GlycoForum/GlycoScience/Science of Hyaluronan

1/14

| Hyaluronan as a regulatory component of
neural stem cell and progenitor cell niches

Introduction

The role of hyaluronan in the regulation of stem cells

Conclusions and perspectives

Acknowledgements

Authors' Profile

i;

|

l\ Larry S. Sherman: Dr. Larry S. Sherman is
a Senior Scientist in the Division of Neuroscience at the Oregon
National Primate Research Center and an Associate Professor in
the Department of Cell and Developmental Biology, in the
Neuroscience Graduate Program, and in the Program for
Molecular and Cellular Biology at the Oregon Health & Science
University. He has over 60 publications in the areas of
developmental neurobiology, glial cell biology, demyelinating
diseases, and neuro-oncology; serves on numerous research
advisory panels and grant review panels, and is a member of the
editorial board of the journal Glia. In 2007, Dr. Sherman was
elected Co-President of the Oregon Chapter of the Society for
Neuroscience.




GlycoForum/GlycoScience/Science of Hyaluronan

2/14

Kerstin Feistel: Dr. Kerstin Feistel is a
postdoctoral fellow in the laboratory of Dr. Larry Sherman at
Oregon Health and Science University. In 2003, she received a
degree in Biology from the University of Hohenheim in Stuttgart,
Germany. As a graduate student holding a fellowship from the
Boehringer Ingelheim Fonds, she worked with Professor Martin
Blum at the University of Hohenheim. Her PhD thesis focused
on the study of growth factor signaling during embryonic
left-right specification, for which she received her doctoral degree
in 2007. She is now studying the role of hyaluronan as a
signaling molecule in the neural stem cell niche in mouse
development and disease.

Introduction

The mammalian central nervous system (CNS) is comprised of a wide
variety of neurons and glial cells (astrocytes and oligodendrocytes) that
are derived from neural stem cells (NSCs). NSCs are a self-renewing
population of multi-potential cells that, in the embryonic nervous
system, are located adjacent to the lumen of the neural tube in a region
that becomes the “ventricular zone” (VZ; Fig. 1). NSCs also give rise to
progenitor cells that can persist as undifferentiated or immature
populations, which can later be recruited to replace dead or damaged
cells following injury or during the course of normal development and

aging 1+ 2.
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Fig. 1 Early development of the CNS. The CNS originates from the neural tube (shown on the left) while the
peripheral nervous system arises from the neural crest, a transient population of cells that migrate from the dorsal
neural tube. In the developing brain, the lumen of the neural tube becomes the ventricles where cerebrospinal fluid
flows. Adjacent to the ventricles is the ventricular zone (VZ) and, later, the subventricular zone (SVZ) where NSCs
reside. In the cerebral cortex, the neurons and glia that differentiate from NSCs in the VZ and SVZ migrate through
growing layers that come to include the intermediate zone (the future white matter), the subplate (SP) and cortical
plate (CP) that will include the deeper 5 layers of cerebral cortex, and the marginal zone (MZ), which contains
horizontal fibers and early neurons just below the pial surface of the brain. The VZ and SVZ both constitute NSC
niches where NSCs self-renew through symmetric cell divisions and differentiate through asymmetric cell divisions.

NSCs and progenitor cells persist in the adult mammalian CNS
throughout life. In the brain, these adult NSCs reside in both the
“subventricular zone” (SVZ) adjacent to the ventricles and in the dentate
gyrus (DG) located in a part of the brain called the hippocampus, which
is involved in learning and memory. Adult progenitor cells, which are
more restricted with regards to the types of cells that they can become,

are found throughout the brain and spinal cord 2.

In response to seizures, traumatic injury or ischemia, cells in the rodent
SVZ are induced to proliferate. They subsequently migrate into lesions
where they differentiate into neurons or astrocytes. Similar “activation”
of NSCs in the SVZ has been observed in demyelinating diseases that
are characterized by destruction of the myelin sheath, a structure that
wraps around nerve fibers and enhances their conduction velocities. In
rodent models of demyelinating diseases and in patients with multiple
sclerosis, NSCs from the SVZ and progenitor cells from other areas can
be recruited to demyelinating lesions. These cells can differentiate into
oligodendrocyte progenitor cells that mature into myelin-forming
oligodendrocytes 3-7. Similarly, progenitor cells outside the SVZ can be
recruited to lesions. However, in chronic, older lesions, NSCs and

progenitor cells fail to replace dead or damaged cells 812, Evolving
evidence supports the hypothesis that inhibitory signals in the
microenvironments of chronic lesions may prevent NSCs and
progenitor cells from repairing CNS lesions. Strategies that will
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promote CNS repair will therefore require an understanding of the
signals that regulate NSC and progenitor cell differentiation and
maturation, both during normal development and following injury.

Injury to the CNS is typically followed by a process called astrogliosis,
during which astrocytes undergo morphologic and metabolic changes
that include the formation of a “glial scar” that isolates damaged from
unaffected tissues. In addition, astrocytes have numerous homeostatic
activities that include the clearance of extracellular glutamate, the
maintenance of extracellular ion and fluid balance, free radical
scavenging, and the production of pro- and anti-inflammatory mediators

13, 14 Although these activities are highly beneficial to injured CNS
tissues, such glial scarring is often associated with failure of axonal
regeneration 15 and remyelination 16. Thus, although reactive astrocytes
may be required for the repair of less severe acute CNS lesions, the glial
scars seen in larger chronic lesions have long-term deleterious effects on
CNS repair.

Here, we review evidence that supports the hypothesis that hyaluronan,
a glycosaminoglycan that is widely distributed throughout the CNS both
in adults and embryos, regulates the maintenance of a variety of adult
and embryonic stem cell populations. We further postulate that the same
mechanisms by which hyaluronan regulates stem cell quiescence and
differentiation in stem cell niches may block progenitor cell
differentiation and maturation in the microenvironments of CNS lesions,
thus preventing the repair of the CNS.

The role of hyaluronan in the regulation of
stem cells

1. Hyaluronan is a component of non-neural stem cell niches

The structural and biochemical microenvironment that confers stemness
upon cells in multicellular organisms is referred to as the stem cell niche.
Stem cell niches exist in diverse organ systems in vertebrates but they
share general components such as a location in the proximity of blood
vessels, common sets of growth factors, and extensive extracellular
matrix. Hyaluronan may serve as a niche component for numerous stem
cell populations. For example, hyaluronan is abundant in skeletal bone

17 where it can influence the “stemness” of hematopoietic stem cells
(HSC:s; capable of reconstituting all blood cells) as well as
mesenchymal stem cells (MSCs; capable of reconstituting cells of
mesodermal origin other than blood cells). Both HSCs and MSCs
reside in specific locations within the bone marrow. Hyaluronan is

present on the surface of both murine and human HSCs 18; 19, A
functional role for this hyaluronan was demonstrated in a study
showing that 5-fluoro-uracil, a chemotherapeutic drug that induces bone
marrow hypoplasia and leucopenia, results in the loss of hyaluronan

from the HSC niche in mice 2. Remarkably, systemic injection of
hyaluronan into mice accelerated the recovery of hematopoiesis in these

animals 20, Similarly, when murine bone marrow cells were depleted by
irradiation, transplantation of HSCs expressing hyaluronan on their
surface led to higher survival rates than transplantation of cells not

expressing hyaluronan !°. The higher survival rates correlated with the
effect of hyaluronan on the lodging of HSCs to the endosteum, the part
of the bone shown to provide the niche microenvironment for HSCs.
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Consistent with these findings, pretreatment of HSCs with
hyaluronidase prior to transplantation decreased the number of cells

correctly lodging to the endosteum !°. The mechanism by which
hyaluronan promotes homing and lodging of transplanted stem cells
may involve the direct activation of cell signaling by hyaluronan in
HSCs. When hyaluronan on HSCs is bound by a hyaluronan-binding
protein, mimicking the lodging of HSC:s in the proximity of cells within
the niche, both proliferation as well as differentiation were profoundly
decreased 19. These results show that the expression of hyaluronan on
stem cells can strongly influence cellular behavior.

Hyaluronan is used therapeutically to promote regeneration following

cartilage damage 2! and polymerized versions of hyaluronan serve as
scaffolds for MSC grafts in wounds to enhance the production of

appropriate tissue 22: 23, The hyaluronan matrix ensures survival of the
grafted stem cells while successive breakdown of the hyaluronan matrix
by endogenous hyaluronidases is likely to release the contained cells to
let them contribute to tissue regeneration. Similarly, human embryonic
stem cells (hESCs) cultured in hyaluronan hydrogels remain
undifferentiated but regain the ability to differentiate upon enzymatic

removal of the hyaluronan matrix 2.

The influence of hyaluronan on HSCs, MSCs and hESCs highlights
that cells located in a hyaluronan-rich microenvironment experience
structural support from extracellular hyaluronan and acquire a quiescent
state with low levels of proliferation. This quiescence is concomitant
with prolonged survival and the maintenance of stem cell populations in
a manner that permits them to proliferate and differentiate when the need
arises.

2. Hyaluronan maintains neural progenitor cells in an
undifferentiated state

The role of hyaluronan in regulating NSC and progenitor cell
populations is slowly emerging from studies of both development and
disease. Hyaluronan is widely distributed throughout the developing
CNS. In the chick, hyaluronan is present in the developing VZ but
appears to be at highest concentrations in the intermediate zone (IZ; Fig.
1), which later gives rise to the white matter 25 However, in adult
animals, including mammals, hyaluronan is more diffuse in white matter
where it localizes around myelinated fibers. In gray matter, hyaluronan
accumulates around neuron cell bodies in perineuronal nets that have

been implicated in regulating neuronal excitability and plasticity 26-30.

The differences in hyaluronan localization and density may influence
NSC migration. There is extensive evidence supporting a role for
hyaluronan in regulating neural crest cell migration from the dorsal
neural tube (Fig. 1). The neural crest is a transient stem cell population
that gives rise to all of the cells in the peripheral nervous system (PNS)
as well as pigment cells in the skin (called melanocytes) and a variety of
other cell types. The cells that give rise to the PNS migrate through the
anterior sclerotome and form peripheral ganglia and nerves. Hyaluronan
can promote the separation of neural crest cells from the dorsal neural
tube, suggesting that it may be required for initiation of crest cell

emigration 31, Consistent with this finding, Ori and co-workers 32
found that morpholino-mediated loss-of-function of the Xenopus
hyaluronan synthase-2 gene resulted in the failure of trunk neural crest
cell migration. It is unclear whether hyaluronan is similarly involved in
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NSC migration either from the VZ or other germinal zones.

In addition to regulating neuronal function and cell migration,
hyaluronan may influence NSC and progenitor cell differentiation and
maturation. One of the first hints supporting a role for hyaluronan in

progenitor cell maturation came from Marret and co-workers 33 who
found that so-called O2A cells, which can differentiate into either
astrocytes or oligodendrocytes in vitro, fail to mature into
oligodendrocytes if the cultures were supplemented with hyaluronan.
Our lab subsequently demonstrated that hyaluronan accumulates in
chronic demyelinated lesions from patients with multiple sclerosis and
in mice with experimental autoimmune encephalomyelitis, a mouse
model of multiple sclerosis 16, Hyaluronan accumulation was also
observed in CNS tissues that ectopically express the hyaluronan
receptor CD44 under the control of a myelin-specific promoter, and

which demonstrate dysmyelination throughout the CNS 16: 34 and also
in rats with spinal cord crush injuries, which have significant
astrogliosis and demyelination 35, The highest density of hyaluronan
appears in completely demyelinated areas of lesions, while areas where

there is some remyelination have less hyaluronan 1°. We found that the
presence of hyaluronan either in vivo or in vitro blocked the maturation
of oligodendrocyte progenitor cells into myelin-forming

oligodendrocytes 16, thus supporting the hypothesis that hyaluronan
blocks remyelination by maintaining progenitor cells in an
undifferentiated or immature state.

NSCs may be influenced similarly by exposure to hyaluronan in stem
cell niches and in injury microenvironments, where they may synthesize
their own pericellular hyaluronan. The intermediate filament protein
nestin serves as a marker for embryonic neural stem/progenitor cells.
Interestingly, the same set of transcription factors indispensable for gene

activation at the nestin promoter, namely Sp1 and Sp3 3%, are involved
in the activation of transcription from the hyaluronan synthase-2

promoter 37. We recently examined hyaluronan expression in an in vitro
model of NSC niches to further ascertain whether NSCs make their
own hyaluronan. When grown in vitro, NSCs form “neurospheres” —
balls of cells that include both differentiated and undifferentiated
populations of neural cells, including NSCs that are maintained due to
their interactions with extracellular matrix and differentiated cells within
the sphere. In many respects, neurospheres recapitulate the NSC niche

environment in vivo 8. In Fig. 2, we show that the external portion of
these neurospheres, where the NSCs reside, is rich in hyaluronan not
unlike the VZ or SVZ. It is possible therefore that hyaluronan generated
by NSCs can itself maintain the stemness of NSCs the way it maintains
other stem cell populations discussed above.
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Fig. 2 Hyaluronan is synthesized by neural stem/progenitor cells cultured as neurospheres. NSCs were derived from
postnatal day 1 mouse brains and cultured as free-floating neurospheres. To visualize hyaluronan produced by cells in
the sphere, cells were incubated with a biotinylated hyaluronan-binding protein that was then detected using
streptavidin-coupled Cy3 (red). Nuclei were counterstained with Héchst 33342 (blue).

3. Hyaluronan may influence NSCs and progenitor cells in the
context of proteoglycans

Hyaluronan serves as a backbone for the formation of large
multi-molecular complexes with proteoglycans of the
aggrecan/lectican/hyalectin family. The core proteins of these
proteoglycans (termed aggrecan, neurocan, versican and brevican) have
conserved hyaluronan binding regions, which establish connections to
hyaluronan molecules. These connections are stabilized by link proteins
that bind both the hyaluronan chain as well as the associated
proteoglycan. Chondroitin sulfate proteoglycans (CSPGs) were detected

in the SVZ in mice *%> 4, and the aggrecan gene was shown to be
transcribed in the germinal zone of the perinatal rat brain 41,
Furthermore, neurocan protein has been detected immunocytochemically
in neural stem/progenitor cells cultured as neurospheres >% 40, and such
spheres express transcripts for aggrecan and brevican as well 39.
Interestingly, aggrecan and neurocan expression are downregulated after

culturing neurospheres for 14 days under differentiating conditions 3.
Together, these data demonstrate that aggrecan/lectican/hyalectin family
members are part of the NSC niche and that neural stem/progenitor cells
are capable of creating their own niche environment. Since all
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aggrecan/lectican/hyalectin proteoglycans have the ability to associate
with hyaluronan, these data strongly suggest that hyaluronan might play
a profound role in the composition and organization of extracellular
matrix in the NSC niche. Hyaluronan could indeed fulfill the function of
a “stemness” factor - either directly through activation of hyaluronan
receptors or indirectly by either “walling off” NSCs from
cell-cell-contacts or by mediating the activities of proteoglycans.

Contents

Conclusions and perspectives

Stern 4% proposed that the appearance of hyaluronan in the phylogenetic
tree might be correlated with the requirement arising in metazoan
animals for specialized niches separating pluripotential stem cells from
the remainder of terminally differentiated somatic cells. How could we
envisage such a compartmentalization in the developing and injured
CNS? The amount of brain-associated hyaluronan changes dramatically

during embryogenesis and through adulthood 43, and, as we have
discussed, following injury to the CNS. During development, these
quantitative changes are accompanied by dynamic changes of
distribution and association of hyaluronan with specific cell populations

during the neurogenic period 2> 44, Here, we have reviewed evidence
that hyaluronan itself as well as hyaluronan-binding proteoglycans are
expressed by neural stem/progenitor cells in vitro, and that
hyaluronan-binding proteoglycans localize to the NSC niche in vivo. It
thus seems very likely that during development, hyaluronan and
hyaluronan-binding proteoglycans become deposited around cells that
are committed to become NSCs.

Cells in the NSC niche of the adult rat brain are tightly surrounded by
structures termed fractones (Fig. 3), which represent finger-like
continuations of basal lamina originating from cortical capillaries that
reach into the SVZ 45. Basal laminae do not necessarily contain
hyaluronan, yet they have been shown to create a barrier for the

diffusion of free hyaluronan 46, Thus, in addition to hyaluronan linking
with proteoglycans, fractones might present a means to retain
hyaluronan in the niche to ensure the initiation and continuation of NSC
quiescence.
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Fig. 3 Schematic representation of fractones in the neural stem cell niche. Fractones (yellow) are laminin-rich
structures continuous with the basal lamina (yellow) of blood vessels (bv). They project into the subventricular zone
(SVZ) and terminate in tips closely associated with the multi-ciliated ependymal cells (e) lining the lateral ventricle.
Fractones are in direct contact with the stem and progenitor cells of the SVZ shown in blue (type B cells), green (type
C cells) and red (type A cells). In the neural stem cell niche shown here, Type A cells are proliferating neuroblasts
migrating rostrally to the olfactory bulb while type C precursor cells are stationary yet rapidly dividing cells. Type B
cells have astrocytic features and are considered the stem cells of the adult brain. They are dividing slowly and
ensheath migrating type A cells with extensive cellular processes (48). The presence of basal lamina and its proximity
to the cells in the SVZ could provide a scaffold for HA in extracellular spaces. Retention of HA in the SVZ could in
turn influence stem cell quiescence and HA processing upon external stimuli could induce stem cells to produce
rapidly dividing progenitor cells.

Regional differences in hyaluronan, both by itself and associated with
proteoglycans, may help dictate how and when NSCs leave the niche
and start to differentiate into neurons or glial cells. As cells differentiate
and come to reside in different regions of the CNS, they may enter
domains that have different quantities or qualities (e.g. sizes) of
hyaluronan which then influence their further maturation or function.
Cells may also upregulate their own expression of hyaluronan that
influences their behavior (e.g. in perineuronal nets). These distinct
potential functions for hyaluronan are illustrated in Fig. 4.
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Fig. 4 Hyaluronan regulates multiple functions of NSCs and differentiated neurons and glia. The top panel is an
example of NSCs in a niche (e.g. the SVZ) migrating into white matter. This migration and initiation of
differentiation may require that cells change the hyaluronan-based matrix around themselves by altering hyaluronan
synthase activity or hyaluronidase activity. In the diffuse hyaluronan matrix of normal white matter, these cells will
differentiate into oligodendrocyte or glial progenitors that stand ready to replace dead or damaged oligodendrocytes by
differentiating into myelin-forming oligodendrocytes. If cells encounter an area where there is extensive gliosis and an
accumulation of hyaluronan, they fail to mature into oligodendrocytes and cannot remyelinate areas of damage. The
bottom panel illustrates how cells may alter their pericellular matrix as they migrate and differentiate. NSCs in the
SVZ or VZ, for example, can be induced to differentiate into neurons through various signals in addition to signals
that alter the hyaluronan-based matrix, as above. Upon reaching their final destination in gray matter, neurons express
high levels of hyaluronan that contribute to peineuronal nets that are required for the maintenance of neuronal activity.
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We postulate that hyaluronan deposition might occur as a way of
limiting NSC and neural progenitor cell differentiation. This raises the
question of how hyaluronan synthesis and deposition are regulated in
NSC niches. One possibility is that hyaluronan synthesis increases
concomitant with the ongoing specification of NSCs. This would
require either enhanced production of hyaluronan by hyaluronan
synthases or an upregulation of the transcription/translation of
hyaluronan synthase genes. As noted above, transcription factors that
regulate at least one NSC marker also regulate the expression of a
hyaluronan synthase, suggesting that maintaining the stem cell state may
also promote hyaluronan accumulation in the niche. Our findings in Fig.
2 are consistent with this idea. Alternatively, hyaluronan production
might be constant over neural development but the breakdown of
hyaluronan or turnover of hyaluronan-binding proteins might decrease
specifically around neural stem cells in order to facilitate hyaluronan

accumulation. In support of this notion, Polansky and co-workers 47
found that hyaluronidase activity is elevated during early stages of chick
brain development then declines at hatching. It is possible, therefore,
that the balance between hyaluronan synthase and hyaluronidase
transcription and activity dictate how and when NSCs leave the niche
and whether or not cells recruited to sites of injury are able to contribute
to nervous system repair.

Another consideration is whether other enzymes that break down
hyaluronan into its constituent monosaccharides (D-glucuronic acid and
D-N-acetylglucosamine) are regulated the way hyaluronidases are in the
developing CNS and, in particular, by cells in NSC niches. It is
possible, for example, that NSCs themselves or other cells in the niche
express hyaluronidases that break down higher molecular weight forms
of hyaluronan into oligosaccharides that have their own distinct
biological activities. These questions, as well as understanding how the
activities of different groups of hyaluronan receptors influence NSC and
progenitor cell differentiation, are key challenges in defining how
hyaluronan regulates NSC behaviors in development and disease.
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