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Abstract
The dynamic relationship between stem cells and their niche governs self-renewal and progenitor
cell deployment. The chemokine CXCL12 (C-X-C motif ligand 12) and its signaling receptor
CXCR4 (C-X-C motif receptor 4) represent an important pathway that regulates homing and
maintenance of stem cells in neural niches. Neural stem cells (NSCs) reside in specific niches
where communication with blood vessels is regulated by CXCL12. In neurodegenerative diseases
and brain tumors, reactive vasculature forms in response to diseased tissues to create new niches
that secrete CXCL12, enhancing recruitment of neural progenitor cells (NPCs) to lesion sites via
long-range migration. These observations suggest that the CXCL12-CXCR4 axis maintains NSCs
and serves as an emergent salvage signal for initiating endogenous stem cell-based tissue repair.
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Introduction
Human neurodegenerative disorders are characterized by pathological tissue injury with
permanent loss of resident cells in the nervous system. Alzheimer’s disease (AD; see
Glossary), Parkinson’s disease (PD) and Huntington’s disease (HD) are major causes of
disability in the United States with current therapy limited to symptomatic treatments,
supporting the potential utility of cell-based therapies. NSCs are functionally defined by
their ability for sustained self-renewal and proliferation with multipotency towards central
nervous system (CNS) lineages, being able to generate mature neurons, astrocytes or
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oligodendrocytes both in vitro and in vivo to populate a tissue during development or injury
response [1, 2]. With greater lineage commitment, neural progenitor cells (NPCs) display
partial differentiation and enhanced proliferation to specific fates, e.g. neuroblasts or
oligodendrocyte progenitor cells (OPCs) [1, 2]. Due to their ability to repopulate tissues,
both NSCs and NPCs have been considered as attractive sources for the development of
cell-based therapies [3]. Thus, it will be essential to identify key molecular signals
responsible for NSC-NPC biology to inform treatment of neurodegenerative diseases.

Chemokines represent a superfamily of small chemotactic cytokines that are commonly
secreted. Chemokines control cellular motility during development, normal homeostatsis,
and injury responses [4]. Chemokines are classified into the four subfamilies: CXC, CC, C
and CX3C based on conserved cysteine residues near the N-terminus [5, 6]. CXCL12 (also
known as pre-B-cell-growth-stimulating factor [PBSF] or stromal cell-derived factor
[SDF]-1) belongs to the CXC subfamily [7]. CXCL12 is classically defined as a regulation
signal for peripheral hematopoietic stem cells (HSCs) [8], but CXCL12 also serves to
maintain embryonic and adult NSCs [9–11]. Considering the vital roles of NSCs during
tissue repair, CXCL12 is predicted to contribute to the recruitment of NSCs to damaged
regions to enhance recovery. Consistent with this hypothesis, blood vessels within damaged
tissues release CXCL12 [12–15]. In this review, we will focus on recent progress
highlighting conserved roles of CXCL12 in the NSC niche. We further discuss the
correlation between pathological induction of vascular CXCL12 and abnormal activation of
NSCs in neurodegenerative animal models. These studies suggest that CXCL12 is an
important response signal for the activation of stem cell-based tissue repair after damage.

Basic functions of CXCL12
Chemokine receptors are G-protein-coupled receptors (GPCRs) characterized by seven-
transmembrane domains (16–17). G-proteins are heterotrimeric protein complexes. Binding
of chemokines to their receptors releases subunits from the G protein complex, which
activates a series of GPCR-mediated downstream pathways. CXCR4 was the first identified
receptor for CXCL12 and CXCR4 signaling pathways are mediated by pertussis toxin
(PTX)-sensitive Gαi components. (4). The CXCL12-CXCR4 axis serves multiple roles in
peripheral and central organs/tissues [18, 19]. The CXCL12-CXCR4 axis constitutes a basic
signaling pathway for leukocyte and endothelial cell migration. In particular, CXCL12 is a
potent chemoattractant for T- and B-cells, monocytes and neutrophils during host responses
[20, 21]. CXCL12 also enhances vasculogenesis through the recruitment of endothelial
progenitors during inflammation [22, 23] and tumor growth [24–27]. During early
embryonic development, CXCL12-CXCR4 signaling is essential for organogenesis as
genetic deletion of CXCL12 or CXCR4 disrupts the development of vessels, muscle,
primordial germ cells (PGCs) and sensory lateral lines in both mouse and zebrafish models
[28–32]. In addition, CXCL12-CXCR4 signaling regulates stem/progenitor cell homing and
maintenance. Within the bone marrow niche, CXCL12 guides circulating HSCs and
hematologic progenitors within the blood to the bone marrow [28, 29]. Furthermore, niche-
derived CXCL12 is essential in maintaining endogenous HSCs in the bone marrow niche
[33–34]. Conditional deletion of CXCR4 in HSCs results in the subsequent depletion of
HSCs in the perivascular niche [33].

CXCR7, a previously orphan GPCR, also binds CXCL12 with high affinity and specificity
(Box 1). In contrast to CXCR4, CXCL12 binding to CXCR7 does not activate G-protein-
mediated signaling pathways [35]. Studies from zebrafish suggest that CXCR7 modulates
CXCR4 function through scavenging extracellular CXCL12 [36]. Genetic studies from
CXCR7 knockout (KO) mice demonstrate that CXCR7 is required for the early development
of the heart [37]. In tumors, CXCR7 promotes growth [38–41] and tumor-associated
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vasculogenesis [35]. However, CXCL12 is not the only ligand for CXCR7. CXCL11
(interferon-inducible T cell alpha chemoattractant, I-TAC) is a second ligand for CXCR7
[35]. Like CXCL12, binding of CXCL11 to CXCR7 does not activate GPCR-mediated
downstream pathways. CXCR7 and CXCR4 demonstrate overlapping but not identical
expression patterns in early embryonic germline zone and early-born neurons [42]. In adult
brains, expression patterns of CXCR7 are much more like that of CXCL12 and localized
mainly to the vasculature, although message expression has been reported in neurons and
astrocytes [42, 43].

Box 1

CXCR7 – a second receptor for CXCL12

An orphan receptor, previously termed RDC1, has been identified as the second receptor
for CXCL12 [35]; it has subsequently been termed CXCR7. CXCL11, another CXC
chemokine formerly known as interferon (IFN)-inducible T cell α chemoattractant, can
bind this receptor with high affinity [35]. Binding of CXCL12 to CXCR7 provides
cultured, receptor-bearing cells with a growth and survival advantage and increased
adhesive properties [35]. However, signaling pathways triggered by binding of CXCL12
to CXCR7 are controversial. Although CXCL12 and CXCL11 do not activate calcium
flux [35, 37], CXCL12-CXCR7 axis plays some essential roles during development as
well as in tumorogenesis.

In the CNS, both CXCR7 and CXCR4 demonstrate similar expression distributions in
early embryonic germline zone and early-born neurons [42]. In adult brains, expression
patterns of CXCR7 are much more like that of CXCL12. Expression of high level
CXCR7 is detected in neurons, astrocytes and endothelial cells [42–43]. Functional
analyses demonstrate that CXCR7 impacts the function of CXCR4 through generation of
a local-gradient concentration of CXCL12 [34]. It is worth noting that CXCL12-secreting
supportive cells have not been clearly defined in the brain. Because robust expression of
CXCR7 has been detected in the brain vascular niche, it is possible for CXCR7 to
regulate the behaviors of NSCs by innerving with CXCL12-CXCR4 signaling in the
vascular niche. Consistent with this hypothesis, it has been reported that CXCR7
regulates the migration of primordial germ cells along the lateral line by competing with
CXCR4 [106]. As the role of CXCR7 in regulating the CXCR4-CXCL12 axis is
developing, future studies defining the specific role of this new receptor will be pivotal in
understanding how this axis functions during degenerative and repair processes. It has
been further found that microRNA 430 (miR-430) regulates endogenous CXCL12 and
CXCR7 during the migration of PGCs [107]. One of miR-430’s regulatory mechanisms
is to balance the expression of CXCR7 in order to avoid sequencing the CXCL12 by this
receptor [107].

The mRNA expression levels of CXCR7 mRNA are increased in malignant gliomas
compared with the normal brain tissues [108]. CXCR7 promotes tumor growth and
metastases, making it a potential target for cancer intervention. CXCR7 was found to be
abundantly expressed on tumor-associated blood vessels and malignant cells but not
normal vasculature [35]. Abnormal CXCR7 mRNA expression potentially relies on the
hypoxic conditions within tumors [109]. The CXCR7-specific small molecule compound
CCX771 decreases the tumor growth in xenograft animals through inhibiting tumor-
associated angiogenesis [35]. In breast cancers, evidence from bioluminescence-based in
vivo imaging has suggested that CXCR7-expressing tumor cells regulate the release of
CXCL12 in the tumor microenvironment and enhance the growth of CXCR4-expresisng
tumor cells [110]. CXCR7-specific antagonist limits the growth of CXCR4-expressing
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tumor cells, suggesting CXCR7-dependent ligand scavenging potentially impact the roles
of CXCR4 in the tumor cells.

Niche-dependent signaling of CXCL12
Tissue-specific stem cells reside in anatomically defined microenvironments, or niches, that
are structurally composed of supportive cells, vascular network and extracellular matrix
[44]. The niche not only maintains a restricted population of stem cells but also instructs the
delicate balance of self-renewal and differentiation [44]. In Drosophila melanogaster, the
ovary microenvironment has been well characterized for germline stem cells [45], which
rely on adjacent somatic cells (such as terminal filament cells, cap cells and escort cells) to
maintain their stemness [45]. In mammals, the perivascular niche supports stem cell
maintenance across different tissues [46, 47]. Chemokines and in particular, CXCL12, is
readily identified in all vertebrates but not invertebrate species (such as D. melanogaster).
CXCL12 is a conserved signaling component of the stem cell niche that functionally
regulates stem cells. The important roles of CXCL12 in stem cell niches are summarized in
Figures 1–3.

CXCL12 in the bone marrow niche
Two locations, the osteoblastic and perivascular microenvironments, harbor HSCs in the
bone marrow [46]. In both niches, a subtype of supportive reticular cells, CXCL12-
abundant-reticular (CAR) cells (Figure 1), expresses high levels of CXCL12 [33, 48]. CARs
physically contact HSCs in the bone marrow niches [48]. In both pharmacological studies
and knockout (KO) mouse model studies, CXCL12-CXCR4 signaling maintains quiescent
HSCs, suggesting bone marrow niche-derived CXCL12 is necessary to establish the early
stem cell colony via regulation of HSCs homing from blood to bone marrow [33, 34, 49,
50].

CXCL12 in the neural niche
Two major types of niches that have been described in the adult rodent brain include the (i)
subventricular zone (SVZ) adjacent to the lateral ventricles, and (ii) the subgranular zone
(SGZ) located in the dentate gyrus (DG) of the hippocampus [47, 51]. In SVZ, the stem cell
niche for NSCs is composed of a highly-organized cellular microenvironment, including
astrocytes, ependymal cells and NSCs [47] (Figure 2A). NSCs extend a single small process
to directly contact the ventricle and also extend a long ciliated basal process to blood vessels
in the SVZ [52]. Besides the cellular microenvironment, a specialized vascular niche may
exist in the SVZ [53–54]. Cellular expression of CXCL12 and CXCR4 are mutually
exclusive during the early development of the ventricular zone supporting a paracrine
signaling paradigm [11, 55, 56]. CXCR4 is expressed by NSCs while CXCL12 is
predominantly expressed in the meninges suggesting that spatially restricted CXCL12
regulates the positioning of early NSCs (Figure 2C). In addition, CXCL12 increases NSC
proliferation in response to growth factors during early CNS development [11]. In the adult
SVZ, proliferating progenitor cells depend on vessel-derived CXCL12 to migrate from the
ependymal cell layer to the juxtavascular localization [9]. CXCL12 enhances the expression
of both epidermal growth factor receptor (EGFR) and integrin α6 – the dominant receptor
for the laminins – in NSCs, resulting in enhanced binding of NSCs to extracellular matrix
proteins on vessels (specifically members of the laminin family) [9].

The DG of the hippocampus also displays a complementary expression of CXCL12 and
CXCR4 [57]. CXCL12 is expressed in the meninges, Cajal-Retzius and dentate granule
neurons, while expression of CXCR4 is found in broad spectrum of cells, including radial-
glial-like cells in the DG. Transgenic studies with reporters driven by nestin (a marker for
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early NSCs and NPCs) or CXCR4 have demonstrated that nestin-expressing cells co-
localize with CXCR4 and glial fibrillary acidic protein (GFAP), a marker for both adult
NSCs and astrocytes [58, 59]. CXCR4 is also critical for embryonic hippocampal
development as evidenced by CXCR4 KO mice displaying abnormal DG development with
an aberrant migration phenotype [57, 60]. CXCR4-expressing NSCs may rely on niche-
provided CXCL12 signals to maintain their “stemness” or regulate the migration of their
neuronal progeny. These observations indicate functions of CXCL12-CXCR4 signaling on
NSCs in the DG (an alternative location for adult neurogenesis). Proliferating NPCs in the
DG exhibit a cluster behavior associated with the recruitment of endothelial cells and
vascular remodeling [51]. DG blood vessels may directly provide CXCL12 for NSCs or
NPCs as vessels are the main CXCL12 sources in the adult brain [43]. Neurons also provide
CXCL12 and potentially regulate the behaviors of NSCs or NPCs [57, 61]. DG neurons
directly synapse with proliferating nestin-expressing NPCs and CXCL12 is present in
synaptic vesicles [62]. NPCs receive both tonic and phasic GABAergic inputs. Both
transmission and growth-regulatory signals from GABAergic neurons can be enhanced by
CXCL12 [62].

CXCL12 in the neoplastic neural niche
Malignant gliomas are the most prevalent primary brain tumor and rank among the most
lethal cancers with current therapies limited to palliation [63, 64]. Gliomas display a cellular
hierarchy with self-renewing, tumorigenic cancer stem cells (CSCs) at the apex [75–81].
CSCs are resistant to conventional radiotherapy and chemotherapy [65–69], strongly
supporting the clinical significance for these cells. CSCs are enriched in the perivascular
niche (Figure 3) with specialized signaling promoting CSC maintenance through growth
factors, including vascular endothelial growth factor (VEGF) [70] and adhesion molecules,
such as integrin α6 [71]. Tumor vessels supply essential nutrients and oxygen to support
tumor growth with a dynamic process characterized by recruitment of peripheral endothelial
progenitors. Tumor-associated angiogenesis is considered to be a restriction point for tumor
growth beyond one mm in size.

In glioblastoma multiforme (GBM), expression of CXCL12 or CXCR4 positively correlates
with the increased tumor grade [73]. CXCL12-CXCR4 signaling facilitates tumorigenesis
through increased proliferation of tumor cells [73, 74]. In tissue culture experiments,
CXCL12 administration stimulates a significant proliferative response in tumor-related
progenitors but not in differentiated tumor cells [75]. Tumor-secreted CXCL12 recruits
peripheral endothelial progenitors to mitotic neovasculature, where the microenvironment
influences the differentiation of endothelial progenitors [76]. Consistent with these findings,
CXCL12 enhances the release of VEGF from CSCs, leading to tumor-growth-induced
angiogenesis [77]. These studies suggest that tumor-associated CXCL12 is an important
niche signal for the growth of GBM CSCs (Figure 3).

Activation of NSCs in neurodegenerative diseases
Permanent tissue injury represents the main pathological change that occurs in
neurodegenerative diseases. Both NSCs and the microenvironment adapt to these
pathological changes in the CNS of patients with neurodegenerative disorders and in
representative animal models (Table 1). During the course of neurodegenerative diseases,
damaged brain influences not only the maintenance of the normal NSC pool but also their
differentiation states. For example, several lines of evidence suggest that NSCs generate
partially-differentiated NPCs that are recruited to sites of focal tissue damage, enhancing the
endogenous tissue repair [78–89]. This stem cell-based tissue repair is summarized in Figure
2A (inset).
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Multiple sclerosis (MS)
MS, the most common inflammatory disease of the CNS, results in demyelination, gliosis,
axonal and neuritic injury, and ultimately loss of oligodendrocytes. Previous studies have
reported that both density and proliferation of NSCs in the SVZ are significantly increased
in MS patients [78]. Similar observations were obtained from an experimental autoimmune
encephalomyelitis (EAE) rodent model, which mimics the pathologic demyelination seen in
MS patients (Table 1). Abnormal NSC proliferation is found in the germinal zones of EAE
mouse brains and spinal cords [79, 80]. It has been suggested that partially-differentiated
NPCs migrate from the SVZ to damaged sites to generate new oligodendrocytes to repair the
damaged myelin sheath [81, 82].

Stroke
A stroke is a transient neurological injury, that can be subdivided into two major subtypes:
(1) brain ischemias, which are caused by thrombosis, embolism or systemic hypoperfusion,
and (2) brain hemorrhages caused by intracerebral hemorrhage or subarachnoid
hemorrhaging. Pathological changes have been widely described in the SVZ of both stroke
patients and relevant animal models (Table 1). Abnormal activation of astrocytes/microglia
affects neurogenesis [83] and increases cell apoptosis [83, 84] as observed in the SVZ of
stroke patients and models (Table 1). Tissue damage from stroke induces the migration,
proliferation and differentiation of NPCs [85–87].

Alzheimer’s disease (AD)
AD is the most common neurodegenerative disorder, primarily affecting older adults. The
pathogenesis of AD is associated with extracellular deposits of fibrillar β-amyloid (Aβ) in
plaques. In experimental AD animals, Aβ deposits impair cell proliferation, causing altered
neurogenesis in the SVZ/SGZ [88]. Mechanistic studies suggested that Aβ deposits deplete
the endogenous NSC pool through regulating the p75 neurotrophin receptor, leading to a
rapid decline in neurogenesis [89]. Familial AD (FAD) can be associated with mutant
amyloid precursor protein (APP) or mutated presenilin-1 (PS1) or PS2. The effects of
mutated PS1 on NSCs might be related to defective Notch signaling in these cells [90]or
microglial activation [91].

Preclinical studies relevant to stem cell-based therapy for AD patients are currently
underway, focusing on both animal models (Table 1) and in vitro cell cultures. In an AD
mouse model, transplanted mesenchymal stem cells (MSCs) rescue neuronal death caused
by Aβ deposition [92–94]. Transplanted MSCs attenuate Aβ-induced memory impairment
and apoptosis and mediate the processing of Aβ rather than the direct differentiation of
MSCs into neuronal cells [92, 93].

CXCL12-CXCR4 signaling in NSC-based tissue repair
In neurodegenerative diseases, a local vascular microenvironment is established in response
to damaged tissue, and CXCL12 from this vascular microenvironment influences local
pathogenesis in multiple ways. Since CXCL12 is important to NSCs and NPCs, CXCL12
may regulate NSC-based tissue repair (Figure 2A, inset). Consistent with this hypothesis,
some studies have found that CXCL12-CXCR4 signaling mediates NSC-based
remyelination through the regulation of NSC activation and recruitment of NPCs [95, 96].

CXCL12-CXCR4 signaling in demyelination
In cuprizone-induced demyelination animal models, which mimic the pathology of MS,
CXCR4 inhibition or silencing CXCR4 mRNA expression impairs the differentiation of
OPCs, resulting in failed remyelination [95]. Loss of CXCR4 function not only impairs local
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replacement of oligodendrocytes but also impacts NPC migration. This observation is
associated with an abnormal accumulation of NPCs in the SVZ of cuprizone-treated mice
[95], suggesting that delayed migration of NPCs could contribute to failed remyelination
(Table 1). Treatment with anti-CXCL12 serum decreases migration and proliferation of
implanted NSCs or NPCs and impaired remyelination in a hepatitis virus demyelination
mouse model [96]. Furthermore, blocking CXCR4 with antagonist AMD3100 decreased the
ability of implanted NSCs or NPCs for tissue repair [96]. These findings suggest that
CXCL12 is an emergency response signal for initiating endogenous NSC-based repair
(Figure 2B).

CXCL12-CXCR4 signaling in stroke
Similarly, CXCL12-CXCR4 signaling may be involved in NSC pathological activation
during a stroke. In rodent models with temporary middle cerebral artery suture occlusion
(MCAo), migration of transplanted NSCs or NPCs to lesion sites is directly dependent on
CXCL12-CXCR4 signaling [97]. Endothelial cells and perivascular astrocytes within
damaged tissue have been proposed as the sources of CXCL12, and injury-induced CXCL12
recruits endogenous NSCs/NPCs and peripheral stem cells as well [98]. In addition, other
factors may mediate CXCL12-CXCR4 signaling during the tissue repair. For example,
DETA-NONOate, a nitric oxide donor, directly up-regulates CXCR4 expression in
peripheral stromal cells and further increases their engraftment in MCAo injured brains [99].

CXCL12-CXCR4 signaling in AD
CXCR4 is up-regulated while CXCL12 is down-regulated in AD patients [100, 101].
Transgenic mice Tg2576 that express the human “Swedish” mutation in APP (APP695)
develop memory deficits and Aβ deposits [102], providing a useful model to study the
function of CXCL12-CXCR4 signaling in AD related diseases (Table 1). Both CXCL12 and
CXCR4 are down-regulated in Tg2576 mice perhaps related to the impaired learning and
memory caused by the dysfunctional DG [100]. In short-term voluntary wheel running
experiments, aged Tg2576 transgenic mice demonstrated improved spatial learning as
compared to sedentary controls and this corresponded with an increase in chemokines
CXCL12 and CXCL1 [103]. Chronic treatment of wild type mice with the CXCR4
antagonist AMD3100 selectively impairs learning and memory [100]. Therefore, inhibited
CXCL12-CXCR4 signaling in AD patients might impact the normal neuronal survival
advantage conferred by CXCL12. Pretreatment with CXCL12 in culture can significantly
protect neurons from Aβ-induced dendritic regression and apoptosis through activation of
AKT and ERK1/2 pathways [104]. Intra-cerebroventricular injection of Aβ reduces
dendritic length and spine density of pyramidal neurons in the hippocampus CA1 area, and
this deleterious effect can be significantly inhibited by direct application of CXCL12 [104].
These studies suggest that increasing the ambient CNS concentration of CXCL12 may be
considered as a strategy to treat AD patients, since CXCL12 is down-regulated in both
patients and experimental animals. Indeed, intracerebral administration of CXCL12 into the
brains of AD genetically engineered models enhances recruitment of mesenchymal stem
cells (MSCs), which significantly rescues the memory deficit although Aβ levels do not
change [105]. A NSC-driven tissue repair can be promoted by exogenous Aβ which
enhances the migration of NPCs [101]. However, whether CXCL12-CXCR4 is involved in
the Aβ-mediated migration of NPCs remains to be determined.

Perspective
Cellular-based therapies (either exogenous or endogenous) represent a promising
intervention for complex human CNS diseases. The successful development of stem cell-
based therapies relies both on the extent of our knowledge of stem cell replacement
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mechanisms for injured cells and extrinsic signals that are required for stem cell-based tissue
repair in order to instruct their functional integration. Activation of endogenous adult NSCs
in neurodegenerative diseases provides a unique model to explore these challenging
questions(Box 2).

Box 2

Outstanding questions

• What is the detailed distribution of CXCL12 in the normal vascular and the
niche?

• How does niche-dependent CXCL12 regulate the survival and maintenance of
endogenous NSCs or NPCs?

• Does niche-dependent CXCL12 regulate stem cell self-renewal and/or
differentiation?

• Does vascular CXCR7 balance the concentration of CXCL12? If so, how does
niche-dependent CXCR7 regulate the behaviors of endogenous NSCs or NPCs?

• How is pathologically-enhanced CXCL12 associated with the activation of
endogenous NSCs or NPCs during neurodegeneration, and what is the
underlying molecular mechanism?

• What is the mechanism of CXCL12-driven recruitment of endogenous NPCs to
injury sites?

• Is the CXCL12 signal directly involved in the proliferation, differentiation and
maturation of endogenous NSCs or NPCs after tissue damage?

Expression of CXCL12 is significantly upregulated in damaged tissues of patients with
neuroinflammatory, neoplastic, ischemic and neurodegenerative diseases. Pathologically-
induced CXCL12 facilitates the recruitment of peripheral endothelial progenitor cells to
lesion sites, consequently enhancing vasculogenesis which may promote repair of damaged
tissue or augment tumorigenesis, depending on the disease context. In this regard, a growing
body of evidence has shown that endogenous NSCs or NPCs express CXCR4 and depend on
niche-generated CXCL12. More importantly, these CXCR4-expressing NPCs can be
recruited from the stem cell niche to damaged tissue through long-distance migration. It
seems that the first two steps in NSC-based tissue repair (activation and migration) are under
partial control of CXCL12-CXCR4 signaling. Thus, CXCL12 may be a critical response and
homing signal for guiding stem cell-based tissue repair. Future studies directly modulating
this signaling axis in stem cell repair models of neurodegenerative diseases will be critical
for understanding homing, integration and repair processes.

Interrogating the roles of CXCL12 signaling in NSCs will extend our current knowledge
about the molecular mechanisms underlying the normal maintenance of NSCs in the niche.
Furthermore, studying CXCL12 and its cognate receptors will be helpful in isolating and
developing therapeutic stem cells for patients with clinical neurodegeneration. Moving
forward, the CXCL12 signaling pathway may provide targets to screen drugs that control
key steps in cell-based therapies.
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Glossary

Alzheimer’s disease
(AD)

is the most common neurodegenerative disorder, which primarily
affects older adults. The main clinical manifestations of AD are
learning and selective memory impairment due to neuronal death.
The pathogenesis of AD is related to the extracellular deposits of
Aβ, also known as neuritic plaques

Chemokines are chemotactic cytokines that functionally guide the migration
of leukocytes during normal and inflammatory conditions. Most
(if not) all chemokines are small (8–10 kilodaltons) secreted
proteins, that are classified into four subfamilies (CXC, CC, C or
CX3C). Binding of chemokines to their receptors (GPCRs)
induces G-protein mediated signaling pathways

Demyelinating
diseases

are caused by the loss of mature oligodendrocytes that normally
provide the myelin sheath to protect neuron axons in the CNS.
Occurrence of pathological demyelination is due to many factors,
including genetic mutations, infection, inflammation and
chemical toxicity

Experimental
autoimmune
encephalomyelitis
(EAE)

is an animal model for human CNS inflammation.
Neuroinflammation-mediated demyelination is the major
pathological change in both brains and spinal cords

Glioblastoma
multiforme (GBM)

is the most popular and aggressive malignant primary brain
tumor in humans. GBMs are resistant to clinical chemo- and
radio-therapies

G protein-coupled
receptors (GPCRs)

are seven-transmembrane (7TM) domain receptors. Binding of
ligand to a GPCR can induce G-protein-mediated down-stream
signaling pathways. A G-protein is composed of α, β and γ three
subunits. G-protein-mediated pathways directly depend on the α
subunit involved (e.g., Gαs, Gαi/o, Gαq/11, Gα12/13)

Multiple sclerosis
(MS)

is the most common autoimmune inflammatory disease that
results in the demyelination of the CNS. The pathologic features
of MS include multifocal demyelination due to the loss of mature
oligodendrocytes, peripheral infiltrated cells as well as neuronal
axon damage. The pathogenesis of MS remains unknown
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Figure 1. CXCL12 signaling in the bone marrow stem cell niche
Hematopoietic stem cells (HSCs) are maintained in a highly-specialized microenvironment
(niche) in the bone marrow. CXCL12-abundant-reticular cells (CARs) are completely-
differentiated and supportive cells in the bone marrow niche. CARs secrete the small
molecule chemokine CXCL12 [16, 24]. CXCL12 functions as a chemoattractant signal to
recruit peripheral HSCs from blood to the niche (a procedure referred as “homing”) [38–39,
43] and maintain their quiescent state in the perivascular niches [9–12, 43, 58]. HSCs
express CXCL12’s cognate receptor CXCR4 on their surface (see inset).
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Figure 2. CXCL12 signaling in the SVZ
(a) A stem cell niche in the SVZ is required to maintain the self-renewal and multipotency
of neural stem cells (NSCs). The perivascular space provides a microenvironment to
influence the normal roles of NSCs for adult neurogenesis. As suggested in previous studies
[9], vessels secrete CXCL12 and regulate the activation of NSCs, which constitutively
express CXCR4 receptors. In this hypothesis, NSCs are transformed from an original
quiescent state to an activated state. Activated NSCs partially differentiate into neural
progenitor cells (NPCs). In addition, vascular niches can be newly generated within damage
tissue in many neurodegenerative diseases (inset). These pathologically-associated vascular
niches may potentially provide inducible CXCL12 (green arrow) and form a gradient ligand
concentration (colored by green) to recruit NPCs or neuronal blast cells (NBs) to enhance
stem cell-based tissue repair (red arrow). (b) CXCL12 is critical for NSC engraftment in the
spinal cord in a JHM strain of mouse hepatitis virus (JHMV) mouse model. NSC
engraftment, as visualized by genetically-labeled green fluorescent protein (GFP) reporter,
was observed to be reduced in the presence of a CXCL12 blocking antibody (CXCL12 Ab;
bottom panels) as compared to a protein control (normal goat serum, NGS; top panels) [96].
Starting from implanted sites (middle panels pointed by arrow heads), GFP-NSCs migrate
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toward both rostral and caudal spinal cords. Each panel has 4μM distance. (c) CXCR4 is
expressed in early NSCs in vitro and in vivo as demonstrated using a CXCR4-GFP
transgenic mouse model. Panel i: GFP-NSCs co-express an early radial cell marker RC2
(clone RC2). Panels ii-iii: GFP-NSCs can be cultured and visualized under fluorescent
microscopy. Panels iv-v: GFP-NSCs can be enriched via flow cytometry-based cell sorting
(FACS) for sphere formation [11]. CSF (cerebrospinal fluid). Adapted, with permission,
from [96] (b) and [11] (c).
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Figure 3. CXCL12 signaling in the pathological niche (eg. brain tumors)
(a) In human glioma, cancer stem cells (CSCs) reside within a specialized microenvironment
– the perivasular niche - that is close to the vessels. CSCs rely on extracellular signals to
maintain their stemness and tumorigenic potential. CSCs may directly secrete CXCL12 in
order to regulate the growth of CSCs. Meanwhile, CSC-associated CXCL12 recruits
peripheral endothelial progenitor cells (ECs) and further enhances tumor angiogenesis. (b)
CXCR4 (green) is co-expressed with Sox2 (purple), a marker for glioblastoma CSCs, as
demonstrated by staining of human glioblastoma tissue sections and the counter-staining of
cell nuclei by DAPI [75]. Adapted, with permission, from 75 (b).
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