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Cell polarity
The missing link in skeletal morphogenesis?
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Despite extensive genetic analysis of the dynamic multi-phase
process that transforms a small population of lateral plate
mesoderm into the mature limb skeleton, the mechanisms
by which signaling pathways regulate cellular behaviors to
generate morphogenetic forces are not known. Recently, a
series of papers have offered the intriguing possibility that
regulated cell polarity fine-tunes the morphogenetic process
via orienting cell axes, division planes and cell movements.
Wnt5a-mediated non-canonical signaling, which may include
planar cell polarity, has emerged as a common thread in
the otherwise distinct signaling networks that regulate
morphogenesis in each phase of limb development. These
findings position the limb as a key model to elucidate how
global tissue patterning pathways direct local differences in
cell behavior that, in turn, generate growth and form.

Whether one is interested in studying the mechanisms by which
evolutionary processes modify form and function or in applying
tissue engineering methods to regenerative medicine, defining the
cellular mechanisms that generate tissue architecture and deter-
mining the relationship between tissue structure, morphogenesis
and function are important goals. The vertebrate skeleton is an
emerging model for these studies because of the advantageous
fact that many skeletal elements are generated from a single tissue
type, the hyaline cartilage, which is molded into highly diverse
shapes and sizes, both within an organism (e.g., femur vs. carpal
bone of the wrist) and between organisms (e.g., forelimb digits
of a human, a bat and a whale).! Likewise, the growth rates and
mechanical properties of each type of element are distinct, even
though the development of each element is regulated by a com-
mon signaling network. A particularly useful system for study-
ing the mechanisms that direct growth and morphogenesis is the
appendicular (limb) skeleton.
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The limb skeleton is a product of multiple distinct phases of
growth and morphogenetic events that begin with the outgrowth
of a small mesodermal population from the flank of the embryo
and end with mineralization of the growth plate cartilage at the
ends of the long bones. A unique challenge for the developing limb
is the extent to which directional growth must occur beyond the
torso. Spatial constraints and interactions with surrounding tissues
can place limits on the growth of bones in the head and torso. In
contrast, each limb develops independently from both the contra-
lateral limb and the rest of the body, yet during outgrowth the cor-
responding limbs are nearly identical in size. For example, lengths
of paired skeletal elements are equivalent (+ 3%) in 95-97% of
chick forelimbs.! The precision of this process is the result of a
tightly regulated signaling network that controls growth via regu-
lation of cell proliferation, cell death and cell size. How these gen-
erally isotropic processes give rise to directional growth has been
hotly debated, but recently several important breakthroughs have
demonstrated a crucial role for regulated cell polarity in defining
the vector and scalar components of limb skeleton growth.

Limb Skeleton Morphogenesis

The limb skeleton and associated connective tissue develop
from the somatopleure of the lateral plate mesoderm®? by
sequential application of three distinct growth and patterning
phases (Fig. 1). In the first phase, mesenchymal condensations
(thickened regions in the flank mesoderm) form at Hamburger-
Hamilton (HH) stage 16 in the chick and at embryonic day 8/9
in the mouse. Limb bud outgrowth begins at the cervical-tho-
racic and lumbosacral boundaries between HH stages 16 and 17
in the chick and at embryonic day 9 in mice.*> Outgrowth is
initially isotropic, but the distal tissue gradually thins in the dor-
soventral axis, while the anteroposterior axis expands to form the
distinctive paddle shape of the limb bud.*

In the second phase of morphogenesis, domains of limb mes-
enchyme condense and differentiate to form the cartilage anla-
gen of the future limb skeleton, while adjacent cells generate the
perichondrium, a pseudoepithelial layer that regulates cartilage
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are progressively more mature the closer they are to the ossified domain.

Figure 1. Three phases of limb skeleton morphogenesis in the chick. In Phase |, mesenchymal condensations (arrowheads) form in the lateral plate
mesoderm of the chick embryo. Limb bud initiation and outgrowth occur in Phase Il and are regulated primarily by the apical ectodermal ridge, the
zone of polarizing activity and the dorsal ectoderm. As the limb bud continues to elongate, the initially isotropic bud takes on a paddle shape with a
bias in tissue mass toward the posterior side. The green arrows indicate local vectors in tissue movement. In Phase lll, selective apoptosis delineates
the digits and cartilage condensation/differentiation occurs. Subsequently, the cartilage growth plates are established, and the process of chondro-
cyte maturation begins. This creates a skeletal element with a central, ossified domain surrounded by two growth plates containing chondrocytes that

growth and contains precursors of the bone-forming osteoblasts.®
Formation of limb cartilage occurs progressively, beginning
with the proximal elements (e.g., humerus) and ending with the
most distal elements (e.g., phalangeal elements of the fingers).”
Temporal order is also observed in the anterior-posterior axis as
the cartilage templates of the hands and feet develop, resulting
in sequential development of the digits.® At these early stages
of skeleton formation, the morphology of the cartilage grossly
resembles that of the final bony element.

In the third phase of morphogenesis, cells of the anlagen
differentiate into chondrocytes (cells that secrete the cartilage
matrix) and undergo a maturation process that establishes the
growth plate” The cartilage growth plate is, from this point
onward, the main driving force for bone elongation.” In the
growth plate, chondrocyte maturation occurs non-uniformly and
with a distinct polarity within the cartilage element, such that
cells closer to the center of the element are more mature than
chondrocytes nearer the joint surface (Fig. 2). Under either artic-
ular surface reside progenitor cells (resting chondrocytes) that
are elliptical and do not show obvious organization within the
cartilage matrix. During cartilage maturation, progenitor cells
are progressively recruited to a proliferative state that is charac-
terized by the formation of columns of discoid chondrocytes that
resemble stacks of coins." Subsequently, terminal differentiation
of proliferative chondrocytes occurs in two steps: prehypertro-
phy, in which cells exit the cell cycle and begin to increase in size,
and hypertrophy, when chondrocytes increase greatly in size and
prepare the element for ossification by secreting a distinct subset
of extracellular matrix proteins before undergoing apoptosis.”'?

Signaling Pathways Generate Tissue Polarity
in the Developing Limb

Directional outgrowth and local differences in skeletal mor-
phogenesis during limb development reflect developmental and
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structural polarities within limb tissues that are generated by
regional differences in cell signaling. During limb bud forma-
tion and elongation, tissue polarity is established along three
axes (anterior-posterior, proximal-distal and dorsal-ventral) by
the interactions of several signaling pathways. The proximodis-
tal axis is initially established when Hox genes initiate expres-
sion of fibroblast growth factor (FGF) and Wingless/int-1 (Wnt)
genes (that encode secreted signaling molecules) in the limb
field mesenchyme, which, in turn, activates FGF expression in
the overlying ectoderm.’>" Interactions between the mesoderm
and ectoderm of the limb bud induce formation of the apical
ectodermal ridge (AER), an epithelial structure that promotes
limb bud outgrowth and sequentially expands the cell popula-
tions that form distinct segments of the limb skeleton.” Distal
FGF signaling is opposed by proximal retinoic acid, a small mol-
!¢ Retinoic acid dif-

fuses into the limb bud and is degraded by distal mesenchyme

16-18

ecule produced by the flank mesenchyme.

cells, thus creating a proximal-to-distal morphogen gradient.
The importance of these morphogen gradients to limb pattern-
ing was recently underscored by in vitro studies demonstrating
that proximodistal identity is expressed when limb mesenchyme
cells experience retinoic acid signaling after leaving the dis-
tal FGF signaling domain."”?® However, although these signals
define the proximodistal axis, alone they do not promote limb
bud outgrowth.

Limb outgrowth is driven by cell proliferation that requires
FGF and Wnt5a signaling in the distal mesenchyme.?** This
distal domain depends on a feedback loop between a posterior
signaling domain in the mesenchyme, the zone of polarizing
activity (ZPA) and the AER. The morphogen Sonic Hedgehog
(SHH) produced by the ZPA maintains FGF4 expression in the
AER, which signals back to the ZPA to maintain SHH expres-
sion.”*» Together, these signals maintain function of the AER
and the undifferentiated, proliferative population of mesen-
chyme at the distal tip of the limb bud that are required for limb
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bud outgrowth. SHH secretion by the ZPA also forms a
concentration gradient across the limb bud, which pat-
terns the mesenchyme along the anteroposterior axis.®2¢%
Dorsoventral polarity of the limb bud requires expression
of WNT7a in the dorsal ectoderm and bone morphoge-
netic protein (BMP) signaling and is closely tied to AER
formation.?*

Following induction of skeleton formation, a new
signaling network is employed to establish and main-
tain tissue polarity in the cartilage template. Two key
signaling molecules at the foundation of this network
are parathyroid hormone-related protein (PTHrP) and
Indian Hedgehog (IHH).*% Opposing concentration
gradients of PTHrP (secreted by resting chondrocytes)
and IHH (secreted from prehypertrophic chondrocytes)
interact through a signaling feedback loop to regulate
chondrocyte maturation. IHH signaling promotes two
antagonistic processes in chondrocytes, proliferation
and hypertrophy (the terminal phase of chondrocyte dif-
ferentiation).***® THH signaling also promotes PTHrP
expression, which, in turn, maintains the pool of resting
chondrocytes and limits hypertrophy.®"**3” The output of
this central PTHrP/IHH feedback loop is modified by
the actions of other graded and regional secreted signaling
molecules, such as FGFs, Wnts and transforming growth
factorf/bone morphogenetic protein superfamily fac-
tors (TGFB/BMPs). Together, these signaling pathways
regulate the spatial and temporal properties of chondro-
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Figure 2. A schematic of growth plate architecture and key signaling pathways.
The cartilage growth plate found at either end of each limb skeletal element

is made up of four zones. Resting chondrocytes are elliptical and lack obvious
organization. As resting zone cells are progressively recruited to the prolifera-
tive zone, they form clonal columns of flattened cells. Terminal differentiation

is gradually achieved by entrance into prehypertrophy (in which cells exit the
cell cycle and increase in size) followed by hypertrophy (a further increase in
size prior to apoptosis). The size of these zones and the rate of chondrocyte

cyte maturation and thereby generate the characteristic
domain structure of the growth plate cartilage.

Cell Polarity Mirrors Tissue Polarity

maturation through each state are maintained by opposing signaling molecule
gradients of parathyroid hormone-related protein (produced by a subpopula-
tion of resting zone cells adjacent to the articular surface) and Indian Hedgehog
(produced by the prehypertrophic cells).

in the Developing Limb

Numerous genetic and surgical manipulations that perturb the
networks described above have demonstrated the importance of
short- and long-range signaling in establishing directional growth
as well as tissue polarity and tissue pattern. One important ques-
tion is how the unique signaling domains generated by graded
distribution of these secreted factors establish both the scalar and
the vector components of tissue growth. Early models proposed
that the limb bud was a mass of unordered mesenchyme that
was shaped via local differences in cell proliferation and cell-cell
adhesion.?® Indeed, this model might accurately represent the
earliest stages of limb specification after Hox genes designate an
area of the lateral plate mesoderm as a prospective limb field.**
At this stage, mesenchyme cells are characterized by increased
cell proliferation and greater tissue cohesiveness compared with
cells of the adjacent flank mesoderm.***" Damon, et al. propose
that the increase in limb bud cohesiveness and changes in the
mechanical response of the tissue to compression, both of which
occur in response to FGF8, together could explain the separation
of the two tissues and the initial budding of the limb.*> However,
as the limb bud elongates, mathematical models suggest that
regional differences in isotropic growth properties cannot easily
account for the observed morphogenetic process.*

www.landesbioscience.com

Although mesenchyme cells were not thought to be ordered,
recent evidence from quantitative histological analysis and live
imaging experiments suggests that specific oriented cell behaviors
might underlie anisotropic growth during skeletal development.
During limb bud formation, mesenchyme cells exhibit coordi-
nated bulk movement from the lateral plate mesoderm toward
the distal-posterior region.** Following formation of the AER,
mesenchyme cells at the margins of the bud move toward the
ectoderm.” At both stages, oriented cell movements and the asso-
ciated growth vectors roughly align with the long axis of the cell
and with the orientation of the mitotic spindle. Together, these
observations suggest that regulation of cell shape, oriented cell
division and directional cell movement might promote growth
and morphogenesis in the limb bud.*%

Likewise, oriented cell behaviors are evident in the growth
plate cartilage (Fig. 3). In the proliferative zone, cells are orga-
nized into clonal columns of flattened, discoid cells.!! From his-
tological sections, Dodds surmised that these columns form in
a two-step process from cells in the resting zone."" In the first
step, elliptical resting chondrocytes without oriented cell behav-
iors progressively flatten and display planar alignment of the
mitotic spindle and the cell axes.® In the second phase, daughter
cells that were displaced laterally by cell division reorient 90° to
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Figure 3. Model of chondrocyte column formation. Chondrocytes in
the resting zone are elliptical and do not exhibit a bias in the orienta-
tion of cell division. After being recruited into the proliferative zone,
however, chondrocytes demonstrate planes of cell division that are
perpendicular to the long axis of the skeletal element. The resultant
daughter cells then rearrange to form a clonal column parallel to the
long axis of the growth plate.

form a column parallel to the long axis of the skeletal element.!4

Interestingly, the organization of proliferative chondrocytes is
also evident at the subcellular level in the planar alignment of the
primary cilium of each chondrocyte at the center of the column.”
Thus, as in the limb bud, cartilage growth is associated with pla-
nar alignment of cell axes, oriented cell division and oriented cell
movements.

Wht5a regulates multiple steps in skeletal development. The
regulation of cell shape, alignment of division planes and oriented
cell movements are characteristics of skeletal formation from the
earliest stages of limb patterning through postnatal elongation
of bones. Such similar cell behaviors in these different structures
suggest the possibility that the distinct signaling networks in
each tissue regulate polarity through common effector pathways.
Recent papers have solidified a prominent role for Wnt5a signal-
ing in regulating oriented cell behaviors throughout development
of the limb skeleton.

Wnt5a was first identified as a morphogenetic factor in
the limb for its role in the regulation of cell proliferation. For
example, loss of Wnt5a function in mice decreases the BrdU
labeling index of limb mesenchyme and growth plate chon-
drocytes.”*® In chondrocytes, this effect on cell proliferation
was confirmed using immunofluorescence detection to show
a decrease in the cell cycle-promoting proteins cyclin A and
cyclin D and an increase in repressive proteins of the Rb fam-
ily, such as p130.”® In both the limb bud and in the growth
plate, reduced cell proliferation is accompanied by decreased
growth in the proximodistal axis, as well as altered growth in
other axes.
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An additional role for Wnt5a signaling in regulating cell mor-
phology and cell organization was evident from studies of the
growth plate cartilage. In Waz542 mutants, proliferative chondro-
cytes fail to adopt discoid morphology, and clonal expansion of
these cells does not result in obvious columns.*® Similarly, ecto-
pic expression of Wn#5a in the chick prevents flattening of pro-
liferative chondrocytes and column formation (Li and Dudley,
unpublished observations). One caveat is the potential for these
experimental approaches that perturb a particular signaling path-
way to alter the properties of proliferative chondrocytes by indi-
rectly affecting the tissue-level signaling network. However, the
presence of a similar cell morphology phenotype in the early limb
bud supports the idea that these effects on cell shape and axis
orientation are Wnt5a-specific. Thus, Gros et al. showed that in
the absence of Want5a function, limb mesenchyme cells adopted
an elliptical shape, and the long axis of the cell was not primar-
ily oriented toward the ectoderm. In fact, the change in cell
morphology from elongated to elliptical is a common aspect of
Whnt5a mutant phenotypes in mesenchymal tissues throughout
development.” Together, these observations suggest that Wnt5a
signaling is an important regulator of cell shape.

Wnt5a signaling is also important for orienting the division
plane and promoting directional cell movement/migration.
Thus, in Wnt52 mutants, limb mesenchyme cells show arbitrary
division planes and multidirectional cell movement that occurs
with low coherence between cells.”” Similar defects in cell move-
ment disrupt convergent extension in zebrafish mutant for Waz5
or Wnt11.9°" The Wnt pathway as a regulator of cell division
or cell movement has also been proposed in neurite extension as
well as in the division of neuroblasts in Drosophila and vulval
precursor cells in C. elegans’>
sions, activation of Frizzled receptors and the intracellular signal-

In some asymmetric cell divi-

ing molecule Dishevelled by Wnt ligands localizes a complex of
Pins/LGN, Mud/NUMA and the G protein G, among others,
to orient the mitotic spindle.*** However, it is not yet established
whether Wnt5a activates this pathway to regulate the presumed
symmetric divisions during limb development. Moreover, it is not
known whether orientation of cell division and cell movement/
migration in limb mesenchyme represent distinct roles for Wnt5a
signaling or if these events are a consequence of cell shape. It has
been known for over one hundred years that the mitotic spindle
orients in the plane of the longest axis of a cell, an observation
known as Sach’s and Hertwig’s rule.”> Modern three-dimensional
image analysis has confirmed this observation and has provided
mechanistic insights by demonstrating roles for cell-matrix adhe-
sion via integrin receptors and for tension on the cortical actin
cytoskeleton in determining cell shape and spindle orientation.’®
Thus, Wnt5a regulation of cell shape might bias the orientation
of cell division and cell migration rather than directly regulate
these processes.

How does Wnt5a signaling regulate cell polarity? Wnt
ligands activate multiple pathways that were historically cat-
egorized as canonical and non-canonical pathways.”” In the
canonical pathway, Wnt activation of Frizzled (Fzd) receptors
acts through the intracellular mediator Dishevelled (Dvl) to pre-
vent proteolytic degradation of cytosolic 3-catenin, which then

Volume 7 Issue 3



localizes to the nucleus to promote expression of target genes via
interaction with the TCF/LEF family of transcriptional regula-
tors. By contrast, the non-canonical pathways function indepen-
dent of B-catenin, though many act through Dvl. Depending on
the cellular context, non-canonical Wnt signaling can function
by regulating intracellular Ca?* and/or activating proteins such
as the GTPase Rac and the intracellular kinases Src, calcium/
calmodulin-depenent kinase II (CAMKII) or Jun N-terminal
kinase (JNK). These pathways regulate diverse cellular processes,
including cell polarity, dynamic organization of the cytoskeleton
and gene expression.”’

One non-canonical Wnt pathway that regulates cell polar-
ity is the planar cell polarity pathway (PCP; reviewed in this
issue).”8¢> PCP signaling is regulated by Fzd activity through
Dvl but also involves the actions of distinct core components
that include Vangll/2, four-pass transmembrane proteins that
interact with Fzd; Flamingo, a seven-pass transmembrane
cadherin; and Prickle, an intracellular protein. The net result
of PCP signaling is the integration of global patterning cues
(mediated in part through the atypical cadherins Fat and
Dachsous) to generate asymmetric distribution of Fzd activity
at the cell membrane. This is accomplished through differen-
tial localization of Fzd/Dvl and Vangl/Prickle and provides
directional information to orient subcellular structures, cell
morphology and cell movement. Output of the PCP pathway
is tissue-specific despite involvement of a common set of core
proteins. Thus, PCP signaling generates planar alignment of
both stereocilia in the inner ear and hairs on a fly wing as well
as promoting directional migration of neurites and cell inter-
calation at a midline that promotes axis extension (convergent
extension cell movements).

Currently, specificity of pathway activation is not thought to
reside in the ligand, but rather to depend on the presence of an
ever-increasing number of co-receptors (such as LRP5/6 and the
Ror and Ryk family receptor tyrosine kinases) and other inter-
acting molecules (e.g., the Sfrp family of secreted Wnt antago-
nists and Cthrcl).%% However, Wnt5a is largely regarded as a
non-canonical Wnt because of its effects on B-catenin activity. In
chondrocytes and many other cells, Wnt5a signaling alone does
not promote stabilization of B-catenin, but instead decreases
B-catenin activity induced by a canonical Wnt signal.”>”" While
these findings are important, they do not provide extensive
insight into the mechanism of Wnt5a action, because non-
canonical signaling is composed of diverse pathways. However,
evidence is now mounting that Wnt5a signaling via the Rorl/2
kinases is an important component in the vertebrate planar cell
polarity pathway (PCP), which regulates oriented cell behaviors
and directional cell movements in many tissues.”*”74

Several lines of evidence have implicated Wnt5a and PCP
signaling in oriented cell behaviors during limb skeleton devel-
opment. First, in the zebrafish, loss of Knypek (Kny) function sup-
presses convergent extension movements during gastrulation and
results in reduced elongation of particular cartilage elements in
the head.” Specifically, chondrocytes that are normally flattened
and stacked in columns, as in the growth plate, are obviously
rounder and show disorganized packing in Kny mutants. The

www.landesbioscience.com

net result is that mutant cartilage is shorter and wider than wild
type. Kny interacts with Wnzll (silberblick) in gastrulation and
with Wnt5 (pipetail) in axis elongation, two processes in which
mesenchymal cell movements are regulated by the PCP pathway.
Consistent with a model in which Kny plays a role in PCP, Kny
interacts with #rilobite (Vangl/Stbm) in convergent extension cell
movements.”®
Whnt5 (pipetail) in cartilage morphogenesis, suggesting that the
columnar organization of chondrocytes might result from PCP

78 Interestingly, Kny also interacts genetically with

signaling.”” Kny is a member of the glypican family of hepa-
ran sulfate proteoglycans that interact with multiple signaling
ligands, and therefore, the phenotype might result from pleio-
tropic effects on signaling pathways activated by other heparan
sulfate binding factors.” However, in the context of convergent
extension, Kny does not appear to regulate Hedgehog, fibro-
blast growth factor or bone morphogenetic protein signaling.”>”
Glypican-4, a homolog of Knypek, has also been shown to act in
conjunction with Wntl1 and Dishevelled to regulate convergent
extension cell movements in Xenopus via non-canonical Wnt
signaling.®® Interestingly, glypicans are anchored to the cell sur-
face by a glycosyl-phosphatidylinositol (GPI) moiety, and muta-
tions in Piga, an essential enzyme for GPI biosynthesis, produce
a Knypek-like phenotype in the growth plates of mice.?! Although
a specific role for glypicans in regulating cell polarity via Wnt
signaling has not been determined, genetic interactions suggest
that Kny might bind Wnt5 and Wntll, while other studies in
zebrafish provide evidence that Kny stabilizes Frizzled receptors
on the cell surface.

Second, experiments in the chick using a dominant-negative
Wnt receptor (dnFzd7) and a dominant-negative Dishevelled
(dnDvl) showed a cell autonomous requirement for Wnt signal-
ing to orient division planes and to generate columns in prolifera-

tive chondrocytes.*

Neither gain nor loss of B-catenin function in
chick or in mouse, respectively, prevent column formation, sug-
gesting that non-canonical Wnt signaling, rather than canonical
Whnt signaling, regulates oriented cell behaviors in proliferative

chondrocytes. ®

81 Failure to align division planes and organize
into columns in dnFzd7- and dnDvl-expressing chondrocytes is
likely the result of interfering with PCP signaling because intro-
duction of a point mutation analogous to the Drosophila mutant
dshl (which specifically interferes with PCP signaling) into the
C-terminal DEP domain rendered dnDvl inactive. 63

Third, recent work demonstrated dose-dependent genetic
interactions between the secreted ligand Wnt5a, the receptor
tyrosine kinase Ror2 and PCP pathway gene in developing dig-
its.”” Moreover, asymmetrical membrane localization of Vangl2,
a hallmark of PCP in epithelial sheets, is disturbed in the devel-
oping radius, ulna and digits of Wnz52 and Ror2 mutants.”
Together, these findings strongly suggest that Wnt5a, Ror2 and
Vangl2 are important in skeletal development but fall short of
defining a single pathway, since observation of genetic interac-
tions is also consistent with models composed of parallel path-
ways. Going from genetic interaction to detailed mechanism
requires precise biochemical tools. Recently, Gao et al. produced
a major breakthrough that could provide robust tools for the
analysis of PCP signaling in the developing skeleton and other
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mesenchyme-derived tissues.”” Building on results from genetic
studies, these authors showed that Ror2 and Vangl2 form a stable
complex on the plasma membrane in transfected cells. Within
this context, Wnt5a/Ror2 promotes phosphorylation of Vangl2.
Multiple potential serine/threonine phosphorylation sites exist
in two clusters in the N terminus of Vangl2. Mutagenesis stud-
ies showed that serines 82 and 84 in cluster I and serine 5 in
cluster II are important “seed” residues that are required for
achieving more than basal levels of Vangl2 phosphorylation.
The full extent of Vangl2 phosphorylation is crucial for PCP
signaling, as shown by the potency of different alanine mutants
and glutamate-based phosphomimetics in rescuing convergent
extension cell movements in #rilobite (Vangl2) mutant zebrafish
embryos. Finally, and perhaps most importantly, Wnt5a signal-
ing enhanced Vangl2 phosphorylation in a dose-dependent man-
ner that required Ror2.”° Together, these data provide very strong
evidence that Wnt5a acts through a Ror2/Vangl2 complex to
regulate oriented cell behaviors via the PCP pathway and provide
important biochemical tools to analyze PCP signaling in vivo.
Why polarize cells in the developing limb? A commonal-
ity between limb bud development, digit elongation and growth
plate function is the correlation between cell polarity and growth.
Thus, in each system, experimental manipulations that alter cell
shape, cell arrangement or oriented cell movement also alter
growth vectors and result in limb structures that are shorter and
wider (thicker) than in wild type. For example, in the growth
plate, loss of oriented cell behaviors leads to loss of proliferative
column structure and generates bones that are reduced in length
and greater in width.**®" One simple model derived from these
observations is that oriented cell behaviors provide a driving force

46,84

for tissue elongation in the developing skeleton,*** analogous to

a model previously proposed for events in zebrafish gastrulation.®

In the context of the limb, this model has only been empiri-
cally tested in the growth plate, a tissue in which precise mea-
surements of elongation have been performed. Growth rate is
a measure of the increase in tissue mass per unit time along a
defined axis. In the growth plate, cell proliferation (number of
chondrocytes per column) and hypertrophy (cell size) are two
factors that influence growth rate. Of these two, hypertrophy is
more significant, since the height of chondrocytes increases by
4-fold in the transition from proliferation to hypertrophy.*® In
fact, studies of cartilage growth demonstrated a linear relation-
ship between the growth rate of long bones and the volume of
hypertrophic chondrocytes.”” This correlation was consistent in
the growth plates of various bones throughout the limb, includ-
ing those that that grow at different rates, supporting the idea
that hypertrophy generates the driving force for bone elongation.

If hypertrophy rather than column formation drives bone
growth, then what is the relationship between column integrity
and bone elongation? One perspective is that column formation in
discoid proliferative chondrocytes serves to maximize cell density
in the longitudinal axis while regulating cell density (i.e., column

number) in the lateral axis.*

The net effect of this arrangement is
to constrain the growth-promoting effects of hypertrophy to the
longitudinal axis. Similarly, although chondrocytes of the elon-

gating digits do not appear to form columns and do not undergo
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hypertrophy in the early stages, cell polarity might still play a role
in digit lengthening. The maintenance of cell shape and orienta-
tion of cell division could generate a driving force for digit elon-
gation, even if together these cell behaviors simply limit lateral
expansion of the developing digit cartilage. However, additional
studies will be required to determine if growth is the primary
output of oriented cell behaviors in developing digits.

Unlike in cartilage, in which cell division and cell movement
occur in orthogonal planes, cell shape, cell division and cell migra-
tion all occur in the same plane in the early limb bud, an obser-
vation consistent with a direct role for cell polarity in promoting
outgrowth. As the limb bud emerges from the flank, oriented cell
divisions and the associated bulk movement of mesenchyme cells
to the posterior-distal region could populate the early bud with
mesenchyme and promote outgrowth.® As the limb bud elon-
gates, dynamic local fine-tuning of cell polarity could then shape
the emerging limb by defining the vectors along which tissue
expansion occurs. Although this simple, elegant model is appeal-
ing, there is no compelling reason to assume that all oriented cell
behaviors in the early limb bud must contribute directly to the
vectors of tissue expansion. In fact, several lines of evidence are
difficult to reconcile with this model. For example, only cells in
the distal region of the limb bud show oriented cell behaviors that
are aligned with the primary vector of growth (distal).® Cells in
the dorsal and ventral regions are oriented toward the overlying
ectoderm and roughly orthogonal to the proximodistal axis
(Fig. 4). While it is possible that this reflects different growth
vectors in different regions of the limb bud, cell lineage analyses
have not uncovered a predominant dorsal-ventral expansion of
clones in the proximal limb bud, and it is not clear how outward
directed cell movements could lead to thinning along the dorsal-
ventral axis at later stages of development.*”*” One model consis-
tent with the observed cell orientation is that cells in the dorsal
and ventral domains undergo convergent extension-type cell
movements that promote cell stacking in the proximodistal axis
to drive limb bud elongation. Unfortunately, the random label-
ing methods used by Gros et al. are not amenable to the analysis
of nearest neighbor interactions that drive convergent extension
movements, and the narrow window of observation is insufficient
to determine quantitatively if the rate of limb outgrowth is pro-
portional to the rate of cell migration into the dorsal and ventral
domains.* Therefore, further analysis will be required to validate
this model in limb outgrowth.

As an alternative to generating forces for growth, the planar
alignment of cells in the dorsal and ventral regions could estab-
lish unique cellular domains that differ in mechanical proper-
ties. For example, it is apparent from the images of Gros et al.
that cells in the different regions of the limb bud display distinct
morphologies (Fig. 4).” In particular, cells in the dorsal and ven-
tral domains appear more spindle-like and show more organized
packing than cells in the central and distal domains. Cells in
the central domain appear rounder with fewer and less active
protrusions than cells in the distal domain. This distinction is
important, because cells in the central domain will presumably
form chondrocytes; cells in the distal domain are mesenchymal
progenitors, and cells in the dorsal and ventral domains do not
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contribute to the cartilaginous skeleton, though they probably
contain precursors of connective tissue, such as tendon. In this
case, stacking of dorsal and ventral cells might serve to separate
these domains from the prechondrogenic mesenchyme of the
central region. An alternative, but not mutually exclusive, pos-
sibility is that stacking of the dorsal and ventral cells provides
a mechanical barrier to direct forces generated by mesenchyme
growth distally and prevent retrograde movement of the rapidly
expanding distal mesenchyme population (which would pro-
duce isotropic growth). In this way, local differences in tissue
structure would promote distal extrusion of a highly prolifera-
tive mesenchyme population, much like toothpaste from a tube.
This model would suggest that constriction of the dorsal-ventral
axis as the autopod (future hand/foot) develops could result from
narrowing of the “spout” by changes in the structure of the dor-
sal and ventral domains. Finally, stacking of dorsal and ventral
mesenchyme could also double as physical barriers that restrict
migratory tracts for ingressing cells of the nervous and vascular
systems.

Unanswered Questions

It has been said that good experiments yield more questions than
answers. Clearly, great gains have been made recently in elucidat-
ing the cell biological mechanisms of skeletal growth and mor-
phogenesis and establishing a link between cell polarity pathways
and skeletal growth. However, it is also important to acknowl-
edge that many unknowns exist that could fundamentally alter
the models on which future directions are founded.

Do skeletal phenotypes result directly from cell polarity
defects? There is now extensive data in the developing limb show-
ing that cells exhibit oriented behaviors; that Wnt5a signaling
regulates these behaviors, and that disturbing oriented behaviors
results in growth defects. Moreover, there is compelling evidence
that Wnt5a signaling through a Ror2-Vangl2 complex regulates
oriented cell behaviors in the developing skeleton. For example,
biochemical analysis demonstrates that Wnt5a regulates Ror2 to
promote phosphorylation of Vangl2, and loss of Ror2 function
reduces or eliminates asymmetric localization of Vangl2 in the
early limb skeleton.”” Furthermore, the increase in severity of
the limb phenotype in Rorl/Ror2 double mutants suggests that
a substantial fraction (but perhaps not all) of Wnt5a signaling
in limb development occurs through Ror receptors.”® However,
it is also important to note that in addition to regulating cell
polarity, Wnt5a signaling also regulates other processes, such as
the cell cycle.” This is important, because it was previously estab-
lished that formation of cartilage primordia requires a threshold
number of progenitor cells, and that growth potential is related
to the initial primordium size.”"*> Thus, defects in mesenchyme
proliferation and/or cell polarity in the limb bud could result in
decreased growth and altered morphogenesis of mutant skeletons
independent of a direct role for PCP signaling.

To what extent, then, are the growth defects directly related
to Wnt5a/Ror/PCP-induced changes in cell shape/polarity? In
other PCP models, such as the inner ear, the loss of Vangl/2 func-
tion presents a more severe phenotype than mutations in Wanz5a4

www.landesbioscience.com

Figure 4. This schematic summarizes data compiled from the images
of Gros et al.* Mesenchymal cells in different regions of the developing
chick limb bud exhibit distinct morphologies. Cells in the dorsal and
ventral domains (green dashed boundaries) appear more spindle-like
and organized than cells in the central and distal domains (orange and
red dashed boundaries, respectively). Cell division and cell migration in
the dorsal and ventral domains are aligned to the ectoderm (blue line).
Cells in the central domain appear rounder with fewer and less active
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protrusions than cells in the distal domain.

or Ror2.7%°%% In the context of the limb, by contrast, loss of Ror2
or Vangl2 function individually results in a substantially weaker
phenotype than observed in W5z mutants.”® Although Ror2
and Vangl2 interact genetically in the limb, the double-mutant
phenotype is not equivalent to that of W5z mutants.”*"*%
Whether these differences can be explained by redundancy, as
shown for Vangll and Vangl2 in the inner ear,’® remains to be
determined. However, the available data leaves open the possi-
bility that the terminal skeletal phenotype results in part from
actions of Wnt5a in the early limb bud and/or Wnt5a signaling
through alternative pathways in addition to PCP.”°

If Wnt5a function is a summation of the effects of multiple
pathways, one possibility is that Wnt5a interaction with distinct
receptor complexes activates different downstream pathways.
Wnt5a might induce distinct signals when bound to the cognate
receptor of the Frizzled family as opposed to Ror2 or as a result of
interaction with different co-receptors such as Cthrcl, Dickkopf
or glypicans.®”’>% Alternatively, crosstalk with other Wnt path-
ways could modify the Wnt5a/PCP signal. For example, asym-
metric Wnt/PCP signaling could arise from the interaction of
multiple signaling complexes and/or from cross-regulation by
non-Wnt pathways. In C. elegans, opposite orientation of cell
division generates vulva precursor cells (VPC) that display
mirror-image symmetry. This arrangement of VPCs is depen-
dent on two distinct Wnt regulated pathways. First, “ground”
polarity is established in both cells by EGL-20 (Wnt) signaling
through CAM-1 (Ror-like kinase) and VANG-1 (Van Gogh/
Vangl). Second, MOM-2 and LIN-44 (two WNT molecules)
expressed in the VPCs signal through LIN-17 (Fzd) and LIN-18
(Ryk tyrosine kinase) to reverse the orientation of cell division in
the posterior VPC cell division relative to the anterior cell via a
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B-catenin-dependent pathway. This specific example of crosstalk
could occur in the limb mesenchyme but is not likely to func-
tion in the growth plate, since defects in canonical Wnt signal-
ing do not block chondrocyte column formation in the growth
plate.®
tant roles exist for Ryk or for the PCP-associated tyrosine kinase

8t However, it remains to be determined whether impor-

Ptk7 in modulating the non-canonical Wnt signal during limb
development.”®”

Is cell polarity in the limb regulated by Wnt5a gradients? As
a secreted signaling molecule, Wnt5a may regulate cell polarity
by generating morphogen gradients in the developing skeleton. In
the limb bud, Wxz5a is strongly expressed in the apical ectoder-
mal ridge (AER) at the distal tip of the limb bud and in a graded
manner in the distal mesenchyme, decreasing proximally.?-¢®%
Distal expression is maintained in the developing hand plate and
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localized expression is observed in each growth plate.
these expression data, it is likely that a gradient of Wnt5a sig-
naling exists at each phase of limb development. Importantly,
evidence suggests that diverse cells can respond to gradients of
WntSa signaling. For example, limb mesenchyme cells, neu-
rites and developing palate cells all migrate toward sources of
Wnt5a.#1% Recently, Gao et al. demonstrated dose-dependent
Vangl2 phosphorylation by Wnt5a in transfected CHO cells,
providing a mechanism for regulating cell polarity in the limb
via concentration gradients of Wnt5a.”

Although cells can respond to a graded Wnt5a signal, it is not
certain whether polarization of all cells in the developing limb
occurs in response to a Wnt5a concentration gradient. The key
difference is that in the (simple) polarity model, the cell uses the
difference in signaling across the cell surface to asymmetrically
localize factors that produce functionally distinct outcomes into
opposite domains of the cells. One problem is that the hypotheti-
cal morphogen gradient is ill defined spatially and temporally in
many tissues. For example, models proposed by several labora-
tories assume that Wnt5a concentration gradients are a product
of simple diffusion from a single source. However, in the limb
bud mesenchyme, the gradient of Wnt5a signaling appears to
be, at least partially, the product of a gradient of transcriptional
regulation.” Thus, the cells that are predicted to respond to the
concentration gradient may also be producers of Wnt5a. It is not
certain whether ligand-producing cells can sense the direction of
the gradient.

An additional issue with the simple gradient model is that
Whnt5a expression is dynamic in the developing limb; it is first
expressed in the ectodermal jacket (predominately ventral) of
the forming limb bud, but it is later expressed in the distal ecto-
derm and mesenchyme as discussed above.?"® Distal expression
of Wnt5a continues in the developing hand plate but is excluded
from the mesenchyme condensates that differentiate into the
cartilage templates for the metacarpal/metatarsals and the dig-
its. The mesenchymal condensates are partially surrounded by
Whnt5a-expressing mesenchyme at the distal tip of the limb, and
therefore, it is possible that cells in this region do not experience a
simple distal-to-proximal gradient of Wnt5a. The picture is simi-
larly complicated in the developing growth plate cartilage, where
Whnt5a is expressed in a domain of mature chondrocytes and
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within the perichondrium that surrounds the cartilage element.*®
Potentially, proliferative chondrocytes at different positions in
the growth plate are presented with concentration gradients of
Wnt5a that have different vectors and slopes, yet all cells display
similar planar alignment. Additionally, the simple gradient model
is further challenged in the limb bud by the dynamic expression
of Wnt antagonists and other Wnt molecules in either the ecto-
dermal jacket or in the mesenchyme, which might directly or
indirectly modulate Wnt5a/Ror2 signaling.”®

Perhaps by understanding the shape of the Wnt concentration
gradients or how cells interpret the Wnt signal, we can make bet-
ter sense of the findings of Gros et al. in mouse limb buds. At the
stage analyzed, Wnt5a expression is strong at the distal tip, graded
in the limb mesenchyme and absent from the ectoderm (Fig. 3
in Gros et al.). Yet, the orientation of cell bodies and the vector
of directed cell movements appear directed toward the ectoderm
and not the presumed Wnt5a concentration gradient. Thus, the
long axis of distal cells is aligned with the proximodistal axis of
the limb bud, and cells move distally up the predicted concentra-
tion gradient. By contrast, dorsal/ventral cells are aligned to and
move toward the ectoderm in the dorsoventral axis, an orienta-
tion that is roughly orthogonal to the predicted concentration
gradient of Wnz5a. Moreover, in Wnt52 mutant mouse embryos,
directed cell movements and the coherence of cell movement
are most severely affected in the dorsal and ventral mesenchyme
domains, where the slope of the morphogen gradient is likely
very shallow, rather than in the distal domain where the expres-
sion of Wnt5a is greatest.” Compensation by other Wnt ligands
could reduce the severity of defects in Wn#52 mutant limb buds.
Indeed, many Wnt ligands are expressed in the ectodermal jacket
and AER of the limb bud.®® However, one confounding factor is
that several Wnt antagonists are expressed in limb mesenchyme,
56 Whether these antago-
nists can regulate cell polarity in limb mesenchyme by shaping

predominately in the proximal region.

concentration gradients or by activating non-canonical Wnt sig-
naling via reducing canonical signaling activity remains to be
determined.

The inconsistencies between the presumed Wrnt5a concentra-
tion gradient and the predominant sites of Wnt5a action might
reflect our lack of understanding of the distribution of Wnt
ligands in limb mesenchyme, but could also suggest that cells
do not detect Wnt5a as a graded signal. Indeed, directional cell
movement (chemotaxis) of some cancer cells in culture appears
dependent on Wnt5a signaling but not a gradient of Wnt5a. In
WM239A melanoma cells, exposure to Wnt5a results in localiza-
tion of Fzd3, F-actin, myosin IIb and the cell adhesion molecule
MCAM in intracellular structures.’®? In response to a gradient
of the chemokine CXCLI12, solitary melanoma cells redistribute
the contents of these structures to the cell surface in a polarized
manner. In this way, Wnt5a signaling might be required but not
sufficient to establish cell polarity that promotes oriented cell
behaviors in response to other graded signals.

Where does Wnt5a/PCP signaling act? In light of the exten-
sive evidence demonstrating roles for Wnt5a and PCP signaling
throughout development of the limb skeleton, it is easy to lose
sight of the fact that few of the experiments performed definitively
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show when and where signaling is required. For example, dur-
ing limb bud initiation, oriented cell behaviors in both the lat-
eral plate mesoderm and the expanding limb mesenchyme are
affected by loss of Wnt5a function.”* However, unexpectedly,
Wnt5a signaling is more important for oriented cell behaviors in
the lateral plate mesoderm than in the expanding limb bud mes-
enchyme in both the mouse and the zebrafish.*! Thus, it is not
obvious whether directional cell movements of mesenchyme into
the early limb bud are the result of current cell polarity signaling
or a consequence of earlier cell polarity decisions in the lateral
plate mesoderm.

In the growth plate, the question of where Wnt signaling is
required has been addressed using mosaic analysis, an essential
tool for demonstrating the site of action of a signaling pathway. A
cell autonomous requirement for non-canonical Fzd signaling for
column formation in proliferative chondrocytes has been estab-
lished via mosaic analysis using viral transduction of wild-type
% In these studies, infected
chondrocytes, but not uninfected neighbors, showed defects in

and dominant-negative molecules.

cell orientation and in planar cell divisions when Wnt signaling
was affected at the level of Fzd, Dvl and Vangl2 activity. These
mosaic studies provide a level of confidence that the phenotype
results from defects in non-canonical Wnt signaling in the prolif-
erative chondrocytes.

The demonstration of a cell autonomous requirement for non-
canonical Wnt signaling in the growth plate cartilage is not nec-
essarily relevant to Wnt function in digit formation. Defects in
cell arrangement and the loss of Vangl2 asymmetry in Wanz5a
mutants (and partial loss in Ror2 mutants) support the idea that
PCP signaling promotes elongation of the digit templates and
provide a mechanism that accounts for the skeletal phenotype.”
However, this conclusion may be premature. Examination of
Whnt5a mutants suggests that development of the hand plate is

especially slowed during phalanx formation.?"”

Specifically,
while the proximal skeletal elements appear normal initially, the
metacarpals/metatarsals show abnormal morphology, and the
proximal and middle phalanges are absent.?! A similar phenotype
is observed in Ror2/Vangl2 double mutants,”® and a severe reduc-
tion in phalanx size results in embryos that express a putative
dominant-negative form of Ror2.'"" Together, these observations
are potentially significant, because development of the phalan-
geal elements appears to use a developmental mechanism dis-
tinct from that of the remaining cartilaginous skeleton.!'* As
phalangeal elements elongate, a domain of cells called the pha-
lanx-forming region (PFR) is observed immediately distal to the
element.'®% Decreased size of the domain correlates with reduc-
tion of phalanx size in some experimental models, suggesting

that the PFR regulates digit growth."”® The PFR exhibits high
levels of BMP signaling and is contained within a domain of

strong Ror2 expression.'*>!%

Ror2 activity was presumed to acti-
vate non-canonical Wnt pathways to oppose B-catenin activity,
which is an antagonist of BMP signaling and chondrogene-
sis.|%41% Consistent with this model, disruption of Ror2 function
using a putative dominant-negative molecule results in distal
activation of canonical Wnt signaling (as shown by the Axin-lacZ
reporter allele), downregulation of BMP signaling and reduced
digit elongation.!” Interestingly, upregulation of B-catenin activ-
ity was also observed in Ror2/Vangl2 double mutants, but not
either single mutant, using the TOPGAL reporter allele.”"'* This
intriguing finding with the double mutants suggests at least two
models for Wnt5a/Ror2 signaling in digit elongation, in addition
to a role for PCP regulated cell polarity in growth of the cartilage
template. In one model, Wnt5a/Ror2 signaling might regulate
PCP signaling in the PFR to maintain structure or to promote
recruitment of mesenchyme cells into the growing digit ray. As
another model, it is possible that Vangl2 function in the PFR is
to provide robustness to ensure that non-canonical Wnt5a/Ror2
signaling maintains strong repression of P-catenin activity to
preserve PFR function. This latter role could conceivably occur
independent of Vangl2 function in PCP."* Thus, while it is clear
that loss of Wnt5a, Ror2 and Vangl2 results in defects in digit
formation, it is not obvious if, when or where planar cell polarity
is required for this process.

Conclusions

Since the beginning of modern biology over century ago, ques-
tions about the mechanisms of morphogenesis have motivated
the work of many laboratories. Over time, models based on phys-
ical forces were supplanted by molecular descriptions of cell sig-
naling and gene transcription. However, these new models lacked
the intermediary cell biological mechanisms that enable signaling
pathways to generate appropriate morphogenetic forces. Recent
work provides compelling evidence that cell polarity provides the
key to quantitative fine-tuning of the scalar and vector properties
of forces that generate growth and form.
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