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CHAPTER 11

ADULT STEM CELLS AND THEIR NICHES

Francesca Ferraro, Cristina Lo Celso and David Scadden*

Abstract: Stem cells participate in dynamic physiologic systems that dictate the outcome of 
developmental events and organismal stress, Since these cells are fundamental to 
tissue maintenance and repair, the signals they receive play a critical role in the 
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the molecular pathways involved in their regulation. Yet, we understand little about 
how these pathways achieve physiologically responsive stem cell functions. This 
chapter will review the state of our understanding of stem cells in the context of 
their microenvironment regarding the relation between stem cell niche dysfunction, 
carcinogenesis and aging.

THE NICHE CONCEPT, DEFINITION AND HISTORICAL BACKGROUND

The stem cell niche is the in vivo microenvironment where stem cells both reside 
and receive stimuli that determine their fate. Therefore, the niche should not be 
considered simply a physical location for stem cells, rather as the place where extrinsic 
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cell-to-cell and cell-matrix interactions and signals (molecules) that activate and/or 
repress genes and transcription programs. As a direct consequence of this interaction, 
stem cells are maintained in a dormant state, induced to self-renewal or commit to a 
more differentiated state.
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and characterization of niche components was conducted in the invertebrate model 
of Drosophila melanogaster and Caenorhabditis elegans gonads.2,3 Examination of 
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these systems, characterized in less complex animals, has led to pivotal insights into 
understanding the more complex mammalian niche architecture. It appears that the 
fundamental anatomical components and molecular pathways of the niche environment 
are highly conserved among species, although their respective roles within the niche may 
show distinct variations. Therefore, it has been proposed that it is possible to identify 
common niche components that are associated with similar functions (Fig. 1).

The general niche model involves the association between resident stem cells and 
heterologous cell types—the niche cells. However, the existence of a heterologous cell 
type is not essential and components of the extracellular matrix (or other noncellular 
components) may determine the niche for stem cells. Notably, a niche environment may 
retain its key functions and properties, even in the temporary absence of stem cells (such 
as following stem cell depletion through radiation treatment) allowing recruitment and 
homing of exogenous stem cells to the pre-existing stem cell niche.

Conserved components of the niche are:

1. Stromal support cells, including cell-cell adhesion molecules and secreted soluble 
factors, which are found in close proximity to stem cells.

2. Extracellular matrix (ECM) proteins that act as a stem cell “anchor” and constitute 
a mechanical scaffolding unit to transmit stem cell signaling.

3. Blood vessels that carry nutritional support and systemic signals to the niche 
from other organs and also participate in the recruitment of circulating stem 
cells from and to the niche.

Figure 1. Representation of a stem cell niche: the stem cell niche is the place where humoral, neuronal, 
local (paracrine), positional (physical) and metabolic cues interact with each other to regulate stem cell 
fate. (Adapted from Scadden DT. Nature 441:1075-1079).
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4. Neural inputs that favor the mobilization of stem cells out of their niches and 
integrate signals from different organ systems. Neuronal cues appear to be 
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Given the profound effect of the niche environment on stem cell behavior, newer 
work is exploring how niche perturbations may cause stem cell dysfunctions, as it is seen 
in aging or neoplastic transformation.5-9

STEM CELL NICHE COMPONENTS

In the invertebrate model of Drosophila ovary, germinal stem cells (GSCs) 
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cells. During the process of asymmetric division, GSCs that physically contact cap cells 
through E-cadherin junctions retain their stem cell properties, whereas those cells that lose 
contact with cap cells differentiate into mature follicle cells. A similar system, driven by 
polarity cues, applies also for Drosophila testis, where two sets of stem cells, germinal 
stem cells (GSCs) and somatic stem cells (SSCs) are associated at the apical tip of the 
testis with hub cells. Daughter cells that detach from the hub initiate a differentiation 
program to become, respectively, spermatogonia and somatic cyst cells. In C. elegans 
225 germ cells are associated to distal tip cells (DTC) and they are maintained stem cells 
through signals from these cells.
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�����������mammalian tissues: hematopoietic 
system, skin, intestine, brain and muscle (Fig. 2).

In trabecular bone marrow, hematopoietic stem and progenitor cells (HSPCs) reside 
along the endosteal surface close to osteoblasic cells10,11 and in proximity to the blood 
vessels.12,13�<���	�������	�����	��	������������������
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components are niche elements. To date, data indicating a regulatory role for osteoblastic 
cells has several lines of support but a role for endothelium is less clear.10,11,14-16

In the skin, epithelial stem cells (ESCs) are found in the bulge area of the hair 
follicles.17����
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although critical regulatory cues derive from the dermal papilla. These stem cells are 
important in regeneration of hair follicles while scattered stem cells attached to the basal 
membrane that separates epidermis from dermis (basal keratinocytes) are involved in 
replacement of interfollicular epidermidis.18 Sebaceous glands are maintained by cells 
at the base of each gland,19 but their niche is still largely unknown.

In adult central nervous system,��	���
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the lateral subventricular zone (SVZ) and in the subgranular zone (SGZ) of the dentate 
gyrus within the hippocampus.20-22 Within these areas neural stem cells have been shown 
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astrocytes in SVZ and SGZ are able to give rise to neuroblasts and subsequently mature 
neurons. Located in close proximity to NSCs, endothelial cells are considered niche cells 
in the central nervous system.22

In the gut, intestinal stem cells (ISCs) reside in the bottom part of the intestinal crypt 
interdigitated between Paneth cells.23 The area surrounding the crypts is particularly 
rich of enteric neurons and blood vessels. Specialized mesenchymal cells also known 
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Figure 2. Stem cell niches. In this figure are shown vertebrate and invertebrate stem cell niches 
along with their identified components. GSC: germinal stem cell; HSC: hematopoietic stem cell; 
ISC: intestinal stem cell; SVZ: sub-ventricular zone; SGZ: sub-granular zone; GFAP: glial fibrillary 
acidic protein.
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cells for ISCs.24
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case the basal lamina may represent the niche for satellite cells.25,26

MOLECULAR PATHWAYS ASSOCIATED WITH NICHE FUNCTION
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cells and may exert their function either through paracrin effects or through neural output 
(neuro-endocrine effect).

Molecular pathways recognized to be important modulators of stem cell maintenance 
and function are redundant in different niches but have different roles according to the 
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growth factor (FGF), insulin growth factor (IGF), vascular endothelial growth factor 
(VEGF), transforming growth factor-alpha (TGF-alpha) and platelet derived growth factor 
(PDGF). Among these, BMP and Wnt signaling appear to be highly conserved controlling 
self-renewal and lineage commitment in both invertebrates and mammals.

Wnt/beta-catenin signaling may exert differential effects depending on the tissue. For 
instance, in the hematopoietic system27 and intestine28,29 Wnt/beta-catenin is an important 
mediator of self-renewal and proliferation of stem cells, while in the skin it promotes 
differentiation of hair follicole precursors.30-32 In mammalian brain, over-expression 
of beta-catenin through Wnt signaling leads to the expansion of neuronal stem cells 
populations.33

Bone morphogenic protein (BMP) signaling plays an important role in the control 
of D. melanogaster GCS expansion by repressing expression of bam,34 the mediator of 
cystoblast differentiation. BMP signals are also generated in Drosophila testis’ hub cells 
and are required for the control of GCS self-renewal. In the hematopoietic system, BMP 
plays an important role in control of HSC number11 while in the skin, BMP signals act 
opposite to Wnt signaling, inhibiting the activation of follicle stem cells and favoring 
epidermal cell fate.35,36 In central nervous system, BMP signals favor the differentiation of 
NSC towards astrocytes while the BMP inhibitor, Noggin, promotes a neurogenic fate.37 
Notch signaling pathways are required to maintain stem cells in undifferentiated states in 
most of these systems, however it triggers differentiation of epidermal progenitor cells.

In addition to the above-mentioned secreted proteins, other molecules such as ions, 
oxygen and reactive oxygen species (ROS) act on stem cells to affect their behavior. 
In bone marrow for instance, high calcium concentrations are found in proximity of 
the endosteal surface, the site of active bone remodeling where both osteoblasts and 
osteoclasts are found in close proximity. HSCs normally express the calcium sensing 
receptor (CaR) and its deletion results in HSC abnormal function leading to an impaired 
marrow engraftment.38 Further research indicates that HSC preferential localization 
follows a hypoxic gradient and also that ROS can lead to a premature HSC senescence.39 
These components are summarized in Table 1.
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EXTRACELLULAR MATRIX AND CELL-CELL INTERACTIONS

The ECM acts as a scaffolding system, in which stem cells, stromal cells and molecular 
cues are embedded. Its role is to retain the stem cells in place, to localize signals and to 
create gradients that guide stem cells in their processes of self-renewal and differentiation. 
Examples of these key properties are represented by beta-1 integrins that are expressed 
in various stem cells types, such as HSCs,40 skin41-43 and muscle stem cells44 and that 
mediates stem cells adhesion to matrix components, regulating stem cell maintenance. 
Deletion of beta integrins, however, do not lead to loss of marrow stem cells,45 suggesting 
that additional factors are involved in HSC localization.46,47 Tenascin-C is another ECM 
component expressed in the stromal compartment of the brain48 and bone marrow.49 In 
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Table 1. Summary of cellular and molecular components of known stem cell niches

Tissue Stem Cell Support Cell
Signalling 
Pathways Adhesion

C. elegans gonad GSC Distal tip cell Notch NI
D. melanogaster 
testis

GSC Hub cells JAK-STAT DE-cadherin, 
�-catenin

D. melanogaster 
ovary

GSC Cap cells, ESCs DPP-BMP DE-cadherin, 
�-catenin

D. melanogaster 
testis

CPC Hub cells JAK-STAT DE-cadherin, 
�-catenin

D. melanogaster 
ovary

ESC NI JAK-STAT NI

D. melanogaster 
ovary

FSC NI Hedgehog DE-cadherin, 
�-catenin

Mouse skeletal 
muscle

Satellite cells NI Notch �-1 integrin

Mouse bone 
marrow

HSC Osteoblastic cells, 
endothelial cells

Wnt, Notch, 
ANG1, OPN

�-1 integrin

Mouse small 
intestine

CBC ���
�������
������
Paneth cells

Wnt, BMP �-catenin

Mouse skin Inteollicular 
kerinocyte

NI Wnt, Shh, 
Notch

E-cadherin, 
�-catenin, 
�-1 integrin

Mouse skin Follicular bulge 
stem cells

�	���
��-
broblasts

Wnt, BMP �-catenin, 
�-1 integrin

Mouse brain 
(latral ventricle)

SVZ stem cells Vascular cells, 
astrocytes

Shh, BMP N-cadherin, 
�-catenin

Rat brain 
(hippocampus)

SVZ stem cells Vascular cells, 
astrocytes

Shh, Wnt N-cadherin, 
�-catenin

ANG1: angiopoietin-1; BNP: bone morphogenetic protein; CBC: crypt base columnar cell; C. elegans: 
Caenorabditis elegans; CPC: cyst progenitor cell (somatic stem cell); DPP: Decapentaplegic; 
D. melanogaster: Drosophila melanogaster; ECM: extracellular matrix; ESC: escort stem cell; FSC: 
follicle stem cell; GSC: germinal stem cell; HSC: hematopoietic stem cell; ISC: intestinal stem cell; 
�>�#�������=����	���`#����	���	����	���?_�#����	�
�������<��#���������
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STAT: Signal transducer and activator of transcriptions; SVZ: subventricular zone.
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morphogenetic protein- 4 (BMP4).48 In bone marrow, osteopontin (OPN) is another 
matrix glycoprotein that interacts with cell adhesion molecules expressed on HSCs, like 
CD44 and other integrins50,51 to facilitate HSC retention in their niche.

It has recently been reported that several mechanical characteristic of ECM, such as 
the grade of stiffness and elasticity, are involved in stem cell differentiation by means 
of affecting lineage commitment.52 This might be particularly important after tissue 
injury, where subsequent scar formation might negatively affect the ability of stem cells 
in repair activity.

As previously indicated in invertebrate models, cell-cell interactions via cadherins 
proteins and spindle cell orientation represent a well-established system through which 
cells can undergo symmetric cell division (self-renewal) or asymmetric cell division 
(commitment/differentiation).53,54 It has been suggested that the same system might also 
be active in the mammalian niche even though substantial evidence for this is still missing. 
For instance, preliminary studies have shown that N-cadherin facilitates the association 
between hematopoietic stem cells and osteoblasts,11 and that M-cadherin is involved 
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N-cadherin and M-cadherin in hematopoietic system and in muscles, respectively, does 
not translate into overt stem cell dysfunction in either system.56-58

STEM CELL NICHE DYNAMISM

Stem cell niches receive and mediate messages from the periphery about the 
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and adaptable.

In Drosophila, ovary niche cells can induce somatic stem cells to enter the niche and 
replace lost germline stem cells59 and testis niche cells can induce de-differentiation of 
spermatogonia if the niche needs to be replenished.60

In mammalian epidermis, bulge stem cells can migrate upwards and regenerate 
all epidermal compartments following injury, even though this involvement is only 
transient and during homeostasis they are only responsible for hair follicle maintenance.61 
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the induction of new dermal papillae and ectopic development of hair follicles, leading 
to the generation of new stem cell niches as well.62

In the Drosophila intestine and mammalian muscle it has been shown that differentiated 
cells feedback to stem cells inducing them to proliferate in response to injury.63,64

The mammalian HSC niche provides perhaps some of the most striking examples 
of niche dynamism in response to multiple stimuli. For example, it has been shown that 
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to proliferate. A wave of HSC proliferation follows the osteoblast one and the return of 
osteoblast numbers to normal accompanies HSC egression from the niche and mobilization 
to the peripheral blood.65 Moreover, the HSC niche is able to survive lethal irradiation, 
attract freshly transplanted HSC and regenerate itself and the whole hematopoietic tree 
thanks to complex molecular interactions interactions between osteoblasts, megakaryocytes, 
endothelial and perivascular cells.15,66 The chemokine CXCL12 (also called SDF1) has 
a crucial role in the HSC niche regeneration process as it is responsible for recruitment 
and retention of transplanted HSC and regulates neo-vascularization and survival of 
megakaryocytes and osteoblast progenitors.67-69
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The development of wound repair assays and of an enormous number of transgenic 
and knock out model organisms has allowed revealing the plasticity of numerous 
stem cell niches and studying the molecular mechanisms of tissue regeneration. More 
recently, the advancement of in vivo imaging technologies lead to direct visualization 
of transplanted hematopoietic stem cells reaching the bone marrow and initiating the 
engraftment process.70-73 The combination of in vivo cell tracking and precise stem cell 
and lineage marking is currently the most promising strategy to evaluate the dynamic 
response on adult stem cell niches to tissue injury.74 Further, setting of physiologic stress 
�����		���	��	�	
�
�	�������	������	���`���	����
��	�������	����
�������������	����	�
�����������������
��	

���	�������	
��������^����������	���������
�����	

�
����������
(e.g., hemoglobinopathies) can result in hematopoiesis occurring in ectopic sites like 
limph node, spleen and liver.

STEM CELL NICHE AGING

The aging process affects not only the stem cells but also their microenvironment. 
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self renewal and progeny production (see for example Drosophila intestinal stem cells75 
and mammalian hematopoietic stem cells).76 Works on Drosophila and mouse gonads 
demonstrated that stem cells do not age by themselves, but rather aged niches have reduced 
supportive properties.77-80 In fact, when mouse germline stem cells are serially transplanted 
into the testis of young mice they are able to maintain their function for years.80 Young 
hematopoietic stem cells transplanted into old recipient mice present an aged phenotype 
at least transiently.81,82 Moreover, young HSC transiently exposed in vitro to osteoblasts 
from old mice perform more similarly to older HSC in transplantation assays.9

The deregulation of local signaling pathways and accumulation of stress-induced 
damage, including reactive oxygen species (ROS), have been indicated as major 
causes of stem cell and niche loss of function during aging. Old niches appear to 
constitutively maintain damage response pathways and mechanisms, which younger 
niches activate only temporarily in response to injury. In this sense, niche aging might 
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regenerative potential.75,83-85 The same molecular pathways regulating young stem 
cell-niche interactions are still present in older niches, however signaling the latter is 
deregulated. Examples the Notch pathway in the Drosophila intestine83 and the Wnt 
pathway in mammalian muscle.6

Not only local, but also systemic factors play a role in stem cell and niche aging. 
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leading to stem cell and niche rejuvenation. Older mice exposed to younger systemic 
factors through parabiosis experiments (in which two animals are surgically joined and 
develop communal circulation) present rejuvenated muscle and hematopoietic stem cells 
and niches.6,9
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MALIGNANT STEM CELL NICHES

In the same way the microenvironment has a critical role in regulating stem cell 
function, the niche and niche alterations can play a role in the development of cancer. The 
idea that the microenvironment might be one of the factors involved in cancer development 
was proposed over one century ago.86 The role of local vasculature in the support of tumor 
growth has long been recognized87,88 and development of anti-angiogenic molecules has 
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2 and 4, suppressing epidermal cells differentiation and promoting local proliferation.90 
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promote tumor progression.91 Immune cells play a dual role in the regulation of cancer 
development. On one side they provide immunosurveillance and can actively remove 
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skewing local molecular signals towards a chronic stress-response, conducive to cell 
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now supportive of tumor growth.92,93

Moreover, as stem cells have been described to be the cell of origin of certain 
malignancies, it is likely that defect in their microenvironment could have contributed 
to their malignant phenotype. There are some examples of niche/microenvironment 
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knock out mice have been described to develop myeloproliferative or myelodisplastic 
syndromes which are not transplantable, but rather present again when the mice 
receive wild type bone marrow transplantation.94-96 For example deletion of Dicer1 in 
a select subset of mesenchymal cells, osetoprogenitors, results in the development of 
myelodisplasia and remarkably, acute leukemia. The leukemia had secondary genetic 
changes but had normal Dicer1. Further transplant of the leukemia was only successful 
if the recipient had deletion of Dicer1 in the marrow osteoprogenitors. Therefore, this 
niche can be the source of an initiating oncogenic event in cancer and be required for 
its maintenance.97

Recently, the application of the stem cell model to cancer naturally raises the question 
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whether they do so in competition with normal stem cells. The answer is complex and 
variable depending on the cancer analyzed. Human B cell leukemia cells transplanted into 
mice localize in the bone marrow following the expression pattern of SDF1 and therefore 
appear similar to normal HSC.13 However, it has been shown in a mouse model of chronic 
myeloid leukemia that malignant, but not normal HSC depend on CD44 function in order 
to localize to the bone marrow and give rise to leukemia,98 indicating the presence of 
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is likely that more aggressive and advanced stages of disease become independent from 
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microenvironment, in certain cases cytokines and other secreted factors produced by 
stroma cells have been shown to confer resistance to chemotherapeutic interventions.99,100 
The differential support of normal and malignant cells by niche alterations represents 
new promising area for research. If distinct sensitivity to niche signals exists then distinct 
sensitivity to niche signals can be exploited in therapy.
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Tumor progression can alter existing niches at the expenses of normal stem cells. 
For example, at advanced stages of disease leukemia cells in the bone marrow prevent 
normal transplanted HSC from correctly localizing in their niches and actively secrete 
SCF to form a new, inhibitory niche.101 Myeloma cells disrupt the endosteal HSC niche 
by secreting the Wnt inhibitor Dkk1.102

Invasive primary tumors secrete soluble factors that can act at long distances to 
induce premetastatic niches, which in turns will recruit tumor cells and support metastatic 
growth.103 For example, melanoma cells produce factors that activate hepatic stellate cells 
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��104,105 
Finally, normal niches can attract malignant cells with similar characteristics to the stem 
cells normally residing in the niche. This is the case of the bone marrow, where osteotropic 
cancers such as breast, ovarian, prostate and neuroblastoma metastatize to based on the 
SDF1-CXCR4 signaling axis.103

CONCLUSION

The stem cell niche concept has gained experimental support and conceptual complexity 
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stem cell niche offers the opportunity to target these cell communication networks and 
tailor the dynamics of normal stem cells to boost their ability to respond to injury as 
well as to manage the competitive advantage of malignant cells. The niche is a point of 
intervention still under-explored, that offers a uniquely drug-gable opportunity to affect 
regenerative medicine and anticancer treatments.
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