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Hematopoietic stem cells (HSCs) are capable of self-renewal and multi-lineage differentiation,
which are characteristics that enable them to maintain the stem cell population and produce
large numbers of blood cells. Quiescent mammalian adult HSCs localize within the bone marrow
niche, primarily in the endosteal region of the trabecular bone. These cells scarcely participate
in the cell cycle, but are instead maintained by assorted niche cells within the bone marrow,
including mesenchymal stem cells (MSCs). This review summarizes the crucial role(s) that MSCs
play as niche cells for the support of HSCs.
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Introduction

Hematopoietic stem cells (HSCs) give rise to many dif-

Adult stem cells sustain tissue homeostasis by generat-

ferent hematopoietic cells, including immune cells of the

ing differentiated progeny throughout the lifetime of an or-

lymphoid lineage (e.g., T cells and B cells) and non-im-

ganism, a process essential for the proper maintenance of

mune cells of the myeloid lineage (e.g., macrophages,

. If stem cells are improperly regu-

granulocytes, erythrocytes, and platelets)4, 5). Adult mam-

lated, various processes, including development, aging, and

malian HSCs are mainly sustained within the bone mar-

the stem cell system

1, 2)

.

row niche6) by mesenchymal stem cells (MSCs). This mini-

Stem cells are maintained by dynamic microenviron-

review will focus on the role of MSCs as a critical niche cell

1, 2)

control of disease progression, are adversely affected

ments, or niches , which control stem cell fate. The stem

for the support of HSCs in the bone marrow.

cell niche comprises niche cells and niche factors, which
are derived from the niche cells3) (e.g., cytokines and ex-

The Hematopoietic Stem Cell Niche

tracellular matrix molecules). Niche factors retain stem cells

HSCs are capable of self-renewal and multi-lineage dif-

within the niche, maintain stem cell homeostasis, and trig-

ferentiation, characteristics that enable proper maintenance

ger the generation of stem cell progeny.

of the HSC population and the generation of a large num-
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HSCs from homing to the niche19).

malian adult HSCs are localized within the bone marrow

In contrast to the high concentration of calcium ions in

niche7), primarily in the endosteal region of the trabecular

the endosteal zone, the partial pressure of oxygen is low,

bone. Bone marrow niche cells in the endosteum regulate

resulting in hypoxia. This induces the activation of hypoxia

the retention of HSCs within the niche. They also regulate

inducible factor (HIF)-1α, a master regulator of systemic

the balance between HSC quiescence, self-renewal/pro-

and cellular hypoxia responses, in the endosteal niche.

liferation, and differentiation by providing support in the form

Under normoxic conditions, HIF-1α is hydroxylated at its

of cytokines, chemokines, and other extracellular molecules

oxygen-dependent degradation domain (ODD) by oxygen-

and by expressing adhesion molecules. Moreover, niche

dependent prolyl hydroxylases (Phds). Hydroxylated

cell-derived factors can induce the homing and lodgment

HIF-1α is recognized by an E3 ubiquitin ligase, von Hippel-

of HSCs to the bone marrow after stem cell transplanta-

Lindau protein (VHL), resulting in degradation via the

tion. Therefore, manipulation of niche signals is a promis-

ubiquitin-proteasome pathway. Under hypoxic conditions,

ing strategy to ensure the proper engraftment and/or effi-

Phds lose their enzymatic activity, and HIF-1α is main-

cient mobilization of HSCs.

tained in its dehydroxylated form, resulting in protein stabi-

HSC niche cells comprise non-hematopoietic and he-

lization. Stabilized HIF-1α then binds to Arnt (aryl hydro-

matopoietic cells. For example, quiescent HSCs are di-

carbon receptor nuclear translocator), and the heterodimer

rectly attached to, and retained within, the bone marrow

translocates to the nucleus where it binds to the hypoxia-

niche by N-cadherin+ osteoblasts and osteolineage pro-

responsive element in the promoter region of various hy-

genitor cells8, 9). These cells transduce non-canonical Wnt

poxia-responsive genes20).

signaling in HSCs, which is mediated by Flamingo and

HSCs exist in the bone marrow under hypoxic conditions;

Frizzled 8. This induces the long-term maintenance of HSC

this stabilizes HIF-1α within the niche. The genetic loss of

quiescence by suppressing the calcium ion/nuclear factor

HIF-1α results in the loss of HSC quiescence, resulting in

of activated T cells (NFAT)/interferon (IFN)-γ pathway and

increased sensitivity to various hematological stresses

by antagonizing canonical Wnt signaling10).
The trabecular region of the bone marrow is well vascularized. Accordingly, HSCs are located adjacent to endothelial cells in the bone marrow11, 12). Bone marrow endothelial cells are required to support hematopoiesis13-15), and
act to protect the HSC compartment from premature exhaustion during stress hematopoiesis and hematological
stress. For example, endothelial cells and perivascular reticular cells, in addition to osteolineage cells, retain HSCs
within the bone marrow by secreting chemokine (C-X-C
motif) ligand 12 (CXCL12) and KitL16, 17). Osteoblastic/
osteolineage cells also produce CXCL1218), indicating that
the maintenance of HSCs by niche cells is regulated by
multiple cell types that use common niche factor(s).
In addition to the canonical niche components (i.e., niche
cells and proteins), non-canonical components of the HSC
bone marrow niche include calcium ions and molecular
oxygen. The concentration of calcium ions in the endosteal
bone marrow region is higher than that in other bone mar-

Fig.1 Hematopoietic stem cells in the bone marrow niche

row regions. HSCs recognize increased extracellular cal-

Hematopoietic stem cells (HSCs) are maintained by multiple niche
cellular components, including osteoblasts, small N-cadherin+ osteoblastic cells (SNO cells), endothelial cells, adipocytes, and mesenchymal stem cells (MSCs). MSCs also indirectly affect HSCs by differentiating into mesenchymal-lineage niche cells.

cium ion levels in the niche via the calcium-sensing receptor (CaR) during lodgment in the adult bone marrow stem
cell microenvironment. The genetic loss of CaR prevents
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(such as those caused by transplantation, exposure to che-

cell-enriched ALCAM-Sca-1+ cells, osteoblast-enriched

motherapeutic agents, and aging). Therefore, the hypoxic

ALCAM+Sca-1- cells, and ALCAM-Sca-1- cells 24). They

conditions within the bone marrow enable HSCs to resist

found that all three fractions supported the long-term re-

21)

stress through HIF-1α . Thus, these cellular and non-cel-

populating (LTR) activity of HSCs in an in vitro culture.

lular niche components coordinately regulate the homeo-

Notably, the ALCAM+Sca-1- cells significantly increased the

stasis of HSCs in the bone marrow (Fig.1).

LTR activity of HSCs by up-regulating the expression of
homing- and cell adhesion-related genes in HSCs. Trans-

Mesenchymal Progenitors as A New Niche
Component

criptome analysis revealed that the ALCAM-Sca-1+ frac-

MSCs play an important role as a niche cell for HSCs.

whereas the ALCAM+Sca-1- fraction expressed multiple

MSCs are able to grow in vitro and give rise to multiple

cellular adhesion molecules. These observations suggest

mesenchymal lineages, such as osteoblasts, adipocytes,

that the bone marrow niche in adults comprises multiple

and chondrocytes. In addition to the putative developmen-

subsets of MSCs and their progeny, all of which regulate

tal roles played by MSCs, they are involved in homeosta-

HSCs.

sis and in several pathological conditions.

tion showed high expression of cytokine-related genes,

Type XVII collagen is highly expressed by hair follicle

Méndez-Ferrer et al. reported that MSCs in the bone

stem cells (HFSCs) and is required to maintain both HFSCs

marrow could be identified by their expression of nestin22).

and melanocyte stem cells; the latter do not express

Nestin+ MSCs contain all the bone marrow colony-form-

Col17a1, but directly adhere to the HFSCs within the

ing-unit fibroblastic activity (CFU-F), can be expanded in a

niche25). Thus, stem cells within the niche may be main-

serial transplantation system, and retain the capacity to

tained by other stem cells, which act as niche cells; this

differentiate into different mesenchymal cell lineages. They

might be a common regulatory mechanism in tissues that

are located in close proximity to HSCs, and the genetic

contain multiple types of stem cell.

depletion of nestin+ cells results in the rapid loss of HSCs
cell that supports HSCs. Nestin+ cells produce various

Modulation of The Mesenchymal Niche
by MSCs

hematopoiesis-related factors, including CXCL12, KitL,

MSCs not only act as a niche cell for HSCs, they also

Angpt1, IL-7, Vcm1, and Spp1, suggesting that these niche

regulate the microenvironment by differentiating into

factors are critical for supporting HSCs22).

mesenchymal-lineage cells, including osteoblasts and

from the bone marrow. Therefore, MSCs are a crucial niche

Another group

16)

reported that genetic ablation of

adipocytes. The frequency of HSCs and their progenitors

CXCL12-abundant reticular (CAR) cells, which have both

in adipocyte-rich vertebrae is low compared with that in

adipogenic and osteogenic capacity, did not affect osteo-

adipocyte-free vertebrae26). Thus, adipocytes negatively

blasts or endothelial cells, but decreased the production of

regulate the bone marrow niche.

KitL and CXCL12 in the bone marrow. This resulted in a

Under normoxic conditions, MSCs lose their stem cell

marked reduction in the number of cycling progenitors and

potential, whereas hypoxia promotes their self-renewal

in the size of the HSC pool. Thus, the niche comprising

capacity and maintains the undifferentiated state27). Hypoxia

adipo-osteogenic progenitors is required for the prolifera-

also reversibly suppresses osteoblastic and adipocytic dif-

tion of both progenitors and HSCs through the production

ferentiation27-29). Osteoblastic differentiation is dependent

of niche factors including KitL and CXCL1216).

on the HIF pathway, whereas adipocytic differentiation is

An attempt to prospectively isolate MSCs from the

not; however, the latter is dependent on the activation of

bone marrow of adult mice identified a subset of MSCs

the unfolded protein response pathway. In addition, in-

(PDGFRα+Sca-1+CD45-TER119-)23), which showed high

creases in the colony formation capacity of MSCs are also

expression of Angpt1; however, CXCL12 expression was

HIF-independent27). Thus, the increased self-renewal ca-

lower than that in the PDGFRα+Sca-1-CD45-TER119- frac-

pacity of MSCs under hypoxic conditions is regulated both

tion. Therefore, MSCs in the bone marrow niche comprise

in a HIF-dependent and -independent manner. These find-

a mixture of different subsets. Nakamura et al. subdivided

ings suggest that HIF plays a limited, albeit pivotal, role in

bone marrow endosteal cells into immature mesenchymal

maintaining MSCs in the BM niche.
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Conclusion

Recently, much research has focused on the immuno-

Recent research has clarified the critical role(s) of MSCs

modulatory properties of MSCs. MSCs are thought to play

as a niche cell that supports the homeostasis of HSCs. A

a role in T cell suppression30, 31); therefore, they may be a

strategy that combines genetic dissection and real-time

potent tool for treating immunological disorders that are

imaging of the bone marrow stem cell niche would likely

resistant to conventional forms of therapy, such as acute

facilitate a more complete understanding of this multi-fac-

graft-versus-host disease (GvHD), which disrupts the bone

eted interplay between HSCs and MSCs, as well as the

marrow niche32). Thus, controlling GvHD is crucial for he-

development of novel MSC-based approaches to treating

matopoiesis. Although MSCs play a clinically significant

immunological disorders.

role in several human diseases

30, 31)

, data regarding the

biological mechanisms underlying MSC-mediated immu-
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MSCs. In addition, MSCs produce nitric oxide (NO), which
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