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Review Article
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Bone marrow mesenchymal stem cells (BMSCs), the important component and regulator of bone marrow microenvironment, give
rise to hematopoietic-supporting stromal cells and form hematopoietic niches for hematopoietic stem cells (HSCs). However, how
BMSC differentiation affects hematopoiesis is poorly understood. In this review, we focus on the role of BMSC differentiation in
hematopoiesis. We discussed the role of BMSCs and their progeny in hematopoiesis. We also examine the mechanisms that
cause differentiation bias of BMSCs in stress conditions including aging, irradiation, and chemotherapy. Moreover, the
differentiation balance of BMSCs is crucial to hematopoiesis. We highlight the negative effects of differentiation bias of BMSCs
on hematopoietic recovery after bone marrow transplantation. Keeping the differentiation balance of BMSCs is critical for
hematopoietic recovery. This review summarises current understanding about how BMSC differentiation affects hematopoiesis
and its potential application in improving hematopoietic recovery after bone marrow transplantation.

1. Introduction

A reciprocal relationship between hematopoiesis and adipo-
cyte differentiation in the bone marrow has long been
observed in experiments and in the clinic [1]. In the red mar-
row, the region of active hematopoiesis in the bone marrow
(BM), the number of lipid droplets of adipocytes is signifi-
cantly decreased (compared to yellow marrow). In contrast,
in severe myelosuppressive states such as aplastic anemia or
after irradiation, when hematopoietic tissues are damaged,
adipocytes expand their lipid contents, indicating that a fatty
change occurs in the BM [1]. Thus, bone marrow adipocytes
were thought to be a “space-filler” in the BM. In 2009,
Naveiras et al. demonstrated that bone marrow adipocytes
are negative regulators of hematopoiesis and that they inhibit
the expansion of hematopoietic cells in vivo and in vitro [2].
In the same year, Sugimura and Li proposed that the balance

between osteogenesis and adipogenesis influences hemato-
poiesis, which was the first time investigators had recognized
that the differentiation balance of BMSCs can affect bone
hematopoiesis [3]. BMSCs are important components in
the bone marrow, and both osteoblastic cells and adipo-
cytes originate from BMSCs [4]. It has been thought that
osteogenesis of BMSCs promotes hematopoiesis and that
adipocytes are negative regulators of hematopoiesis [5].
Balance between osteogenesis and adipogenesis is therefore
crucial to hematopoiesis. However, the precise mechanism
is poorly understood. Recently, large progress has been made
to understand the relationship between BMSC differentiation
and hematopoiesis. Emerging works have revealed the cen-
tral role of osteogenesis of BMSCs in bone hematopoiesis.
In addition, the role of adipogenesis in hematopoiesis has
been demonstrated. Many factors, including aging, obesity
[6], irradiation [2], and chemotherapy [7], can lead to the
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differentiation bias of BMSCs. As a result, bone hematopoie-
sis can be impaired. In this review, we would concentrate on
how BMSC differentiation affects bone hematopoiesis and
the critical role of adipo-osteogenic balance of BMSCs in
hematopoiesis. Understanding the role of BMSCs and their
progeny in hematopoiesis is important. It provides potential
targets for alleviating the negative effects of differentiation
bias of BMSCs on hematopoietic recovery. In addition,
understanding the mechanisms and factors that cause differ-
entiation bias is essential. It provides potential targets for
rescuing differentiation bias of BMSCs to promote the hema-
topoietic microenvironment for hematopoietic recovery after
bone marrow transplantation.

2. Bone Marrow Mesenchymal Stem Cells and
the Hematopoietic Microenvironment

Mesenchymal stem cells (MSCs) are a population of adult
stem cells. Although they were first found in the bone mar-
row and were therefore once termed “marrow stromal cells,”
they have since been identified in many tissues such as the
umbilical cord and adipose tissue. In vitro, MSCs have the
capacity to differentiate into different tissue lineages, and as
a result of this property, they may have important roles in
regenerative medicine [8]. In vivo, BMSCs are able to differ-
entiate into fat, cartilage, bone, and most of the stromal cells
in the bone marrow, thus playing an important role in
maintaining hematopoietic stem cells, regulating the hema-
topoietic microenvironment, and serving a crucial function
in the life-long turnover and growth of bone [4].

2.1. Potential Markers of BMSCs. In vitro, BMSCs were
shown to support long-term hematopoiesis [9]. In vivo,
transplants of bone marrow stromal cells into a heterotopic
site resulted in bone formation and local hematopoiesis
[10]. These early studies indicated the important hematopoi-
etic support capacity of BMSCs. However, there was no
specific marker that can be used to identify them in that time.
As a result, mechanisms on how BMSCs regulate hematopoi-
esis were poorly understood. Luckily, several markers,
including CD146 in human [11], CXCL12 [12], Nestin [13],
leptin receptor [14], and Prx-1 [15] in mice, were shown to
be markers of BMSCs. BM cells with each of these markers
have the proposed characteristics of BMSCs. They are able
to give rise to osteoblast cells and express factors and cyto-
kines that support HSCs. Theoretically, these markers that
identify BMSCs in vivo make it possible to study the mecha-
nisms on how BMSCs regulate hematopoiesis. Using some of
these markers, BMSCs were shown to predominantly localize
around blood vessels and sinusoids in the BM [11, 13].

2.2. Hematopoietic Regulation by BMSCs. Using kinds of
transgenic mice, BMSCs turn out to be critical for the main-
tenance of HSCs [16]. BMSCs are the major source of SCF
and CXCL12, which is critical for maintenance of HSCs
[17]. Deletion of CXCL12-abundant reticular cells (CAR)
not only significantly decreased the amount of SCF and
CXCL12 but also deleted the HSC in the BM [17]. BMSCs
also express Nestin-GFP+ transgene, and ablation of

Nestin-GFP+ BM cells deleted the HSCs in the BM and
increased HSCs in the spleen [13]. Moreover, conditional
deletion of SCF from LepR-Cre stromal cells [14] or condi-
tional deletion of CXCL12 from Prx-1-Cre cells was also
shown to eliminate HSCs in the BM [18]. These emerging
studies suggested that BMSCs serve as important niche
component supporting HSCs.

Within the total cell population of BMSCs, a distinct
subgroup of BMSCs have different functions in regulating
HSCs [19]. A small subgroup of BMSCs (NG2+ LepR− cells),
which belong to small arterioles close to the endosteal region,
was shown to contribute to arteriolar niches maintaining
HSC quiescence. The other part of BMSCs (NG2− LepR+

cells), which are adjacent to sinusoids, is thought to form
perisinusoidal niches proliferating HSCs in the BM. Acti-
vation of HSC cell cycle changed the distribution of HSCs
from these two kinds of niches. Also, conditional depletion
of cell expressing NG2 induced HSC cycling [19]. These
data revealed the important role of BMSCs themselves in
BM hematopoiesis.

In addition, it is believed that the marrow stromal cells
generated by BMSCs are crucial to bone hematopoiesis
[20]. Marrow stromal cells, including osteoblasts, adipocytes
derived from BMSCs, are thought to form the hematopoietic
microenvironment [21]. The differentiation of BMSCs,
especially to osteogenic and adipogenic lineages, is crucial
to bone hematopoiesis.

3. Osteogenic Differentiation of Bone Marrow
Mesenchymal Stem Cells and Hematopoiesis

At different stages of development, the progenitors that
contribute to bone formation are very different. During the
embryonic stage of a mouse, the nascent bone tissue derives
from Osterix+ progenitors [22]. Given that bone anlagen
derives from different germ layers [23], it is proposed that
these progenitors have more than one developmental origin,
including mesoderm [23] and ectomesenchyme of the neural
crest [24]. However, during the adult life of a mouse, LepR+

BMSCs are the major source of the bone [25]. In this review,
we mainly discuss the BMSCs in adult.

Adult BMSCs can differentiate into many cell types such
as adipocytes, osteoblasts, and chondrocytes in the bone.
Many methods mimicking these processes in vitro have been
developed. For example, osteogenic differentiation can be
induced in vitro by bone morphogenetic proteins (BMPs)
[26] or by a differentiation cocktail [27]. It has been recog-
nized that Runt-related transcription factor 2 (Runx2) is
the key transcription factor in osteogenic differentiation, as
activation of Runx2 is considered an initiating event in
osteogenic commitment of MSCs [28]. Runx2 can interact
with the cis-element on the osteocalcin gene and cause the
transcription of several osteoblast-specific genes, inducing
osteogenesis in vivo and in vitro [29].

Osteoblast lineage cells are thought to promote hemato-
poiesis. In an early study, osteoblasts were shown to support
the expansion of hematopoietic progenitors in vitro [30].
Using transgenic mice, Calvi et al. demonstrated the posi-
tive correlation between osteoblast lineage cells and HSC
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number [31]. Conversely, ablation of osteoblast lineage
cells results in a severe decrease in the number of HSCs
[32]. These results indicate that osteoblast lineage cells
can increase the number of HSCs, thus influencing hema-
topoiesis. Further studies have established the central role
of osteoblast lineage cells in bone hematopoiesis. Distinct
cell types in different stages of osteogenic differentiation
form distinct niches for hematopoietic cell (Figure 1). In
general, osteoblast lineage cells include osteoprogenitors,
osteoblasts, and osteocytes [33].

3.1. Osteoprogenitors Support B Cell Differentiation. Osteo-
progenitors are indispensable to B cell differentiation. B cells
are derived from CLP in the BM. The developing B cells can
be divided into several discrete cell population: prepro-B,
pro-B, pre-B, immature B, and mature B [34]. Early studies
have demonstrated that genetic disruption of the osteogenic
lineage decreased mature B cells in animals [18, 35], indicat-
ing that the osteogenic lineage may participate in the
development of B cell. Using transgenic mouse, Yu et al.
demonstrated that Osx+ osteoprogenitors in the BM are
essential for B cell differentiation. In the early stage of B
cell differentiation, prepro-B to pro-B transition depends
on Osx+ osteoprogenitor-derived IL-7 [36]. Specifically,
although IL-7 can also be produced by other BM compo-
nents, Osx+ osteoprogenitor-derived IL-7 is indispensable
for B cell development. Deletion of Gsα in Osx+ osteopro-
genitors resulted in a block of prepro-B to pro-B transition
[35]. However, expression of IL-7 in osteogenic lineage cells
turned out to rescue B cell development, indicating a critical
role of Osx+ osteoprogenitors in B cell development [37].

Meanwhile, pro-B to pre-B transition depends on the
Osx+ osteoprogenitor-derived IGF-1 [36]. Deletion of Osx+

osteoprogenitors blocked not only the prepro-B to pro-B
transition but also the pro-B to pre-B transition. The addition
of IL-7 rescued the prepro-B to pro-B transition, while the
addition of IGF-1 rescued the pro-B to pre-B transition
[36]. Furthermore, Osx+ osteoprogenitors turned out to
regulate B lymphocyte mobilization. Specifically, deletion of
PPR in osteoprogenitors led to reduced number of B cell
progenitors in the BM [33]. However, BMmature B lympho-
cytes increased. This was associated with the overexpression
of VCAM1 caused by PPR deficiency. Taken together, Osx+

osteoprogenitors is indispensable for B cell differentiation.
The deficiency of Osx+ osteoprogenitor could impair B cell
maturation and adaptive immune response [33]. PTH signal-
ing in osteoprogenitors, instead of osteoblasts and osteocytes,
is indispensable for B cell differentiation [33].

3.2. Osteoblast Supports T Cell Differentiation and HSC
Function. The process of T cell differentiation includes two
stages: prethymic stage and thymic stage [38]. First, BM
HSCs give rise to thymus-seeding progenitor of T cells, which
migrate to thymus. Second, thymus-seeding progenitors
enter thymus and differentiate to naive T cells. After HSCT,
the prethymic stage is critical for hematopoietic recovery
because the number of thymus-seeding cells is a limit factor
for T cell recovery [39].

In prethymic stage, mature osteoblast is indispensable for
the production of thymus-seeding progenitors of T cell.
DLL4, a Notch ligand expressed in mature osteoblast, is
essential for the production of this cell. Deletion of OCN+

mature osteoblast decreased common lymphoid progenitors
(CLPs) with T cell potential in the BM and downstream
T progenitors in the thymus. Also, conditional deletion of
DLL4 in OCN+mature osteoblast resulted in similar changes.
And recombinant DLL4 was shown to rescue T cell develop-
ment in OCN+ cell-deleted animals.

These data indicate that OCN+ mature osteoblasts in the
BM provide important molecule for T cell development [40].

Moreover, it was reported that osteoblasts may have a
role in HSC function. In early studies, the positive correlation
between osteoblast lineage cells and HSC number was
demonstrated [31]. Ablation of osteoblast cells led to deletion
of HSCs in the BM [32]. Although the methods used to
manipulate osteoblast lineage cells were not specific, these
initial studies suggested that osteoblasts may have a role
in HSC regulation. But this idea is controversial.

In osteoblast lineage cells, mature osteoblast appears to
be no longer a direct regulator of HSC. Deletion of OCN+

mature osteoblasts, while impairing the generation of T
progenitors, did not affect the HSC number in the BM [40].
Also, the expansion of mature osteoblasts turned to even
reduce HSC number in the BM [41]. These data indicated
that mature osteoblasts may be not a direct regulator of
HSC. In another review, Morrison and Scadden believed that
mature osteoblasts are essential to HSC function but not nec-
essary to regulate HSCs [42].

Despite the fact that these studies [40, 41] excluded the
direct role of mature osteoblasts in HSC regulation, they
could not rule out the role of other osteoblast lineage compo-
nent in HSC regulation. OCN reporter used in these studies
could target mature osteoblast but not immature osteoblast
[43]. The expression of OCN in immature osteoblasts was
shown to be low [44]. Recent studies have demonstrated that
hematopoiesis-enhancing activity (HEA) of osteoblast corre-
lated with the expression of Runx2 and osteoblast maturation
[44]. Immature osteoblasts express high level of Runx2 and
seem to mediate HEA. These cells express CD166, which
declines with maturation of osteoblasts and correlates with
high HEA [45]. In CD166−/− mice, LT-HSC engrafting was
significantly impaired under stress condition, suggesting that
immature osteoblasts may regulate HSCs via CD166, and
CD166 can be a target to enhance HSC function [46].
Taken together, the immature osteoblast may play a role
in HSC expansion and maintenance. However, this popu-
lation still remains incompletely defined. Developing
specific marker that targets immature osteoblasts is neces-
sary for further studies.

3.3. Osteocytes Are Indispensable for Lymphopoiesis and
HSC Mobilization. Over the decades, the function of oste-
ocytes has been widely studied. Osteocytes account for
more than 90% of the bone cells. They are essential for
bone health and nonbone organs [47]. Although most of
the osteocytes are embedded in the bone, they were found
to regulate hematopoiesis. In osteocyte-deleted mice, both
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B and T lymphopoiesis were severely impaired. Deletion of
osteocytes did not affect the BM cellularity, but the early
stage of B cell development was blocked. B cell progeni-
tors, including pro-B, pre-B, and immature B, were greatly
reduced in osteocyte-less mice. Lack of lymphoid-
supporting stroma in the BM was proposed to be the
cause of B lymphopenia [48]. In comparison, the thymic
atrophy was considered as the major cause of T lympho-
penia in osteocyte-less mice. The thymus of osteocyte-
less mice failed to support T cell differentiation in vivo.
These data indicate that osteocytes are required for
lymphoid-supporting stroma in the BM and thymus [48].
However, the precise mechanism is still largely unknown.
Osteocytes also regulate HSPC mobilization. In the clinic,
G-CSF is used to mobilize HSPCs. However, in osteocyte-
less mice, G-CSF failed to mobilize HSPCs into circulation,
indicating that osteocytes have an essential role in G-CSF-
induced HSPC mobilization [49].

These studies established the central role of osteoblast
lineage cells in bone hematopoiesis. Gaining a deeper insight
into the biology of these cells, especially the regulation of
their differentiation, behaviour, and survival, is valuable. It
may potentially provide a better insight into improving
hematopoietic recovery.

4. Adipogenic Differentiation of Bone Marrow
Mesenchymal Stem Cells and Hematopoiesis

BM adipocytes arise from bone marrow mesenchymal stem
cells [25]. In vitro, differentiation into white adipocytes can
be induced by the addition of insulin, indomethacin, and
dexamethasone to the culture medium [50]. It has been
thought that peroxisome proliferator-activated receptor
gamma (PPARγ) and CCAAT/enhancer-binding protein
alpha (C/EBPα) are the key transcription factors in adipo-
genic differentiation. In adipocytes, PPARγ2 can bind to
the 5′-flanking region of the P2 gene, which is important
for inducing the expression of adipocyte-specific genes and
adipogenic differentiation [51, 52].

As a kind of BM stromal cell, BM adipocytes have been
thought to be just “space-filler” for many years. When hema-
topoietic tissues are damaged, adipocytes expand and result
in the fatty infiltration in the bone marrow [1]. However,
using the transgenic mice, Naveiras et al. first demonstrated
that BM adipocytes are negative regulators in BM hemato-
poiesis under homeostatic and stressed conditions. First, they
found that the number of adipocytes correlates inversely with
the hematopoietic activity in distinct regions of the mouse

BMSC
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Immature osteoblast

Mature osteoblast

Prepro-B Pro-B Pre-B Immature B

HSCs
Expansion

Ly6D− CLP
Activation
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Figure 1: Osteogenesis and hematopoiesis. Distinct cell types in different stages of osteogenic differentiation form unique niches for
hematopoietic cells. Osteoprogenitors secrete IL-7 and IGF-1 to support early-stage B lineage differentiation. Osteoblasts are indispensable
for HSC maintenance. Immature osteoblasts participate in HSC expansion. Mature osteoblasts express DLL4, which binds to Notch
receptor on T cell-competent common lymphoid progenitors (CLP) and induces thymic seeding. Osteocytes conduct lymphoid-
supporting stroma and regulate HSPC mobilization.
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BM. After lethal irradiation, the bone marrow space becomes
replaced by adipocytes. The transgenic mice, mice without
BM fat, showed enhanced hematopoietic recovery postirradi-
ation. Also, pharmacological inhibition of adipogenic differ-
entiation enhanced BM engraftment in wild-type mice [2].
Consistent with that, Lu et al. reported that bonemarrow adi-
pogenesis enhanced by rosiglitazone delayed hematopoietic
recovery, and hematopoietic recovery [53] is improved by
inhibition of adipogenesis following chemotherapy [7].
Those data indicated that BM adipocytes suppress hemato-
poiesis in hematopoietic microenvironment, at least under
stressed conditions. To test this directly, Ambrosi and col-
leagues transplanted fate-committed adipogenic cells into
the tibiae of mice and found a significant reduction in hema-
topoietic progenitor cells in the BM. Taken together, these
data further establish that BM adipocytes significantly atten-
uate hematopoietic regeneration [6]. Here, we review the
negative effect of BM adipocyte on hematopoiesis (Figure 2).

4.1. BM Adipocytes Inhibit Hematopoiesis via Cell-to-Cell
Contact. In earlier studies, Belaid-Choucair et al. showed that
BM adipocytes block granulopoiesis by cell-to-cell contact.
Using an antibody-neutralizing neuropilin-1 (NP-1), they
restored the granulopoiesis of CD34(+) cells. IL-1β and dexa-
methasone also downregulated NP-1 expression and restored
granulopoiesis [54]. In coculture system, adipocytes arrest
HSPCs in the G0 phase of the cell cycle and induce apoptosis
of HSPCs. CXCR4, an indispensable receptor for HSPC
homing and engraftment, is also downregulated on coculture
HSPCs. Silencing of NRP1 in adipocytes restored the CXCR4
expression on HSPCs and rescued the apoptosis of them.
Those data indicated that BM adipocytes inhibit HSPC hom-
ing and engraftment and induce apoptosis of HSPCs via cell-
to-cell contact [55].

4.2. BM Adipocytes Secrete Cytokines and Factors. Adipocytes
differentiated from BMSCs secrete transforming growth fac-
tor β1 (TGF-β1), an inhibitor of hematopoiesis [56]. TGF-β1
mediates cell-cycle arrest of hematopoietic cells by upregulat-
ing p57KIP2 [57]. In vitro, inhibition of TGF-β1 signaling
restored expansion of hematopoietic progenitors in coculture
system [55]. In vivo, inhibition of TGF-β1 signaling acceler-
ates hematopoietic reconstitution after chemotherapy [58]
and rescues BM failure in Fanconi anemia [59].

Lipocalin 2 (LCN2), also a secretory protein of adipocyte,
has an important function in hematopoiesis. In vitro, LCN2
inhibits erythropoiesis by inducing apoptosis and inhibits
differentiation of erythroid progenitors. In vivo, recombinant
LCN2 retards recovery from the anemia in mice being
affected by acute anemia [60, 61]. Elevated plasma LCN2
was significantly associated with anemia in patients with sys-
temic inflammation [62].

Dipeptidyl peptidase-4 (DPP4), produced by adipocytic
lineage [6], cleaves a wide variety of hematopoietic
cytokines and factors, including the chemokine stromal
cell-derived factor-1 (SDF-1), granulocyte-macrophage
colony-stimulating factor (GM-CSF), G-CSF, interleukin-3
(IL-3), and erythropoietin. DPP4 inhibits HSC homing and

engraftment [63] and inhibits hematopoiesis in mice [6].
Inhibition of DPP4 may be a promising strategy to enhance
hematopoietic engraftment and regeneration [64, 65].

4.3. Accumulation of Adipocytes Reduces Blood Flow and
Suppresses Hematopoiesis. Bianco et al. showed that adipo-
genic differentiation of BMSCs resulted in a reduction of
the sinus caliber [66]. This process regulates blood flow and
hematopoietic activity in the BM [67]. When BMSCs are
replaced by adipocytes, sinusoids may be excluded from the
blood flow, because BMSCs are physically associated with
the sinusoid wall. This process is thought to be reversible
because the endothelial wall remains intact. Thus, adipogen-
esis in the BM is thought to be a unique kind of microvascu-
lar pruning to regulate hematopoiesis [68].

5. Differentiation Balance of Mesenchymal
Stem Cells and Hematopoiesis

Over decades of study, accumulating evidence has
demonstrated the reciprocality between osteogenesis and
adipogenesis, which is well documented in [69, 70].
Increased adipogenesis often leads to decreased osteogene-
sis, vice versa [70]. BMSCs are exquisitely balanced for
differentiation commitment.

5.1. Differentiation Bias of BMSCs Exists in Various Stress
Conditions.Many factors, including aging, obesity [6], irradi-
ation [2], and chemotherapy [7], can lead to the differentia-
tion bias of BMSCs. Aging, irradiation, and chemotherapy
are known to cause bone loss and marrow adiposity. In aging,
microenvironmental alterations are predominately responsi-
ble for BMSC lineage switch [71]. Critical microenvironmen-
tal signaling, including transforming growth factor-β (TGF-
β), bone morphogenetic protein (BMP), insulin-like growth
factor-1 (IGF-1), and Wnt signaling, is altered in aging. In
aged mice, TGF-β and BMP signaling were shown to be
altered correlating with reduced osteogenic differentiation
and increased adipogenic differentiation [72]. Also, Wnt3a
and Wnt10b, the Wnt ligands that control osteogenic differ-
entiation, significantly decreased with age [73]. IGF-1, the
growth factor for osteogenesis, was shown to decline with
aging [74]. These microenvironmental alterations may result
in age-related bone loss and marrow adiposity. However, the
mechanism involved in microenvironmental alterations
remains unknown.

The microenvironmental alterations were also observed
in radiation injury. In response to radiation, the marrow
cells, especially T cell, secreted BMP4 to commit BMSCs to
adipogenic lineage [75]. However, the expression of Wnt
ligand in BMSCs, was shown to decrease after radiation
[76]. Xu et al. also demonstrated that dysregulated lympho-
cytes may be responsible for the dysregulation of BMSC
differentiation and subsequent systemic bone loss after local
irradiation [77]. These microenvironmental alterations con-
tributed to the shift of adipo-osteogenic balance of BMSCs.

In addition, other studies also reported that stress
condition-related pathways participated in the shift of
adipo-osteogenic balance of BMSCs. Aging, irradiation, and
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chemotherapy could cause a series of events, including oxida-
tive stress, which activates FOXO signaling [78] and PPARγ
[79]; DNA damage, which activates p53 and p16 pathway
[80–84]; inflammatory factors, which activate nuclear factor
κB (NF-κB) pathway [85–87]; and cellular senescence, which
leads to alteration of senescent-related molecules involved in
differentiation of BMSCs [84, 88]. Unfortunately, most of
these activated pathways were shown to directly regulate
the differentiation of BMSCs and led to the shift of adipo-
osteogenic balance of BMSCs (Figure 3), especially excessive
adipogenesis and attenuated osteogenesis.

Cellular senescence results in the decline of FOXP1
[84] and an increase in miR-188 [88], which correlate
with reduced osteogenic differentiation and increased
adipogenic differentiation.

Senescent cells also showed persistent DNA damage and
telomere dysfunction, which lead to DNA damage response
(DDR) and subsequent activation of the p53 and p16 path-
way [80, 81]. p53 was shown to repress key osteogenic tran-
scriptional factor Osx [82] and inhibit osteogenesis both
in vitro and in vivo [83]. p16 was shown to prevent the phos-
phorylation of pRb, the direct transcriptional coactivator of

Runx2. And loss of p16 partially rescued the osteogenesis of
senescent BMSCs [84].

Under oxidative stress, FOXO signaling is activated to
repress the Wnt signaling and osteogenesis [78]. In addition,
oxidized lipids induced by ROS were shown to activate
PPARγ to suppress osteoblast differentiation and stimulate
adipogenesis [79].

Inflammatory factors [89–91], including TNF-α and
IFN-γ, synergistically impaired osteogenic differentiation in
BMSCs via the NF-κB pathway [85]. Further downstream,
miR-150-3p [87], miR-3077-5p, and miR-705 [86] were
upregulated to mediate the switch from osteogenesis to adi-
pogenesis in BMSCs. TNF-α also activated the NF-κB path-
way to induce oxidative stress in BMSC via miR-705 and in
turn accumulated ROS activated the NF-κB pathway, enter-
ing a positive feedback [92]. These pathways regulate key
transcription factors Runx2 and PPARγ to control the
adipo-osteogenic balance of BMSCs.

5.2. Differentiation Bias of BMSCs Interferes with Bone
Hematopoiesis. Given the critical role of BMSCs and their
progeny in bone hematopoiesis, the differentiation bias of

BMSC

APC

Adipocyte

DPP4

NP-1

TGF-�훽1

SDF-1 Microvascular pruning
HSPC

APC

Expansion

Homing

Engrafting

Differentiation

LCN2

HomingHSPCs

HSCT

SDF-1

Hematopoietic recovery

Figure 2: Negative effect of bone marrow adipocytes on hematopoietic recovery. Adipogenic differentiation of bone marrow mesenchymal
stem cells interferes the process of hematopoietic recovery after hematopoietic stem cell transplantation (HSCT). Adipocytic lineage,
including APC (adipogenic progenitor cell), secretes DPP4 to cleave SDF-1. Moreover, BM adipocyte interacts with HSPCs to
downregulate CXCR4 via NP-1, leading to a reduction in SDF-1/CXCR4 signaling and HSPS homing and engrafting. TGF-β1 secreted by
BM adipocyte mediates cell-cycle arrest of HSPCs to inhibit HSPC expansion. Lipocalin 2 secreted by BM adipocyte inhibits
erythropoiesis. DPP4 also cleaves hematopoietic factor including EPO, GM-CSF, G-CSF, and IL-3 to decrease their activity. Furthermore,
BM adipocytes replace BMSCs and “pruning” sinusoids, resulting in a reduction of sinus caliber and hematopoietic activity. “Red” marrow
then becomes “yellow” marrow in BM.
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BMSCs could have the inevitable consequence for bone
hematopoiesis (Figure 4). Excessive adipogenesis and attenu-
ated osteogenesis inhibit bone hematopoietic recovery. Accu-
mulation of BM adipocytes suppressed hematopoietic
recovery in various condition, including aging, obesity [6],
irradiation [2], and chemotherapy [7]. Both deletion of BM
adipocyte and inhibition of BM adipocyte formation pro-
moted hematopoietic recovery [2]. Meanwhile, attenuated
osteogenesis is associated with hematopoietic decline; pro-
moting osteogenesis of BMSCs was also shown to improve
hematopoiesis in irradiation [31] and chemotherapy [93].

Of note, although osteogenesis was shown to promote
hematopoiesis, excessive osteogenesis may impair hemato-
poiesis. In an early study, Calvi et al. demonstrated the posi-
tive correlation between osteoblast lineage cells and HSC
number [31]. However, further study indicated that osteo-
blastic expansion alone is not sufficient to increase HSC
number [41]. In several studies, excessive osteogenesis even
inhibited hematopoiesis. In a transgenic mice model, acti-
vated Gs signaling in osteoblastic lineage cell leads to a mas-
sive increase of bone formation. However, the HSC function
and blood production were impaired [94]. Also, Cock et al.
reported that the absence of PPARγ in mice led to excessive
osteogenesis and reduced BM hematopoiesis [95]. Therefore,
although osteogenesis plays a central role in bone

hematopoiesis, excessive osteogenesis may impair hemato-
poiesis. The mode of activation of osteogenesis is critical.

Interestingly, although excessive adipogenesis was shown
to inhibit hematopoiesis recovery under stress condition, adi-
pogenesis does not always inhibit hematopoiesis. In contrast,
increased hematopoiesis and adipogenesis were observed in
several studies. For example, diet-induced obesity results in
an increase in adipocytes in mouse BM, and hematopoiesis
is enhanced at the same time [96]. What is more, both hema-
topoiesis and adipogenesis are enhanced by the disruption of
TGF-β signaling in Smad3-deficient mice [97]. BM adipose
tissue also acts as an endocrine organ. Adiponectin secreted
by BM adipose tissue enhanced HSC activation [98]. Most
recently, Zhou et al. had found that BM adipocyte-derived
SCF promoted hematopoietic regeneration after irradiation.
And the deletion of SCF in BM adipocytes delayed the hema-
topoietic recovery of mice [99]. These data indicated that BM
adipocytes also produce molecules that benefit hematopoiesis
and that BM adipocytes have both negative and positive
effect on hematopoietic regeneration. But on the whole, the
sum of these effects inhibits hematopoietic recovery under
stress condition [2, 6, 7, 53].

At present, it is still unclear why BM fat has a dual effect
on hematopoiesis. Recently, emerging work has demon-
strated the heterogeneity of BM adipocytes [100]. In different
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Figure 3: Stress condition-related pathways directly interfere with the differentiation of BMSCs. The differentiation of BMSCs is controlled
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regions of the BM, BM adipocytes have region-specific devel-
opment, regulation, gene expression, lipid composition, and
genetic determinants. They can be divided into rMAT (regu-
lated marrow adipose tissues) and cMAT (constitutive mar-
row adipose tissues) based on their characteristics [100].
The hematopoietic activity is active in the region of rMAT.
But in the region of cMAT, the hematopoietic activity is very
low [2, 99]. These data suggested the possibility that different
BM adipocytes may have a different effect on hematopoiesis,
and the heterogeneity of BM adipocytes may lead to the dual
effect. Although this idea is attractive, much work is needed
to be done. With transgenic mice model [100], this problem
could be solved in further studies. On the whole, inhibiting
the BM fat formation was shown to promote hematopoietic
recovery in animal models [2, 6, 7, 53].

Taken together, although early studies suggested that
osteogenesis of BMSCs promotes hematopoiesis and adipo-
genesis of BMSCs negatively regulates hematopoiesis, recent
studies indicated that both excessive adipogenesis and osteo-
genesis could impair hematopoiesis. Keeping the adipo-
osteogenic balance of BMSCs is therefore crucial to bone
hematopoiesis. Rescuing the dysregulation of BMSC differ-
entiation could be a promising strategy for hematopoietic
recovery in various conditions.

5.3. Promoting Hematopoietic Recovery by Rescuing
Differentiation Bias of BMSCs. Differentiation biases of
BMSCs, especially excessive adipogenesis and attenuated
osteogenesis, were shown to inhibit bone hematopoietic
recovery [2, 6, 7]. In animal experiments, pharmaceutical

interventions that rescue differentiation bias of BMSCs were
shown to promote hematopoietic recovery (Table 1).

BADGE, a PPARγ inhibitor, is a strong inhibitor of adi-
pogenesis of BMSCs [101]. This synthetic compound can
bind to PPARγ, the key transcription factor in adipogenesis,
and inhibit its activities. It was shown to inhibit adipogenesis
in vitro an in vivo [2]. After irradiation and BMT, the
administration of BADGE significantly inhibited BM fat for-
mation and promoted hematopoietic recovery in mice [2].
After high-dose chemotherapy, BADGE treatment acceler-
ated the recovery of leukocyte count and number of HSCs in
mice [7]. Also, BADGE treatment reduced the rosiglitazone-
induced BM fat formation and promoted hematopoietic
recovery under hematopoietic stress in mice [53]. These
studies indicated that inhibiting adipogenesis of BMSCs could
be an effective strategy to promote hematopoietic recovery.

Moreover, promoting the osteogenesis of BMSCs was
also shown to enhance hematopoietic recovery. Osteogenic
differentiation can be induced in vitro by bone morphoge-
netic proteins (BMPs) [26] or by a differentiation cocktail
of ascorbate, dexamethasone, and β-glycerophosphate [27].
Osteogenesis-inducing cocktails (OICS) are known to
enhance the activity and expression of Runx2, the key tran-
scription factor in osteogenesis, and promote osteogenesis
of BMSCs [102]. After lethal irradiation and BMT, the OICS
treatment was shown to promote the hematopoietic recovery
and survival of mice [103].

PTH is a critical regulator of calcium homeostasis
and osteogenesis. Mechanistically, PTH was proposed to
enhance the osteogenesis of BMSCs by promoting the
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Figure 4: Differentiation balance of mesenchymal stem cells and hematopoiesis. There is a reciprocality between osteogenesis and
adipogenesis. Increased adipogenesis often leads to decreased osteogenesis, vice versa. BMSCs are exquisitely balanced for differentiation
commitment. Modest osteogenesis of BMSCs promotes hematopoiesis. However, excessive adipogenesis impairs hematopoiesis. Keeping
the adipo-osteogenic balance of BMSCs is therefore essential to bone hematopoiesis.
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phosphorylation of Smad1/5/8, which are key factors in
BMP signaling [104].

It was shown to promote osteogenic differentiation of
BMSCs in vivo and in vitro. After myeloablative BMT, intra-
peritoneal injection of rat PTH for 4 weeks significantly
improved hematopoietic engrafting and survival of mice
[31]. Also, after multiple rounds of chemotherapy, PTH
treatment protected hematopoiesis and preserved the HSC
pool in mice [93]. These studies indicated that promoting
the osteogenesis of BMSCs could also be an effective strategy
to promote hematopoietic recovery.

Taken together, rescuing the dysregulation of BMSC dif-
ferentiation could be a promising strategy for hematopoietic
recovery in various conditions.

6. Conclusion and Perspectives

Larger progress has been made to understand the relation-
ship between BMSC differentiation and hematopoiesis. Oste-
ogenesis of BMSCs plays a central role in hematopoiesis,
while adipogenesis of BMSCs has a negative effect on hema-
topoietic recovery. The adipo-osteogenic balance of BMSCs
is exquisitely balanced. Many factors, including aging, obe-
sity, irradiation, and chemotherapy, can lead to the differen-
tiation bias of BMSCs and related hematopoietic disorder.
Rescuing the dysregulation of BMSC differentiation is crucial
to bone hematopoietic recovery. However, there are several
questions that remain to be answered.

First, what is the key mechanism that couples osteo-
genesis and HSC expansion? Early studies reported
parathyroid hormone receptor signaling in osteoblast is
responsible for the increase in HSC number [31] and
indicated that increased expression of Jagged-1 and N-
cadherin in osteoblasts is associated with HSC expansion
[31]. However, further studies failed to support this idea
[105, 106]. Although it was reported that the immature
osteoblast may play a role in HSC expansion and mainte-
nance [45, 46], the key molecular mechanisms still remain
largely unknown.

Second, given that the osteoblast lineage cells are
critical for T and B cell development [36], is attenuated
osteogenesis a cause for aging- and obesity-related
immune decline? Is the inhibition of osteogenesis a barrier
for immune recovery after radiation and chemotherapy?
Could it be a strategy to improve immune recovery by
promoting osteogenesis?
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