as means ± SEM and
significance was set at p � 0.05.
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