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Abstract

Cellular function and adaptive behavior is often driven by signals generated in response to the local
tissue microenvironment. Cell surface receptors that detect changes in extracellular matrix
composition and modifications to extracellular matrix components, are ideally positioned to provide
highly responsive sensors of changes in the microenvironment and mediate changes in cellular
function required to maintain tissue integrity. Receptors can act as “on/off” switches, but ligand/
receptor complexes that provide “rheostatic” control may be more sensitive, provide a more rapid
mechanism of control and allow for fine-tuning of cellular responses to the microenvironment.
Herein, we review evidence that transitions in the physiochemical properties of the extracellular
glycosaminoglycan hyaluronan and in the function of its major receptor, CD44, differentially regulate
ERK and Rac signal transduction pathways to provide critical rheostatic control of mesenchymal
cell proliferation.

Introduction

Mesenchymal cells were historically considered a scaffold that maintained the structure of
tissues and supported other cell types responsible for tissue function. However, the paradigm
has shifted so that mesenchymal cells such as smooth muscle cells, fibroblasts and
myofibroblasts are now appreciated for the essential roles they play in virtually every tissue.
Our growing appreciation of their contribution to organ function stems from our expanded
knowledge of mesenchymal cell biology including their dynamic nature, the diversity of their
origins, their phenotypic heterogeneity, their plasticity and their functional capacities. As for
a number of other cell types, many of the fascinating features of mesenchymal cells were
revealed by comparing their structural, genetic, phenotypic and functional parameters under
steady state or homeostatic conditions and under stress conditions imposed by tissue injury or
tissue malfunction. It is becoming increasingly evident that mesenchymal cells are endowed
with a remarkable capacity to sense changes in the local milieu when tissue integrity is
compromised.

Receptors expressed on mesenchymal cells act as sensors that alert the cells to changes in the
structure and composition of their environment including the surrounding extracellular matrix
(ECM). Interestingly, this cadre of sensors overlaps significantly with those expressed by
innate immune cells. On innate immune cells, these receptors, such as Toll-like receptors
(TLRs), scavenger receptors, and others, sense exogenous threats against host integrity by

Address editorial correspondence to: Richard K. Assoian, Ph.D., Department of Pharmacology, University of Pennsylvania School of
Medicine, 3620 Hamilton Walk, 167 Johnson Pavillion, Philadelphia, PA 19194-6084, Tel: 215-898-7157, Fax: 215-573-5656, Email:
assoian@mail.med.upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Puré and Assoian

Page 2

recognizing pathogens and pathogen-derived molecules that bind and mediate the signals that
activate phagocytosis and inflammatory host defense mechanisms [1]. However, recent studies
have revealed that these same receptors also bind to endogenous (or “self”) components
modified as the result of oxidative stress, inflammation, injury and tissue malfunction,
apoptosis or necrosis [1], thus expanding the role of innate immune cells to protection against
internal as well as external threats to host integrity. By analogy, a primary function of
mesenchymal cells may be to serve as sensors of tissue integrity and as first responders to
disruption of tissue integrity due to injury or organ malfunction. Consistent with this proposed
function, it has become clear that mesenchymal cells are critical not only to matrix remodeling
but are also active participants in the inflammatory response through, for example, the
expression of adhesion molecules, cytokines, chemokines, lipid mediators, and reactive oxygen
(ROS) and reactive nitrogen (RNS) species.

Here, we review the evidence that the cell surface receptor CD44 on mesenchymal cells acts
as an important sensor of changes in the microenvironment by differentially regulating
cytoskeletal dynamics and signal transduction in response to native and modified forms of its
major ligand, the ECM glycosaminoglycan hyaluronan (HA). We describe work indicating
that the functions of HA and CD44 change in normal homeostatic versus inflammatory
conditions, and that this change in function allows HA and CD44 to act as a biological rheostat.
The rheostatic control through CD44-HA interactions discussed here also illustrates the
intimate relationship between inflammation and the function of mesenchymal cells in
biological processes ranging from wound healing to cardiovascular disease.

Hyaluronan and CD44

The ECM is comprised of matrix proteins (such as collagen, fibronectin and vitronectin) and
several non-proteinaceous components. Hyaluronan is a glycosaminoglycan (GAG) that is one
of the major non-proteinaceous ECM components. It is distinct from other GAGs in that it is
non-sulfated and relatively simple non-branching polymer of repeating dissacharides of D-
glucuronic acid and D-N-acetylglucosamine linked via alternating B-1,4 and B-1,3 glycosidic
bonds. HA is especially enriched in pericellular matrices surrounding migrating and
proliferating cells during embryonic development, tissue repair, inflammation and
tumorigenesis [2]. HA influences proliferation, migration and adhesion of cells via interactions
at the cell surface where it binds to receptors such as CD44, RHAMM and layilin [3-6], or
remains associated with the cell surface as the result of retention of newly synthesized HA by
HA synthase, of which there are three isoform, HAS-1, HAS-2 and HAS-3. The most widely-
distributed form of HA in normal tissues is a high-molecular weight extra- and peri-cellular
polysaccharide, usually of several million Daltons (HMW-HA or native HA). HMW-HA forms
a highly viscous network important for molecular exclusion, flow resistance, tissue 0smosis,
lubrication and hydration. The structure of ECM also depends on the interactions of HA with
other extracellular macromolecules referred to as HA-binding proteins or hyaladherins, such
asversican, aggrecan and others. Importantly, at sites of inflammation, there is an accumulation
of lower molecular weight forms of HA (LMW-HA\) that are synthesized de novo or generated
by enzymatic degradation through the activity of hyaluronidases and oxidative hydrolysis of
HMW-HA [7]. The HMW- and LMW- forms of HA have different physiochemical properties
and may differ in their interactions with hyaladherins. In addition, the receptor-mediated effects
of HMW-HA and LMW-HA on cell behavior are clearly distinct. Most importantly, LMW-
HA has multiple proinflammatory effects not observed for HMW-HA. In fact, HMW-HA can
block the proinflammatory effects of LMW-HA [8]. As reviewed herein, the differences in
biologic activity of HMW- and LMW-HA are due to differential receptor-mediated signaling.

CD44 is a type | transmembrane glycoprotein encoded by a single gene and expressed as
multiple isoforms. The structural diversity of CD44 is generated by alternative RNA splicing
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as well as differential posttranslational modifications including glycosylation and the
attachment of glycosaminoglycans [9-11]. The HA-binding domain is present in all isoforms
of CD44. The gene for CD44 contains 21 exons of which 7 encode the extracellular domain
of the most common form of CD44, referred to as the “standard” or “hematopoietic” form. The
multitude of variant CD44 isoforms are generated by the insertion of up to 11 additional
alternatively spliced exons (V1-V11) into a single site within the membrane-proximal portion
of the extracellular domain [12].

CD44 is expressed by virtually all cells of neurectodermal origin. Under normal conditions the
majority of primary cells, except epithelial cells which express CD44E, express the standard
form of CD44, though cellular activation leads to expression of additional variant forms in
many cell types. Malignant derivatives of many cell types express variant isoforms although
recent evidence indicates that expression of CD44 is repressed with progression to metastatic
disease [13]. Interestingly, many primary cells, for example leukcocytes, do not bind to HA
(in spite of expressing ample amounts of CD44) until activated, while CD44 on other cells,
such as fibroblasts and smooth muscle cells, may be constitutively active as is the case on most
primary tumor cells. The transition to high affinity HA binding has been associated with
increased expression and receptor clustering of the standard form of CD44 or induction of
CDA44yv expression, although neither is required for HA binding, and with changes in
posttranslational modifications including phosphorylation, sulfation and glycosylation of the
receptor [14-20]. Thus, regulation of the CD44 binding affinity is one mechanism by which
CD44/HA interactions are controlled.

The function of CD44 depends on its cellular context. Some of the best documented functions
of CD44 are its role in leukocyte homing to sites of inflammation and its role in HA turnover
by mesenchymal cells. CD44 can also regulate cell proliferation and apoptosis in different

contextsand in a variety of cell types. Structural variations in CD44 might provide a mechanism
for modulating CD44 function: alternatively spliced variants or post-translationally modified
forms preferentially serve as docking/binding sites for MMPs and ECM proteins [21-24]. It is
not yet clear whether differential splicing of CD44 results in modification of receptor signaling.

We previously showed that the predominant form of CD44 expressed in vascular smooth
muscle cells (VSMCs) is the standard form of CD44 that includes none of the variant exons
[25]. Hyaluronan binds to CD44 and, as discussed below, can be coupled to the actin
cytoskeleton to mediate signal transduction. In addition to direct signaling, oligomeric
degradation products of HA transduce their inflammatory signal through Toll-like receptor 2
(TLR2), TLR4, or both, in innate immune cells (macrophages and dendritic cells) [26,27]. HA
binding to CD44 may also modulate growth factor receptor signaling [28,29]. Although
investigating the higher order interactions involved in initiating or modulating signals provoked
by HA binding to CD44 is a priority, we focus here on the downstream signaling induced in
mesenchymal cells by CD44-HA interactions independent of these added complexities.

Proliferation-associated effects of HA and CD44 on the actin cytoskeleton
and Rho family GTPases

The signaling pathways coupled to CD44 are not fully defined, but it is well established that
CDA44 provides an important connection between the plasma membrane and the cytoskeleton
and that reorganization of the cytoskeleton regulates both the ligand binding capacity of CD44
and CD44-mediated signal transduction. A linchpin of this connection appears to be the
interaction between CD44, ERM (ezrin/radixin/moesin) proteins and merlin [30,31]. CD44 is
also reported to bind to ankyrin in some cell types [32]. ERM proteins connect the cytoskeleton
to the plasma membrane by binding to actin and several transmembrane proteins. At least in
some cell types, the predominant species co-precipitated with ERM proteins is CD44 [33].
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ERM proteins exist in a dormant conformation that requires an activating phosphorylation at
T558 (based on the moesin sequence). This activating phosphorylation can be catalyzed by
growth factor receptors, PKC, or other kinases. Activated ezrin monomers or head-to-tail
oligomers associate directly with F-actin through a domain in its C-terminus, and with the
membrane through its N-terminal domain [33]. The association of ezrin with transmembrane
proteins can be direct, as in the case of CD44 (via a motif rich in basic amino acid residues in
the juxtamembrane region of CD44 [34]) or indirect through EBP50 [31].

Interestingly, the ERM-CD44 complex can affect signaling by Rho family GTPases. Rho GDP
dissociation inhibitor (Rho GDI) directly interacts with activated ERM proteins, resulting in
enhanced Rho activity [31]. In turn, Rho activity has been closely linked to organization of the
f-actin cytoskeleton [35,36]. The ERM-mediated interaction of CD44 with the actin
cytoskeleton and its stimulation of Rho activity can have important implications for integrin
signaling because Rho activity and an organized actin cytoskeleton is important for ligand-
induced integrin clustering and focal adhesion formation [37]. Disruption of the actin
cytoskeleton inhibits the integrin-dependent autophosphorylation of focal adhesion kinase
(FAK) at Y397, and consequently, the recruitment of Src to focal adhesion complexes [38,
39]. Thus, both integrin and Src signaling can be affected by changes in CD44-dependent
organization of the actin cytoskeleton. Hyaluronan and CD44 also regulate Rac activity. We
recently showed that the HMW form of HA efficiently inhibits Rac GTP-loading in VSMCs
while lower molecular weight forms of HA synergize with mitogens to stimulate Rac GTP-
loading [40]. In addition to CD44, Rho and Rac activities are regulated by growth factor
receptors and integrins. Recent studies have begun to identify synergistic effects of HA-CD44
and the PDGF receptor [41,28]. There has been continuing speculation about crosstalk between
CD44 and integrins, though this has yet to be directly demonstrated.

The effects of CD44 on Rho and Rac activity have important implications for the regulation
of cell proliferation. Rho-dependent organization of the actin cytoskeleton is associated with
the sustained activation of ERK, and sustained ERK activity has been closely linked to the
induction of cyclin D1 mRNA [42]. Rac signaling isalso required for cyclin D1 gene expression
[43] and the translation of cyclin D1 mRNA, at least in endothelial cells [44]. Thus, several
pro-mitogenic signaling pathways, especially those targeting cyclin D1 (viz., ERK, Rho and
Rac) can be regulated by CD44. Understanding the receptor proximal signaling pathways by
which HA binding to CD44 coordinately regulates these pathways and cellular proliferation
are major issues for future study.

Regulation of CD44 signaling by merlin phosphorylation

The ERM-related protein, merlin (also called NF2), interacts with CD44 in a phosphorylation-
dependent manner (Figure 1). The binding of hypo-phosphorylated merlin to CD44 is growth
inhibitory, presumably because merlin binding to CD44 displaces associated ERM proteins
[45]. Since merlin lacks the F-actin binding motif found in ERM proteins [30,31], its binding
to CD44 disrupts the linkage between CD44 and the cortical actin cytoskeleton. The CD44-
merlin complex antagonizes Ras-dependent activation of ERK as well as the GTP-loading of
Rac [46,47] (Figure 1). Hyper-phosphorylation of CD44-associated merlin leads to recruitment
of activated ERM proteins to the complex to form a growth permissive signaling complex
[45]. The details of merlin phosphorylation and dephosphorylation are not fully understood,
but PAK can phosphorylate merlin at S518 [48], and merlin dephosphorylation may be
catalyzed by a CD44-recruited phosphatase [47].
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Regulation of CD44 signaling by modulating the size of hyaluronan

A particularly intriguing way of regulating CD44 signaling is by controlling the size of its
major ligand, hyaluronan (see above). In primary VSMCs and fibroblasts, the binding of
HMW-HA to CD44 inhibits S phase entry in response to a strong mitogenic stimulus whereas
the binding of LMW-HA to CD44 stimulates progressions phase entry in response to a weak
mitogenic stimulus [49]. Moreover, as determined using both CD44-null cells and neutralizing
antibodies, the opposing effects of HMW- and LWM-HA on mitogenesis both require CD44.
Since inflammation is an important determinant of the size of hyaluronan, the bifunctionality
of CD44 has implications for several diseases (see below).

Our most recent studies show that the opposing cell cycle effects of HMW-HA and LMW-HA
result from differential regulation of CD44-regulated signaling pathways to cyclin D1 [40,
50]. HMW-HA binding to CD44 selectively inhibits the GTP-loading of Rac and Rac-
dependent signaling to the cyclin D1 gene while LMW-HA binding to CD44 selectively
stimulates ERK activation and ERK-dependent cyclin D1 gene expression (Figure 1). These
results describe a novel mechanism of growth control in which a ligand-receptor system
generates opposing effects on mitogenesis by differentially regulating signaling pathways to
a common cell cycle target. They also emphasize how a seemingly subtle change in matrix
composition, viz. the size of HA, can result in diametrically opposed effects on cell cycle
progression and proliferation.

A working model integrating the effects of CD44 on cytoskeletal dynamics
and cell proliferation

As summarized above, ERM proteins bind to CD44 and, at least in part, mediate the effects of
CD44 on organization of the actin cytoskeleton [31,30]. Hypo-phosphorylated merlin binds to
CD44 to displace ERM proteins from CD44, and this change in binding partners is thought to
mediate growth inhibition in response to HA (Figure 1). Although initial studies focused on
the ability of CD44-bound merlin to inhibit Ras signaling to ERK [45]), merlin also inhibits
Rac activation and signaling to PAK [47,51,52]. PAK has been reported to regulate cyclin D1
gene expression [53-55], and ectopic expression of merlin can inhibit the induction of cyclin
D1 [56]. Thus, the phosphorylation-dependent interaction of merlin with CD44 may explain
the anti-mitogenic effects of CD44 in VSMCs treated with HMW-HA (Figure 1). ERM binding
to CD44 can be restored by hyper-phosphorylation of merlin at S518, and this event may be
involved in the pro-mitogenic effect of LMW-HA (Figure 1).

Thus, based on the work of Morrison et al. [45], we hypothesize that hypo-phosphorylated
merlin is associated with CD44 in serum-starved VSMCs and that LMW-HA binding to CD44
leads to hyper-phosphorylation of merlin and the association of ERM proteins with CD44.
Based on the model in Figure 1, we predict that the addition of ERM to the complex would
eliminate the inhibitory effect of CD44-associated merlin on Rac activation. Moreover, the
consequent binding of ERM proteins to CD44 may be required for ERK activation [45-47].
Together, the ability to activate Rac and ERK would lead to optimal mitogenic signaling. It is
easy to envision how interactions between CD44 and RTKSs or integrins could also contribute
to ERK activity in this pro-mitogenic environment.

With regard to the anti-mitogenic effect of HMW-HA, we hypothesize that HMW-HA could
antagonize mitogen-dependent cyclin D1 expression by stimulating merlin dephosphorylation
(presumably through protein phosphatase (PP) recruitment [45], thereby enforcing merlin
association with CD44, dissociation of ERM proteins and the growth-inhibitory state (Figure
1). We have not detected an inhibitory effect of HMW-HA on ERK activity, but HMW-HA
inhibits FBS-stimulated Rac-activation, and Rac signaling regulates cyclin D1 mRNA levels
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in VSMC:s. In these ways, the CD44-merlin complex may serve as a molecular switch that
controls proliferation in conjunction with inflammation-associated changes in the size of HA.

CD44 as arheostat for cell proliferation

Under homeostatic conditions, HA exists in its native, high molecular weight form (Figure 2),
but lower molecular weights forms can arise from the action of specific hyaluronidases or from
oxidative degradation (Figure 2). The degradation of HMW-HA to LMW-HA occurs at sites
of inflammation (as seen in atherosclerosis, rheumatoid arthritis and tumorigenesis), and we
propose that this dynamic balance allows HA and CD44 to act as a proliferation rheostat (Figure
2). First, decreases in the levels of HMW-HA would reduce the anti-mitogenic effect of CD44.
Second, the consequent increase in the levels of LMW-HA would enhance the pro-mitogenic
effect of CD44. The rheostat would work, at least in part, by differentially regulating the ERK
and Rac signaling pathways to cyclin D1 as described above. Interestingly, ERK and Rac also
regulate cell migration, and deletion of CD44 has profound affects on actin stress fiber
formation and directional migration [57]. Thus, differential regulation of ERK and Rac
signaling by CD44 may affect cellular functions well beyond proliferation.

Projected biological relevance of a CD44 rheostat

Under homeostatic conditions, parenchymal cells reside in tissues in a relatively quiescent
state, dividing only as required to compensate for normal cellular turnover. Quiescence is often
thought of as a default state that reflects the absence of pro-mitogenic signals required to induce
proliferation. We have proposed, instead, that quiescence of VSMCs requires active signaling
by negative regulators of cell cycle progression. Key among these is the HMW-form of HA
that is present under homeostatic conditions and can counter-act the mitogenic effects of serum-
derived growth factors. Moreover, in association with vascular injury or malfunction, the
ensuing inflammatory response results in a shift in the prevalence of HMW-HA towards LMW-
HA that, in contrast, provides pro-mitogenic signals to VSMCs. The simultaneous loss of HA-
mediated anti-mitogenic signals and induction of HA-mediated pro-mitogenic signals provides
for rheostatic control that should be more sensitive and efficient than would be expected of an
“on/off switch” type of growth control. As recruitment of mesenchymal cell progenitors and
migration of resident mesenchymal cells also contribute to the expansion of local stromal cell
content following tissue injury, it is interesting to note that the HMW- and LMW-forms of HA
have been reported to differentially affect VSMC migration which may amplify the differential
impact of HMW- and LMW-HA on the response to tissue injury. It will be of considerable
interest to determine the degree to which these regulatory mechanisms are conserved in other
mesenchymal-derived stromal cells, such as fibroblasts which undergo activation in response
to injury during wound healing, fibrosis and cancer. If this is the case, then targeting the
signaling mechanisms that shift the balance of CD44-HA mediated pro- and anti-mitogenic
effects may provide a means to regulate the extent and duration of mesenchymal cell
proliferation following injury, thereby optimizing tissue repair and minimizing fibrosis or
scarring in a variety of pathophysiologic settings.
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Figure 1.

Working model showing how inflammation-associated changes in the molecular weight of HA
may regulate the phosphorylation of merlin, the association of ERM proteins, and the ERK
and Rac signaling pathways to cyclin D1, leading to rheostatic control of cell proliferation.

Cell Signal. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Puré and Assoian

Page 11

Injury (Tissue Mesenchymal cell response to Resolution/Fibrosis
Damage) injury (Scarring)
Inflammation
" VSMC CD44
2
% |CD44-mediated HMW-HA
O |Rac-1 inhibition
g Rac-1-independent
mitogenesis & CD44-
:0: LMW-HA mediated ERK activation

GF abundance/rac act -
Figure 2.

Working model of the interplay between inflammation, HA, CD44 and mitogenic signaling in
response to tissue damage or injury.
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