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Abstract

Purpose of Review—We reviewed the current literature on the roles of the Wnt antagonists 

sclerostin (Sost) and sclerostin-containing domain protein 1 (Sostdc1) on bone homeostasis, the 

relationship of the hypoxia-inducible factor (Hif) and von Hippel-Lindau (Vhl) pathways on Sost 

expression, and how changes in bone induced by depletion of Sost, Sostdc1, and Vhl affect 

hematopoietic cells.

Recent Findings—B cell development is adversely affected in Sost-knockout mice and is more 

severely affected in Vhl-knockout mice. Inflammation in the Sost−/− bone microenvironment could 

alter hematopoietic stem cell behavior. Sostdc1−/− mice display defects in natural killer cell 

development and cytotoxicity.

Summary—Depletion of Sost and Sostdc1 have effects on immune cell function that warrant 

investigation in patients receiving Wnt antagonist-depleting therapies for treatment of bone 

diseases. Additional clinical applications for manipulation of Wnt antagonists include cancer 

immunotherapies, stem cell transplantation, and directed differentiation to immune lineages.
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Introduction

Osteoblast, osteocyte, and osteoclast cells maintain bone homeostasis by building, 

supporting, and breaking down bone tissue, respectively. The Wnt signaling pathway plays a 
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major role in the regulation of bone homeostasis and is a strategic target for the treatment of 

bone diseases such as osteoporosis [1–3]. Wnt signaling also plays a role in hematopoiesis 

and immune cell development [4, 5], but the mechanisms of crosstalk between the skeletal 

and hematopoietic systems is incompletely understood. Here, we briefly review the Wnt 

signaling pathway and discuss how deficiencies or depletion of the Wnt antagonists 

sclerostin (Sost) and sclerostin domain-containing protein-1 (Sostdc1) affect bone 

homeostasis. In turn, we review current findings that suggest changes in bone homeostasis 

induced by altering expression of these Wnt antagonists (directly by targeted knockout 

strategies, or indirectly via manipulation of hypoxia pathway genes) influence hematopoietic 

stem cell fate and immune cell development and function (Table 1).

Canonical and Non-canonical Wnt Pathways

The canonical Wnt/β-catenin pathways and non-canonical Wnt signaling pathways play 

important roles in bone tissue development, hematopoiesis, and immune cell development 

[4, 5, 16–18]. β-catenin is a key mediator of canonical Wnt signaling, where it is first 

sequestered in the cytoplasm by its interactions with Axin, GSK3, and APC proteins, and β-

catenin activity is regulated by ubiquitin-initiated degradation [19]. Upon activation of Wnt 

signaling, β-catenin is translocated into the nucleus, and it cooperates with TCF1 and LEF1 

co-activator proteins to control the transcription of Wnt target genes (Fig. 1a, left). Although 

binding of canonical Wnt ligands (such as Wnt3a, Wnt1, Wnt8) to Wnt receptors initiates 

the signal transduction pathways, the extent and intensity of this activation is influenced by 

multiple factors, including Wnt receptors, co-receptors, Wnt chaperones [20], and soluble 

Wnt antagonists [5, 21, 22]. Non-canonical Wnt signaling pathway is activated through 

ligands such as Wnt5a and Wnt11, and results in the phosphorylation of JNK, which 

subsequently translocates to the nucleus for gene transcription (Fig. 1a, right). Wnt signaling 

in bone may also be regulated by microenvironmental conditions, such as hypoxia, via 

Hif1α [23–26] (Fig. 1b and c).

The Role of Wnt in Hematopoiesis and Immune Function

The regulation of adult hematopoiesis is a complex process, with contributions from many 

signaling pathways, including Wnt, Notch, FGF, and Hedgehog [27]. These pathways are 

involved in the differentiation, self-renewal, and quiescence of hematopoietic stem cells 

(HSCs). Early studies demonstrated that overexpression of a constitutively active form of β-

catenin increased the proliferation and repopulation capacity of transplanted HSCs in mice 

[28, 29]. Subsequent work reported that overexpression of stable β-catenin led to exhaustion 

of long-term HSCs and a disruption in multilineage differentiation [30]. Mechanisms by 

which Wnt signaling regulates hematopoiesis in a dose-dependent fashion has more recently 

been revealed [31]. Low levels of Wnt signaling cause HSCs to display increased 

reconstitution ability, but higher levels of Wnt signaling cause failure of donor HSCs to 

reconstitute irradiated recipients. This lack ofreconstitution potential in HSCs is due to 

increased differentiation and loss of sternness [31]. The distinct role of the non-canonical 

Wnt pathway in hematopoiesis and lymphopoiesis has also been described [32]. However, 

how Wnt antagonists differentially regulate canonical and non-canonical Wnt pathways, and 
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if Wnt antagonists secreted by cells of the skeletal lineage can influence Wnt signaling 

activation in adjacent hematopoietic and immune cells, have not been fully addressed.

The Role of Wnt Antagonists in Skeletal and Immune Systems

Sclerostin

The neutralization of sclerostin results in increased bone mass in mice and humans through 

facilitation of Wnt signaling [33]. Sclerostin (Sost) is a protein secreted primarily by 

osteocytes that negatively regulates bone formation [34] through inhibition of canonical Wnt 

signaling in osteoblasts [35–37]. Sclerostin binds to the Wnt co-receptors Lrp4, Lrp5, and 

Lrp6 and inhibits downstream Wnt signaling [38, 39]. A Wnt target gene of interest is 

osteoprotegerin (OPG), an inhibitor of bone resorption. In Sost−/− mice, where Wnt 

signaling is enhanced in bone, OPG is increased, and bone resorption decreases [40]. Sost 

also plays a role in the inhibition of the non-canonical Wnt/JNK pathway [41]. Sost is 

expressed in hypertrophic chondrocytes and is highly expressed in damaged cartilage, 

suggesting its role in bone and cartilage remodeling. Through Sost expression, restoration of 

anabolic genes normally inhibited by Wnt5a is achieved, allowing full metabolic activity of 

chondrocytes in cartilage lesion mending after mechanical stress.

Cain et al. were the first to demonstrate a role of Sost in the regulation of immune cell 

development, using global Sost−/− mice (MGI:3797839). The number of B lymphocytes in 

the Sost−/− bone marrow was reduced, due to impaired B lymphocyte survival [12]. 

Importantly, this effect was mediated in an indirect, cell-extrinsic fashion, as B lymphocytes 

do not express Sost, and wild-type bone marrow cells transplanted into Sost−/− mice 

displayed impaired B cell development. Further analysis demonstrated that the bone marrow 

stromal cells in Sost−/− mice expressed low levels of CXCL12, a critical B cell growth 

factor, which might contribute to the defect in B cell development. Sost is also expressed by 

osteoblasts and mesenchymal stem cells and identified the contributions of Sost in specific 

osteolineage cells using conditional Sost-knockout mice (SostiCOIN/iCOIN, MGI:5544793) 

[42••]. Surprisingly, the deletion of Sost in osteocytes (using Dmp-Cre) did not affect B 

lymphocyte development, but the deletion of Sost in MSCs (using Prxl-Cre) resulted in a 

decrease in the B cell precursors and immature B cell subsets. However, this decrease was 

not as pronounced as the global Sost−/− mice, indicating another cell that expresses Sost is 

involved in B cell development. Taken together, these findings imply that patients receiving 

sclerostin-depleting therapies for osteoporosis might suffer from B cell defects. Functional 

analysis of B cells in Sost−/− mice supports that B cell responses to antigens may be altered 

[13], but this has yet to be confirmed in humans.

Current studies are investigating whether exposure of hematopoietic progenitors to Sost-
deficient microenvironments influences their differentiation. Transplantation of wild-type 

hematopoietic stem and progenitor cells (HSPC) into Sost−/− recipient mice suggest that the 

Sost−/− bone marrow niche tends to favor hematopoietic differentiation to the myeloid 

lineages. Further, extramedullary hematopoiesis in the spleen is clearly evident in aged Sost 
knockout mice (Manilay et al., unpublished data). These changes in hematopoiesis may be 

explained through Wnt5a overexpression. Staal and colleagues discovered that Wnt5a 

overexpression resulted in a marked increase in myeloid cells in the bone marrow and 
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spleen, whereas Wnt3a overexpression resulted in an increase in lymphopoiesis [32]. In 

addition to the already known decrease in B cell lymphopoiesis, it is possible that lack of 

Sost in the bone influences myelopoiesis in mice. Increases in myeloid cells, and decreases 

in lymphoid cells, are indicative of an inflammatory aging hematopoietic development, and 

may lead to weakened immune responses. Although mice and patients with mutations in the 

Sost gene exhibit similar bone marrow cavity occlusion, as observed in Sost−/− mice, it is 

unclear from the literature whether hematopoiesis has been monitored in these patients [43–

45]. Our findings in Sost−/− mice indicate that patients receiving anti-sclerostin antibodies 

may have altered developmental hematopoiesis in the bone marrow and spleen. This could 

have serious implications for patients with already diminished immune systems like the 

elderly, who are the primary recipient population for osteoporosis therapeutics.

von Hippel-Lindau and Hypoxia-Induced Factors

Hypoxia is a state in which the supply of oxygen is insufficient for normal cell function. 

Hypoxia interferes with oxygen transport and the synthesis of ATP, causing cell damage and 

cell death when ATP production fails to meet energy demands. One key cellular response to 

counter the hypoxic state is the triggering of hypoxia-inducible factor (Hif)-mediated gene 

expression. The Hif signaling pathway has a central role in oxygen homeostasis and it 

responds accordingly to oxygen tension. In normoxic conditions, prolyl hydroxylase-domain 

proteins (PHDs) hydroxylate hypoxia-inducible factor alpha (Hif1 α) allow von Hippel-

Lindau (Vhl) protein to ubiquitinate Hif1α and Hif2a for degradation [46, 47] (Fig. 1b). 

Under hypoxic conditions, PHD function is inhibited and Vhl protein is inactivated, 

resulting in HIF1α accumulation and activation of hypoxia-response genes in the nucleus 

(Fig. 1c). There are over 100 known direct HIF target genes with roles in diverse biological 

pathways such as angiogenesis, cell proliferation, redox homeostasis, and apoptosis [48–50].

Hypoxia slows the processes of angiogenesis and osteogenesis during fracture healing and 

bone formation [51, 52], but also promotes osteoblast differentiation into osteocytes [53], 

and can stimulate osteoclast formation [54]. HIF stabilization may be a therapeutic option 

for treating bone fractures [55, 56] and osteoporosis [57–59], but the underlying molecular 

mechanism remains poorly understood. Vhl plays an important role regulating HIF 

expression, and disruption of VHL in bone cells leads to improper bone homeostasis. For 

example, Vhl depletion in osteochondral progenitor cells and osteocalcin-positive 

osteoblasts leads to an increase in bone mass through an increase in osteoblast number [60, 

61] Depletion of Vhl in osteoblasts also had accelerated bone repair and had implications for 

skeletal regeneration [62]. Furthermore, disrupting Vhl in osteoblasts induces expression of 

β-catenin, revealing the mechanism by which Vhl/Hif pathway affects bone formation 

through the Wnt pathway [63]. Recent work in Vhl-conditional knockout (Vhlfl/fl; Dmp1-
Cre) mice shows that Sost expression is decreased in the absence of Vhl [63, 64••] (Fig. 1d), 

but whether this change in Sost expression is due to actual reduction in oxygen tension 

awaits further investigation.

It is interesting that the global Sost−/− and osteocytic-specific Vhl-knockout mice share some 

similarities in their bone and B cell phenotypes (although the effects are more severe in the 

Vhl-knockout). The mechanism by which Vhl/Hif pathways and Wnt pathways interact in 
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normoxic and hypoxic bone microenvironments is not fully elucidated, but there are several 

lines of evidence that support they are dependent on each other. HIF1α can directly bind to 

the promoter sequence of Sost [65]. Enhanced HIF1α expression through PHD2 depletion in 

osteocytes decreased sclerostin expression and enhanced Wnt/β-catenin signaling [66•]. In 

vitro, hypoxia decreases Sost expression in cultured osteoblasts and osteocytes through BMP 

[67], but contradictory results indicated that hypoxia can also induce Sost expression in 

osteoblasts [65]. These discrepancies could perhaps be explained by the different cell lines 

used in these in vitro studies. In vivo, deletion of Vhl in osteoblasts results in activation of 

HIF1α, and a decrease in Sost-positive osteocytes [63]. Vhl deletion in osteocytes in vivo 

also results in a decrease in Sost [64••].

Osteoblasts also serve a supportive function in the maintenance of hematopoiesis and B 

lymphocytes [5, 68]. The bone marrow microenvironment is hypoxic, which is crucial for 

normal hematopoiesis [69]. Heterogeneities of local pO2 exist within the bone marrow [70]. 

However, the implications of these variations in oxygen tension in hematopoietic stem cells 

and hematopoiesis remain uncharacterized. How hypoxia, Vhl, and Wnt signaling crosstalk 

regulates bone homeostasis and B cell development is an area of active research. The role of 

HIF and its regulation of the immune system has been extensively reviewed, but the 

mechanism of Vhl in specific immune cell lineages has not fully been addressed [71]. 

Localized hypoxia and HIF stabilization are normal features of germinal centers. 

Development of robust antibody responses from conventional B lymphocytes (a.k.a. B-2 

cells) is influenced by the relatively low oxygen levels in the germinal centers of the spleen 

and lymph nodes [72]. Cell-intrinsic deletion of Vhl in B cells in mice (Vhlfl/fl; ERT2-Cre) 

stabilizes Hif1α levels and affects B cell function by impairing cell proliferation, antibody 

class-switching, generation of high affinity antibodies, and antibody responses [72]. 

Analyses by Loots et al. suggest that specific deletion of Vhl in osteocytic cells results in 

cell-extrinsic changes that do not support development and survival of B-2 cells. For 

example, in the bones of Vhtfl/fl; Dmp1-Cre mice, the number of hematopoietic cells is 

severely reduced, and B-2 B cell development is stunted. These mice also display 

splenomegaly, partly due to a movement of hematopoietic progenitors from the bone marrow 

to the spleen. Despite this increase in splenic hematopoiesis, the numbers of mature 

conventional B-2 cells is still reduced in the spleen [64••]. These data suggest that Vhl in 

osteocytic cells regulates B-2 cell development, but further studies are necessary to 

investigate the mechanisms underlying these observations.

Sostdc1

Sclerostin domain-containing protein-1 (Sostdc1), also known as Wise, Ectodin, Usag-1, and 

Sost-like, has been widely studied in the framework of tooth development, kidney disease, 

hair follicle formation, bone fracture, and cancers [73–76]. Sostdc1 and Sost share 55% 

protein sequence homology and both antagonize Wnt signaling by binding Lrp5 and Lrp6, 

whereas Sostdc1 additionally antagonizes BMP signaling and preferentially binds to Lrp4 

[6, 7]. Sostdc1−/− (Sostdc1tm1.1(KOMP)vlcg, MGI:5695910) mice have increased cortical bone 

area (TA) and bone mineral density (BMD), suggesting that Sostdc 1, like Sost, are both 

negative regulators of bone formation [8••]. However, Sostdc1−/− mice have enlarged bone 

marrow areas, which is contrary to Sost-deficient mice, which have diminished bone marrow 

Chicana et al. Page 5

Curr Osteoporos Rep. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



area [8••, 12]. Consistent with these findings, we observed an increase in bone marrow and 

spleen cellularity in Sostdc1−/− mice compared to wild-type control mice [9••]. Sostdc1−/− 

mice display enhanced callus bone formation and remodeling after 28-day post-fracture, 

with an increase of mesenchymal stem cells (MSCs) and mature osteoblasts at the site of 

fracture. In addition, Sostdc1 expression was highly expressed in the periosteal region of 

mice femora and MSCs during bone fracture, suggesting that Sostdc1 may prompt MSCs 

out of quiescence and promote bone healing [8••].

New work is revealing how deletion of Sostdc1 in the bone microenvironment may affect 

immune cell development. Contrary to observations in Sost- and VHL-knockout mice, B cell 

development in Sostdc1−/− mice is normal. However, Millan et al. have revealed a novel role 

for Sostdc1 in natural killer (NK) cell maturation and function [9••]. NK cells are 

lymphocytes from the innate immune system that eliminate virally infected and cancerous 

cells. As a function of age, Sostdc1−/− mice have progressively diminished numbers of 

mature NK cells in bone marrow and spleens, indicating a partial block in NK cell 

maturation. NK cells recognize target cells by Ly49 receptors that are involved in cellular 

self- and non-self-recognition [77, 78]. NK cells from Sostdc1−/− mice express an altered 

Ly49 repertoire and are hyporesponsive against MHC-I-deficient cell targets in vitro and in 

vivo. Consistent with Sostdc1’s known role in antagonizing Wnt signaling, Wnt/β-catenin 

signaling is increased in NK cells from Sostdc1−/− mice. These data suggest that Sostdc1 is 

required to modulate Wnt/β-catenin signaling in NK cells for maturation and function. 

Sostdc1 is not expressed in NK cells themselves, and studies by Millan et al. suggest that 

Sostdc1 expressed by both non-hematopoietic (MSCs) and hematopoietic cells (CD4+ and 

CD8+ T lymphocytes) regulate NK cell maturation, Ly49 repertoire expression, and NK cell 

cytotoxicity.

It is now evident that specialized T lymphocytes express Sostdc1, but the interaction 

between T cells and NK cells in maturation and function is understudied. For example, T 

follicular helper (TFH) and T follicular regulatory (TFR) cells are found in the peripheral 

lymph node (pLN) and Peyer’s Patches (PP). These cells are a small subset of CD4+ T cells 

that express high levels of Sostdc1 [10•]. Additionally, TFR cells in the PP secrete NK cell 

regulatory cytokines, IL-2 and IL-21, which play an important role in NK cell maturation 

and function. Analysis of the PP in Sostdc1−/− mice further demonstrated a decrease in 

memory B cell frequency and fecal IgA secretion, but no differences were observed in TFH 

and TFR cell frequencies. Additionally, CD4+PD-1+ T cells with memory phenotype 

(CD44HighCD62LLow) expresses high levels of Sostdc1 in the spleen of aged mice [11]. In 

vitro anti-CD3 and anti-CD28 stimulation of CD4+ PD-1+ T cells result in an increase of 

Sostdc1, Srr1, and osteopontin [11]. It is yet to be determined if CD4+ PD-1+ T cells, TFH 

and TFR cells, directly or indirectly regulate NK cell maturation and function via Sostdc1.

Future Directions

Can Wnt Antagonists Be Used for HSC Expansion and to Direct Hematopoietic 
Differentiation In Vitro?

An important goal in hematopoietic studies is expansion of patient HSCs ex vivo for 

different hematological treatments such as bone marrow transplantation. It has been 

Chicana et al. Page 6

Curr Osteoporos Rep. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proposed that exploitation of highly evolutionarily conserved pathways such as Wnt 

signaling could be used in this instance [79, 80]. By increasing canonical Wnt signaling 

through inhibition of Wnt antagonists like SOST, it might be possible to manipulate patient 

hematopoietic stem cells ex vivo towards expansion without differentiation. Wnt signaling in 

conjunction with organoid stem cell culture systems has made recent advances in 

maintaining and expanding other stem cell types in culture [81]. An organoid system is 

defined as a culture system with self-renewing cells that are self-organizing and differentiate 

into multiple cell types that recapitulate normal development. Organoid-initiating cells often 

express the Wnt target gene Lgr5 and these cells can be maintained in culture for long 

periods of time when provided with the favorable conditions and cytokines [81]. However, 

Lgr5 is expressed at very low levels in adult hematopoietic stem and progenitor cells. It is 

expressed, however, at slightly higher levels in HSCs derived from the embryonic aorta-

gonad-mesonephros (AGM) region and fetal liver. These embryonically derived 

hematopoietic stem cells only are able to reconstitute myeloid and lymphoid lineages for a 

short period of time of 2 months [82]. Titration of soluble canonical and non-canonical Wnt 

ligands and Wnt antagonists might be useful to optimize the conditions for the expansion of 

long-lived self-renewing HSCs or directed differentiation to specific hematopoietic lineages 

in vitro [32, 83, 84], for subsequent in vivo transplantation.

Recent studies have also shown that secretion of Dkk1, another Wnt antagonist protein, from 

bone marrow-derived osteoprogenitors, promoted hematopoietic regeneration directly 

through inhibition of HSC quiescence as well as indirectly through EGF secretion by BM 

endothelial cells [85•]. Dkk1 inhibition increases Sost expression, which suggests a 

compensatory role for Sost in the absence of other Wnt antagonist [86]. Similarly, the 

activation of Wnt signaling through inhibition of Sost increases Dkk1 expression and limits 

bone formation in a negative feedback loop; therefore, perhaps combinations of Wnt 

antagonists could be used directly to promote hematopoietic regeneration in patients [87].

Could Wnt Antagonists Be Used to Improve Cancer Immunotherapies?

Natural killer cells provide an immediate response for the control of tumors and virally 

infected cells, which makes them an attractive source for immunotherapies. Current NK cell 

immunotherapies include engineering NK cells with chimeric antigen receptors (CAR), 

which had milder side effects in patients as compared to the CAR-T cell-based therapies 

[88]. However, CAR-NK immunotherapies are limited by small NK cell numbers, survival, 

and proliferation once administered to the patient [88]. Increasing evidence now suggests 

Wnt/β-catenin signaling may promote cancer progression by negatively regulating immune 

cell cytotoxicity [89–91]. Our studies have demonstrated that Sostdc1−/− mice have altered 

bone marrow and splenic microenvironments and defective NK cell cytotoxicity against 

MHC-I-deficient targets. In the absence of Sostdc1, Wnt/β-catenin signaling in NK cells is 

increased [9••]. Cytotoxic T cells (CD3+CD8+) are also negatively regulated by Wnt/β-

catenin signaling [89]. Taken together, these data support that activation of Wnt/β-catenin 

signaling in NK and T cells reduces their potential cytotoxicity towards tumor cell targets. 

Thus, it is possible that enhancing the expression of Sostdc1 and decreasing Wnt/β-catenin 

signaling in the bone marrow and spleen of cancer patients may promote the immune 

microenvironment to support robust functional T and NK cell responses against cancerous 
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cells. Furthermore, modulating the levels of Sostdc1 may be used jointly with the already 

accessible CAR-NK cell-based therapy to increase the success of this emerging technology.

Can Hypoxia That Is Induced in the Bone Be Used with Wnt Antagonists to Regulate 
Immune Cell Differentiation?

The crosstalk between hypoxia, bone, immune cells, and metabolic regulation could present 

a novel therapeutic approach to immune deficiencies. Hypoxia also has implications on 

glucose homeostasis and little is known about the metabolic pathways used by osteoblast 

lineage cells. Glucose metabolism and glycolysis is important during osteoblast 

differentiation and for HIF-driven bone formation [92, 93]. Aerobic glycolysis is important 

for osteoblast differentiation and bone formation regulated by Wnt and HIF pathways [92, 

94]. A recent study showed that disrupting Vhl in osteoblasts leads to an increase in glucose 

tolerance and hypoglycemia [95••], altering the whole-body glucose homeostatic process. 

These findings indicate that metabolic regulation in osteoblasts can have effects beyond the 

bone environment, and might be controlled by hypoxia via the Vhl/Hif pathway In turn, 

changes in osteoblast cellular metabolism could impact immune cell fate, function, and 

glycolytic gene expression in hypoxic environment through the Hif pathway [96]. Vhl 
depletion in osteocytes has a detrimental effect on B lymphocyte development [64••], but the 

mechanism underlying requires additional investigation. Whether the whole-body glucose 

dysregulation in mice with Vhl-deficient osteoblasts has an impact on immune cells and 

response, and whether it can be prevented by overexpression of Wnt antagonists (like Sost), 

remains to be explored.

Conclusion

Basic biomedical and clinical research has demonstrated a clear role for the Wnt antagonists 

in the control of bone homeostasis, a therapeutic strategy that is already being applied to 

osteoporosis. Although these treatments are promising, there are subtle defects in the 

immune cell development in Sost-deficient and Sostdc1-deficient mice that may worsen over 

time and affect immune responses to pathogens and transformed cells. The changes in the 

bone microenvironment induced by depletion of Wnt antagonists and changes in oxygen 

tension may have effects in hematopoietic stem cells that could reduce their capacity to 

replenish the blood system or create new hematopoietic niches outside of the bone. Future 

studies to investigate mechanisms controlling the crosstalk between the skeletal and immune 

systems should help to identify solutions for possible side effects of Wnt antagonist-

depleting therapies for osteoporosis. It also provide additional avenues to influence 

hematopoietic differentiation in vitro and in vivo.
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Fig. 1. 
Overview of Wnt signaling pathways and the regulation by Wnt antagonists and the bone 

microenvironment. a Schematic of canonical (left) and non-canonical (right) Wnt pathways. 

In canonical Wnt signaling, binding of ligands like Wnt3a to Frizzled family receptors 

results in the release of β-catenin from the Axin/GSK3/APC/DSH/GBP complex, allowing 

β-catenin to translocate from the cytoplasm into the nucleus for Wnt target gene 

transcription. In the non-canonical Wnt/JNK pathway, β-catenin is not utilized. Non-

canonical Wnt ligands such as Wnt5a also bind to Frizzled receptors, but utilize the 

Ror2/Ryk coreceptors to activate downstream phosphorylation of JNK by ERK. 

Phosphorylated JNK then translocates into the nucleus to activate Wnt target gene 

transcription. b Under normoxic conditions, PHDs hydroxylate HIF1α, allowing von 

Hippel-Lindau (Vhl) protein to ubiquitinate Hif1a, which is subsequently degraded. In 

normal conditions SOST binds to LRP 5/6 and antagonizes Wnt3a c Under hypoxic 
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conditions, PHDs do not hydroxylate HIF1α, and VHL protein is inactivated. Therefore, 

HIF1α is not ubiquitinated or degraded, and is translocated into the nucleus to bind HIF1β 
to activate transcription of hypoxia-induced genes. Genetos et al. demonstrated that under 

hypoxic conditions, SOST is decreased in osteoblasts, which could lead to an increase in 

canonical Wnt signaling. There is evidence that Hif1α and β-catenin can act as co-

activators, but how hypoxia affects Wnt signaling is not well understood. d In Dmp-Cre 

driven Vhl-knockout mice, which have been used as a model to study the effects of Hif1α 
stabilization in osteocytes in vivo, Sost expression is diminished. In turn, this decrease may 

may result in increased canonical Wnt signaling and promote the building of bone mass. 

However, whether the osteocytes or the other cells within the bone and marrow 

microenvironments of Vhl-conditional knockout are truly hypoxic awaits further 

investigation.
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