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ABSTRACT 
 
Functional architectures of complex adaptive systems emerge by dynamic control over 

properties of individual components. During skeletal development, growth plate cartilage 

matches bone geometries to body plan requisites by spatiotemporally regulating 

chondrocyte actions. Bone growth potential is managed by the proximodistal patterning 

of chondrocyte populations into differentiation zones, while growth vectors are specified 

by the unique columnar arrangement of clonal groups. Chondrocyte organization at both 

tissue and cell levels is influenced by a cartilage-wide communication network that relies 

on zone-specific release and interpretation of paracrine signals. Despite genetic 

characterization of signaling interactions necessary for cartilage maturation, the 

regulatory mechanisms that couple positional information with polarized chondrocyte 

activities to coordinate skeletal morphogenesis remain poorly understood. Building on 

previous kinematic descriptions of column formation, the work contained in this 

dissertation suggests cytoskeletal regulation mediates crosstalk between long-range 

signaling and local cell behavior. Rearranging daughter chondrocytes specifically recruit 

actomyosin contractility to cortical surfaces, indicating a primary role for the actin 

cytoskeleton as the engine powering column formation kinetics. Disrupted chondrocyte 

contractility patterns are observed after genetic perturbation of planar cell polarity 

signaling, and after inhibiting integrin extracellular matrix binding, implicating actomyosin 

as a sensor able to integrate global with local signaling cues. To gain greater analytical 

control towards dissecting the mechanochemical patterning systems underlying cartilage 

architecture, an alginate hydrogel-based model of growth plate was developed. 

Daughter chondrocytes encapsulated in alginate beads deposit extracellular matrix in 

anisotropic and hierarchical configurations that resemble myosin localization in vivo, 

hinting cytoskeletal forces may sculpt the solid-state environment. Single-cell 

transcriptomic analysis of chondrocytes stimulated with recombinant ligands 



demonstrates the functionality of the IHH/PTHrP circuit in alginate beads, and points 

towards a novel role for PTHrP signaling gradients in transcriptional regulation of 

cytoskeletal and ECM proteins. Basal bead cultures tend towards resting/proliferative 

phenotypes driven by endogenous PTHrP expression, but activating IHH signaling 

induces position-dependent gene expression, consistent with a model of zone formation 

where concentration gradients generate spatial cues. Together, the work suggests that 

in addition to regulating chondrocyte differentiation, the tissue-wide signaling network in 

cartilage can influence cell-matrix interactions that may be important for cell behavior, 

and presents a novel culture model that can be used for future studies investigating how 

chondrocytes discern positional information to shape the growing tissue.  
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AN INTRODUCTION TO SKELETAL BIOLOGY 

The musculoskeletal system is the organ system that provides the form and structural 

integrity of our bodies, while also enabling us to move, bend, stretch, and execute 

complicated motor processes such as locomotion. In this system, the placement, 

connectivity, shape and size of the bones, cartilage, muscles, ligaments and tendons are 

crucial for their function. These features are irrevocably tied to tissue growth properties, 

which are partially determined during development, but dynamically change throughout 

one’s lifespan. Diseases affecting growth (chondrodysplasias) can arise from diverse 

genetic, environmental, or trauma-related sources and have extremely serious 

consequences for affected individuals. With the hope of understanding and developing 

therapeutics to treat chondrodysplasias, there has been an immense corpus of basic 

research attempting to disentangle the complex mechanisms that regulate growth 

behavior. The linear elongation of the long bones in the developing limb has been a 

principal model for biologists to understand the formation of the musculoskeletal 

architecture. In this chapter, we will outline some of the major principles that govern limb 

morphogenesis. In particular, we discuss the interlocking roles of morphogen signaling 

gradients with mechanical forces as cues to induce and maintain cellular and tissue 

polarity, and explore the interdependencies among cells and tissues, across time and 

space, in tissue patterning, architecture, and growth. 

 

Basics of vertebrate bone formation: 

During an individual’s growth, hundreds of developing bones undergo unique paths of 

precise patterning, shaping and scaling (Alberch 1979). Some flat bones, mostly in the 

skull, undergo intramembranous ossification, where mesenchymal stem cells 

differentiate into osteoblasts and directly deposit bone matrix without a cartilaginous 
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intermediate (Hojo 2016). However, the long, short, and irregular bones that make up 

the endochondral skeleton are formed by the regulated maturation of a collagenous 

growth plate cartilage template (Kronenberg 2003). In this process of endochondral 

ossification, mesenchymal stem cells differentiate into cartilage, which grows the skeletal 

element outward from each epiphysis before forming a primary ossification center at the 

diaphysis, where the growth plate template is invaded by blood vessels, osteoblasts, and 

osteoclasts that transform the area into the mineralized bone matrix. At the same time, a 

thin layer of cells that surrounds cartilage (perichondrium) undergoes periosteal 

ossification to give rise to the bone collar. The remaining growth plate continues to 

expand for as long as the individual grows, eventually developing secondary ossification 

centers that separate the existing growth plate from the nascent articular cartilage lining 

each joint surface. In humans, the secondary ossification center finally overtakes the 

entire growth plate region, halting growth and completing the mature bone anatomy. 

 

Evolution towards the vertebrate skeleton:  

The aforementioned processes are one route towards achieving a mineralized skeleton. 

One of life’s major innovations, skeletons brought about a breathtaking diversity of body 

types, each containing bones of all shapes and sizes ranging from the thin shell of an 

ant to the massive skull of blue whales. This ancient strategy can be classified into two 

groups, endoskeleton and exoskeleton (Hirasawa 2015). Because phylogenetic 

continuities are traditionally inferred through fossil remains, definitions of each skeletal 

system were historically founded on presumed evolutionary lineage. One assumption 

was that skeletons of similar morphologies share cell origins, modes of histogenesis, 

genetic regulatory mechanisms, or position on the body. This belief has been challenged 

by recent comparative studies decoupling those parameters across phyla to reveal a 

very complicated picture of skeletal evolution (Hirasawa 2015, Brunet 2016). 
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Exoskeletons are usually defined by an enameloid/dentine coating on the exterior of the 

body, where endoskeletons are thought to have a deep position within the body, and 

feature a cartilage intermediate. However, body position is not a reliable criteria: 

fingernails and turtle carapaces are considered “exposed endoskeleton”, jaws and 

clavicle are considered “sunken exoskeleton” based on their contrary positioning, and 

some bones are actually fusions containing elements of both systems (Hirasawa 2013). 

Similarly, distinguishing these systems by the presence of a cartilage template runs into 

a number of counterexamples. Even cell lineage may also be more plastic than 

previously thought during evolution of “homologous” bones, based on studies of skull 

development in closely related phyla (Gross 2008). The presence of at least 18 

analogous types of exoskeletons that independently evolved shows even chemical 

composition fails to define this term. (Roer 2015) Although terminology used for 

comparative skeletal anatomy mirrors the arbitrary, the complexity, and the historicity 

inseparable from all evolving systems, it is a humorous consequence of the symbiosis 

among skeletal biology and evolutionary theory (Alberch 1979).   

However, it is possible to construct a timeline leading to the modern long bones 

of man. The story begins in the Metazoan, where multicellular organisms began 

experimenting with cell-cell junctions and extracellular matrices containing collagen and 

sulfated mucopolysaccharides, leading to the emergence of various chondroid 

connective tissues including hyaline cartilage (Cole 2004). Henceforth, cartilage was 

either conserved across distant clades of Bilateria, or independently evolved into the 

exact same tissue many times, based on detailed comparative assessments of tissue 

and cell histology, composition of the extracellular matrix, and genetic regulation 

(Tarazona 2016). By being relatively stiffer than most tissues, cartilage was able 

maintain various novel body structures. In some of these primordial endoskeletons, 

cartilage was calcified but did not ossify until the appearance of the jawless fish 
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Osteostracans 510 million years ago. Even then, these fish merely formed 

intramembranous bone on the surface of the cartilage (perichondrial ossification). Finally 

the bony fishes Osteichtyes in the late Silurian (419 million years ago) discovered true 

endochondral ossification, forming bone through the entire cartilage tissue as well as on 

its surface (Hirasawa 2015). Shortly afterwards, a group of creatures migrated onto land 

and, through a modification of the Hox gene code of spatial patterning, established a fin-

to-limb transition that marked the beginning of tetrapods containing appendages that are 

deeply homologous to our own (Leite Castro 2016).  

 

Diseases affecting skeletal growth – is regeneration a viable treatment option? 

During these millennia of evolution, vertebrates gained the ability to precisely define 

bone geometries to match unique body plan requirements. Despite the natural variability 

of bone sizes across species, the mechanisms underlying endochondral bone shaping 

are remarkably conserved. Directional growth of bones occurs through strict 

orchestration of maturation, architecture, and remodeling of growth plate cartilage by an 

intricate regulatory system that is not yet fully elucidated. Tragically, the groundwork for 

our understanding has been built through careful analysis of conditions that adversely 

impact growth plate cartilage development to cause serious growth defects.   

 Over four hundred heritable bone growth disorders fall under the umbrella 

classification of osteochondrodysplasias, which collectively affect nearly 0.025 percent of 

all newborns (Geister 2015). Since the skeleton maintains the basic structure for every 

other organ, bone malformations can devastate an individual’s life in diverse ways 

(Spranger 2012). Some common skeletal dysplasias, such as asymmetric limb length, 

make walking painful and difficult, and can often be spurred by a local traumatic injury to 

the growth plate during childhood. Some disorders progressively worsen, such as the 
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rare metaphyseal chondrodysplasias where excessive cartilage deposits at each 

epiphysis calcify to produce clubbed hands and feet. More serious conditions like 

disproportionate short stature (achondroplasia) can result in hypotonia, spinal cord 

compression, chronic ear infections, and obesity. Dysplasias that also affect the 

craniofacial skeleton in addition to long bones, such as Rhizomelic chondrodysplasia 

punctata, are associated with respiratory problems, cataracts, severe intellectual 

disability, and a significantly shortened lifespan. Even victims of chondrodysplasias that 

survive into adulthood are almost guaranteed to suffer from osteoarthritis. In general, 

diseases that disrupt skeletal formation have far-reaching secondary consequences that 

exacerbate their emotional, social and economic burden.  

Because dysplasias are often characterized by morphological abnormalities in 

the growth plate, decades of intense research focused on understanding cartilage 

growth regulation, with the hope of preventing or correcting skeletal defects. Fueled by 

advances in genetics and molecular biology, thousands of dysplasia-associated alleles 

were identified, providing early clues as to which structural and signaling factors are 

necessary to promote healthy cartilage growth (Chen 2016). Genetic studies in 

vertebrate model systems came to describe some of the major hormonal interactions 

that impact cartilage maturation (Zelzer 2003, Hojo 2016, Kronenberg 2003). 

Nevertheless, our knowledge of the regulatory mechanisms that malfunction to drive 

skeletal disease is still insufficient to produce targeted clinical options in most cases. 

Efforts to stimulate growth using hormone or gene-based treatments are usually nullified 

by patient-specific genetic blockades. When bone length correction is absolutely 

necessary, manual techniques are used that rely on principles of distraction 

osteogenesis developed by Ilizarov in the 1950’s (Spiegelberg 2010). Ilizarov therapy, 

which is the gold standard for bone lengthening, is an extremely painful and intensive 

surgical procedure that involves repeated fracturing of a single bone over several 
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months to a year. Thus, given limited alternatives, palliative care is the current norm for 

patients with chondrodysplasias. 

Partially because of the prevalence and lack of therapeutic options for skeletal 

diseases such as osteoarthritis and chondrodysplasias, one long-standing dream of 

medicine has been the successful replacement or regeneration of injured or diseased 

cells, tissues, or entire organs by transplanting artificial tissue constructs grown in vitro 

to patients in need. The desire for regenerative therapeutics propelled advances in 

tissue engineering (the use of combined cells, scaffolds, and biologically active 

molecules for the sake of designing functional tissue systems), which since the early 

1990’s has blossomed into a mature field of research. Using this now-classic approach, 

clinics have had success with tissue replacement strategies targeting simple body parts 

like skin, arteries, bladder, and even entire trachea. Yet, rational design of tissues with 

controllable growth properties such as the growth plate remains unrealized, despite the 

early selection of cartilage as a promising candidate by many tissue engineers viewing it 

as a simple substance containing only one cell type (chondrocytes) with the sole function 

of extracellular matrix secretion. Since then, many of the early assumptions have since 

been discarded, and there has been some acceptance of the need to faithfully 

recapitulate the native molecular, cellular, and tissue-wide organization of cartilage so 

crucial for its mechanical integrity and growth. However, to succeed in recreating 

cartilage architecture, it is crucial to understand the underlying mechanisms. The next 

sections arrange a timeline of significant developmental processes, and review the 

current approaches being taken to model them by tissue engineers and cartilage 

biologists.  
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Cellular sequence of events during skeletal development:  

The entire limb structure arises from the lateral plate mesoderm in three steps: a 

limb bud outgrowth stage, a cell fate specification stage (chondrogenesis), and 

endochondral ossification (Romereim 2011, Kronenberg 2003, Zeller 2009, Tickle 2015). 

The limb bud is composed of a thin layer of surface epithelium called the apical 

ectodermal ridge (AER), which covers a mesenchymal tissue core (Tickle 2015). 

Signaling between these tissues establishes a three-dimensional system of positional 

information that organizes growth along the anterior-posterior (AP), dorsal-ventral (DV), 

and proximal-distal (PD) axes (Figure 1.1a, the specific genetic interactions shown in 

this figure will be discussed shortly).  

In mouse, limb bud outgrowth begins at the cervical-thoracic and lumbosacral 

boundaries at embryonic day 9 with thickened regions in the flank mesoderm called 

mesenchymal condensations. In these structures, increased cell-cell adhesion separates 

the limb bud from the adjacent mesoderm, and cell cycle activation drives isometric 

growth (Hamburger and Hamilton 1951, Romereim 2011, Tickle 2015). However, distal 

tissue soon expands along the AP axis and thins along the DV axis to produce a paddle-

like shape (Figure 1.1b). During this stage, limb bud outgrowth is founded in regulation 

of cell shape, cell migration, and oriented cell division by signaling centers that produce 

ligands important for growth and patterning (Gros 2010). As mesenchymal cells at the 

tissue edges migrate towards the distal AER, vectors of tissue deformation and direction 

of cell movement correspond to orientation of the cell body, and angle of the mitotic 

spindles (Gros 2010). Meanwhile, mesenchymal cells from the lateral plate mesoderm 

collectively move towards the distal-posterior mesenchyme called the zone of polarizing 

activity ZPA (Tickle 1975, Romereim 2011, Tickle 2013).  As a result, the directional bias 

of growth is initially distal but becomes posterior.  
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Throughout these growth phases, anisotropic tissue elongation is uniform at 

different points along the PD axis and can still occur independently of cell proliferation 

(Morishita 2015). Thus, the induction of polarized cell behavior produces directional 

growth in the limb bud. As the limb bud continues to elongate along the PD axis, cell fate 

specification begins via the progressive formation of mesenchymal condensations that 

specify position of the future bone.  This is a highly ordered temporal sequence where 

the most proximal elements begin the differentiation process first, followed by more 

distal elements. For each limb, the proximal stylopod contains a single long bone 

(femur), followed by the zeugopod, which contains two bones (tibia/fibula), and the distal 

autopod contains many skeletal elements (ankle/toes). For each element, portions of the 

limb mesenchyme differentiate into the early cartilage anlagen (eventually giving rise to 

each bone). To form the anlagen, a correct number of chondrocyte progenitors, and 

increased levels of cell-cell adhesion between these progenitors are required to 

distinguish the presumptive cartilage from a surrounding sheath of perichondrial cells, 

which will eventually give rise to the bone collar (Widelitz 1993). Simultaneously, the 

cells that will occupy the joint spaces are specified (Mak 2006). At this point, the shape 

of each cartilage anlagen already resembles the geometry of the final bone (Figure 

1.1c), indicating that important shaping events occur prior to cartilage formation.  
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Figure 1.1: Developmental origins of growth plate cartilage 

A) Morphology of the early limb bud is depicted. The 3D coordinate space defining 

positional information is superimposed on the bud. (Pr-proximal, Di-distal, Do-Dorsal, 

Ve-ventral, An-anterior, Po-posterior). B) During limb bud outgrowth, mesenchymal 

tissue elongates along the PD axis. Signaling gradients of WNTS, FGFs and RA 

emanating from the apical ectodermal ridge (AER) control growth and patterning along 

the PD axis. Sonic Hedgehog (SHH) protein from the distal ZPA and the transcription 

factor Gli3 underlie growth and patterning along the AP axis. C) Digit specification in the 

distal mesenchyme of the limb bud. A gradient of SHH signaling that depends on time, 

concentration, distance from SHH source, and cell-matrix interactions, interacts with the 

limb bud environment to specify position of the future cartilage anlagen. D) Embryonic 

day 11.5. Cartilage anlage of the presumptive metacarpal resides among the chemical 

milieu of the distal mesenchyme. Even this early in development, the cartilage is 

geometrically elongated. E) Embryonic day 12.5. Wnt5a signals specify a region (colored 

green) of chondrocytes that become polarized in the plane perpendicular to the PD axis, 

via asymmetric localization of Vangl2. IHH expression is detected in the center of the 

cartilage element, but markers of hypertrophic (very large cells expressing ColX) and 

resting zones (PTHrP) are absent. F) Embryonic day 13.5. Markers of tissue-wide 

polarity are observed after localized cell differentiation occurs. PTHrP expression is 

observed near the articular surfaces, large hypertrophic cells are observed in the center 

of the cartilage, flanked by IHH-expressing cells. Some polarized chondrocytes reside 

between domains of PTHrP and IHH-expressing cells. G) Embryonic day 14.5. 

Eventually, columns of proliferative zone chondrocytes are observed. WNT5a 

expression moves to the perichondrium, where it may form a secondary gradient in 

cartilage. Zonal arrangement of cartilage is observed henceforth until growth plate 

closure, when the element stops elongating in postnatal skeletal development. 
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The final stage of limb development, called endochondral ossification, begins as 

newly differentiated chondrocytes secrete a cartilage matrix and initiate a maturation 

process that forms the growth plate cartilage. During endochondral ossification, this 

cartilage serves as a master regulator of bone formation and growth through 

spatiotemporal regulation of chondrocyte differentiation, proliferation, and morphogenetic 

behavior. Each growth plate displays tissue-wide polarity, in that it is partitioned along 

the proximal-distal axis into morphologically distinct zones that control growth in unique 

ways (Figure 1.2b). At the epiphyseal surface, rounded and slowly dividing resting zone 

chondrocytes serve as a reservoir of progenitor cells. The number of these cells 

determines the total growth potential, because the maintenance of the adjacent 

maturation phases relies on recruiting cells from this resting zone (Abad 2002).  

Next, quiescent resting zone chondrocytes mature by entering into a transit-

amplifying phase called the proliferative zone. These cells rapidly activate the cell cycle 

and obtain several important morphogenetic characteristics based on oriented cell 

behavior. Namely, proliferative chondrocytes adopt a discoid shape that polarizes the 

cell body in the plane perpendicular to the proximal-distal axis (Dodds 1930). During this 

stage, many other hallmarks of cell polarity become visible, such as lateral secretion of 

matrix vesicles and planar alignment of the primary cilium (de Andrea 2010, Romereim 

2014b). Most importantly, oriented cell movements in this zone establish the vectors 

underlying bone elongation. Each cell division displaces daughter chondrocytes laterally, 

and polarized 90-degree rearrangement of daughter cells produce cell columns that 

lengthen along the proximal-distal axis (Figure 1.2c). By this iterative process, isogenic 

groups of proliferative chondrocytes form clonal columns that resemble stacks of coins 

(Romereim 2014). The length of proliferative zone columns establishes the primary 

growth vector, and maximizes potential tissue elongation along the proximal-distal axis 

while minimizing oppositional thickening (Li 2009). 
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Finally, the columnar cells undergo a process of pre-hypertrophy and then 

hypertrophy, where cells directly drive tissue expansion by volumetric expansion of each 

cell, and increased extracellular matrix deposition. Hypertrophic chondrocyte 

enlargement has a linear relationship to longitudinal growth, and occurs in three distinct 

cell growth stages that underlie differences in skeletal proportions among bones (Cooper 

2013). After hypertrophy, terminally differentiated chondrocytes undergo apoptosis 

(although some portion of these cells has been proposed to transdifferentiate into 

osteoblasts, see Yang 2014), while the remaining cartilage matrix is remodeled into 

bone (Tsang 2015). Thus, by controlling the rate of maturation across resting, 

proliferative, and hypertrophic zones, the growth plate cartilage determines the final 

shape and size of each skeletal element.  

During skeletal development two separate tissue systems, the limb bud and 

growth plate cartilage, exhibit tissue-wide polarity in the form of discrete ordered regions 

of cell differentiation and behavior along the PD axis. In fact, proximal-distal polarity is 

quite apparent during skeletal development no matter which grain of analysis is taken. At 

the organ-scale, we can see the proximal-distally determined patterning of the entire 

limb bud, the beautiful elongated geometry of entire bones, and the symmetry of tissues 

(bone, capped by cartilage growth plates) along the proximal-distal axis (Figure 1.2a). At 

the tissue level, each piece of cartilage is segmented into maturation zones that reflect a 

PD-oriented pattern of cell differentiation (Figure 1.2b). This polarity is mirrored at the 

cell level, with PD-oriented columnar cytoarchitecture and cell shape in the proliferative 

zone of growing cartilage (Figure 1.2c), and PD-oriented cell migration and division in 

the growing limb bud.  
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Figure 1.2: Multi-scale organization of growth plate cartilage. 

A) Morphology of an E14.5 developing mouse hind limb skeleton stained using Alcian 

Blue /Alizarin Red to visualize cartilage and bone, respectively. The body axes are 

shown in the top right. From left to right, notice the characteristic patterning of bones 

(many little bones in the autopod, two long bones in the stylopod, one large bone in the 

zeugopod). Notice the elongation of the femur along the proximal-distal axis. Each bone 

is symmetrical, with a growth plate capping each end. At this length scale, the skeletal 

system mechanically interacts with many tissues including muscle and ligaments that 

contribute to skeletal development. B) Schematic representation of the growth plate 

cartilage of the distal femur boxed in (A). Growth plate cartilage contains a high degree 

of organization in the form of maturation zones. Near the joint, resting zone (RZ) 

chondrocytes secrete PTHrP to maintain a pool of less differentiated cells. Near the 

bone center, IHH-secreting cells signal to promote the hypertrophic differentiation 

program, characterized by cell swelling and increased matrix deposition. Between these 

zones, the column-forming proliferative zone cells mature and proliferate at rates 

controlled by the reciprocal interactions of PTHrP and IHH. At this length scale, 

properties of the cartilage matrix and bulk tissue dynamics caused by growth affect 

cartilage development. C) Schematic of the cellular events underlying chondrocyte 

column formation in the cartilage proliferative zone boxed in (B). Proliferative 

chondrocytes orient the mitotic spindle such that daughter cells are side-by-side. An 

adhesion surface connects the two daughter cells following cytokinesis. The daughter 

cell adhesion interface rotates to drive column formation. Finally, chondrocytes secrete 

new ECM to separate. At this length scale, molecular forces between cells and their 

mechanical environment drive interface remodeling and cell organization.  
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Strategies for modeling cartilage development in culture 

The integration of shaping mechanisms across length and time scales during limb 

cartilage development is under the control of both gene regulatory networks as well as 

mechanics of the physical environment (outlined in Figure 1.2). These complexities have 

hindered the production of accurate and useful in vitro representations of growth plate 

cartilage that could facilitate cell-based therapies for chondrodysplasias. However, 

biologists and engineers have made progress towards control over the functional 

properties of cartilage constructs by the development of various in vitro cartilage culture 

models. While most of these studies focused on articular chondrocytes, some of the 

approaches have been applied towards reproducing the growth plate structure, with 

varying rates of success.  

Cartilage regeneration has been a subject of primary concern for decades. Being 

the structural support of the body, all cartilage types are at high risk for injuries. Damage 

to the permanent cartilages of load-bearing joints can cause osteoarthritis, and injuries 

of the growth plate lead to ectopic bone formation that usually halt growth and tend to 

recur after surgical removal. Because cartilaginous tissues are populated only by 

chondrocytes and develop mostly in the absence of vasculature or innervation, they are 

limited in their capacity for spontaneous repair following damage (Vinatier 2016). The 

clinical strategies employed to reconstruct injured skeletal tissues vary widely and 

depend on the anatomic context, and have primarily focused on joint cartilages that are 

most commonly affected by osteoarthritis such as the knees and hips. Generally, 

classical techniques such as cartilage autografts, autologous chondrocyte implantation 

(ACI), and microfracturing bone to stimulate repair by the underlying marrow have been 

used to fill osteochondral defects with cartilage, although these methods usually present 

practical difficulties that impair the healing process such as improper integration with 
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host tissues, insufficient mechanical properties to carry out normal load-bearing function, 

and in some cases of head-and-neck cartilage repair, inappropriate activation of immune 

responses (Liu 2017). A deeper underlying problem is that historically, reconstruction 

attempts have not successfully recapitulated the fine tissue architecture so important for 

cartilage function and mechanical integrity. Many tissue-engineering groups are now 

motivated to achieve this goal (Kock 2012). 

One apparent theme in cartilage engineering research has been that 

chondrocytes are responsive to culture parameters such as dimensionality, scale, 

nutrient availability, mechanical properties of the environment, and various physical, 

chemical, and biological stimulations. This could be taken to mean that relevant 

phenomena may be modeled in culture if optimal conditions are attained. However, a 

wide range of tested conditions eventually lead to either dedifferentiation into 

fibrocartilage characterized by increases in Collagen I production, which results in 

mechanically inferior constructs, or spontaneous hypertrophy leading to terminal 

differentiation and a loss of proliferative potential (Kock 2012). Thus, many of the early 

studies developing chondrocyte culture models were plagued by loss of the chondrocyte 

phenotype (Benya 1978). This was most poignantly illustrated in attempts to culture 

chondrocytes in monolayer (Schabel 2002); neither stimulation with growth factors, nor 

coating the substrate with cartilage-specific matrix molecules (Brodkin 2004) is sufficient 

to truly regain a chondrocyte identity in two-dimensional culture (Pei 2012). Environment 

dimensionality is then a principal concern for maintaining chondrocytes in culture.  

Three-dimensional culture models can improve chondrogenic differentiation, usually 

determined by chondrocyte markers such as rounded morphology, expression of the 

transcription factor Sox9, and production of a proteoglycan- and Collagen 2-rich ECM. 

There are two basic types of commonly used 3D chondrocyte culture systems: scaffold-

free cultures, and the implementation of scaffolds to simulate the cartilage environment. 
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Scaffold-free techniques include bioprinting, the creation of cell sheets or aggregates, 

and particularly pellet cultures, which have been used to show a curious potential for in 

vitro cartilage self-organization.  

For many pellet cultures, spontaneous hypertrophy actually still occurs after one 

week without additional supplementation by growth factors (Kameda 2000). This 

response may be triggered because pellet cultures do not facilitate biomolecule 

diffusion, and can result in nutrient deprivation over time depending on their size. One 

consequence of this is an overall lack of investigator control with respect to the 

spatiotemporal delivery of signaling factors to chondrocytes in micromass. Additionally, 

the extensive cell-cell contacts characteristic of micromass culture is not a feature of the 

mature, ECM-dense growth plate (although it could be argued to mimic early 

chondrogenic condensations). Despite this, a few studies have claimed that pellet 

cultures treated with the correct cocktail of growth factors could support growth plate-like 

morphogenesis. In one notable example, addition of serum to 28-day pellet cultures led 

to the generation of cell columns resembling those found in the proliferative zone 

(Ballock 1994). In this study, it was deduced that of the known molecules contained in 

serum, thyroxine alone was sufficient to recapitulate this phenotype. Later, similar 

chondrocyte pellet cultures transformed and treated with components of the planar cell 

polarity-signaling pathway were claimed to generate columnar cell morphology 

compared to normal control pellet cultures (Randall 2012). Unfortunately, these 

preliminary studies were not pursued further, and in both cases, there is very little 

information about whether these columns were derived from clonal cell groups, or 

otherwise formed by known biological processes. Furthermore, the presence of 

maturation zones in these constructs was not shown. Thus, pellet cultures occupy an 

important and controversial space in studies of growth plate cartilage tissue engineering.  
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Three-dimensional scaffolds offer more precise control over the chondrocyte’s signaling 

environment, and can help retain the chondrocyte phenotype. These include scaffolds 

that are modeled after one or more components of the cartilage matrix itself, as well as 

those that use naturally occurring or synthetic polymers foreign to cartilage. For 

example, studies have utilized various forms of decellularized cartilage or mesenchymal 

matrix, which seems to support cartilage formation well. Additionally, isolated 

components such as collagen, laminin, fibrin, and fibronectin scaffolds have been used 

to provide a protein substrate in 3D that mimics the protein-rich cartilage ECM. 

Proteoglycan and other glycosaminoglycan scaffolds have been explored that use 

pericellular matrix molecules such as hyaluronic acid and chondroitin sulfate to which 

chondrocytes closely associate in vivo. More generic polysaccharide-based scaffolds are 

also common such as chitosan, agarose and alginate. Finally, synthetic polymers such 

as polyethylene glycol (PEG), polylactic acid (PLA), and poly(lactic-co-glycolic) acid 

(PLGA) have been employed (Dhandayuthapani 2011).  

Polymeric scaffolds can be presented to cells as hydrogels, which from a 

practical viewpoint allows precise control of cell culture parameters such as oxygenation, 

nutrient diffusion, mechanical attributes (Dhandayuthapani 2011). Furthermore, 

hydrogels usually have high biocompatibility and low toxicity, making them suitable for 

many types of in vitro modeling applications. Hydrogel culture has been utilized to 

generate some of the most compelling evidence of growth plate reconstruction. One 

notable result arose from co-culturing chondrocytes and osteoblasts in a hydrogel 

construct made of alginate, conjugated to RGD peptides to stimulate cell adhesion 

(Alsberg 2002). When this construct was injected into mice, histological analysis after 7 

months revealed tissue that grossly resembled growth plate structure complete with 

columns and zones, while untransplanted constructs did not. Agarose hydrogels have 

also been used in attempts to recreate the spatially separated maturation zones of 
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cartilage by exploiting their diffusion properties to present gradients of chondrogenic 

signaling factors to encapsulated chondrocytes (Schmitt 2012). Although cells at the 

periphery expressed markers of hypertrophy, such spatial variation can be found to be 

byproducts of long-term, high-density culture (Park 2007). Further, no information about 

the sequential cartilage maturation was presented in this study.  

Detailed, comprehensive characterizations of how different scaffolds compare in 

terms of promoting chondrocyte proliferation, differentiation, and cartilage formation are 

not available, and technical details for any given method are by no means completely 

standardized across this field. Ultimately, no single scaffold has been demonstrated to 

recapitulate all major features of growth plate biology, such as the spatially organized 

zonal maturation along with clonal column formation of chondrocytes. Indeed, many 

studies of cartilage formation in culture do not even make attempts to assess these 

parameters. Furthermore, while there are many studies that deliver signaling factors and 

other forms of directed stimulation to chondrocytes in culture, there is little to argue for or 

against whether these conditions resemble the highly coordinated suite of signaling cues 

presented to chondrocytes by the in vivo signaling environment of the growth plate. 

Thus, of the many candidate scaffolds, there is no real “golden standard” to compare a 

given type of chondrocyte culture to, other than cartilage itself. Ultimately, although the 

versatility of hydrogel and other tissue engineering systems opens virtually unlimited 

design options, our ability to make rational design choices based on a mechanistic 

understanding of cartilage development remains a critical bottleneck. Knowing how 

individual signaling cues affect chondrocyte behavior, or which genes are required for 

different aspects of cartilage formation, will not be enough; it is also imperative to 

discover how genetic and physical factors form an integrated regulatory system that 

functions across multiple length and time scales to generate shape and form. The 

following sections will draw from classic work, recent progress, and overlooked 
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experimental and theoretical studies to begin to address how genetic and mechanical 

factors could serve as positional cues during skeletogenesis.  

 

GENETIC REGULATION OF CARTILAGE ARCHITECTURE 

Signaling interactions that coordinate limb bud positional information: 

The events of limb bud patterning and outgrowth that initiate morphogenesis of the limb 

skeleton are believed to depend on several molecular gradients derived from the 

overlying ectoderm via a three-dimensional system of positional information for 

interpretation by the limb bud mesenchyme cells (Figure 1.1a). Once the signaling 

environment created by the limb bud organizers have established the primary axes, limb 

bud continues to develop autonomously (Stephens 1993). Proximodistal outgrowth 

begins when Hox genes signal transcription of FGF and WNTs in the mesenchyme to 

establish the apical ectodermal ridge (AER), a strip of ectoderm along the limb bud tip, 

which primarily functions through producing an FGF signaling gradient (Lewandowski 

2000, reviewed by Bokel 2013).  In the forelimbs, FGF signaling is antagonized by 

retinoic acid (RA) produced by the proximal mesenchyme but degraded by distal 

mesenchyme, creating opposing morphogen gradients (Nishimoto 2015, Mercader 

2000). One result of this is a distally biased gradient of motility, where cells closest to the 

AER move with greater velocity (Gros 2010, Wyngaarden 2010). The AER also 

maintains the zone of polarizing activity (ZPA), which is located on the posterior region 

of the ectoderm and controls anterior-posterior polarity by secreting SHH (Mao 2009, 

Zhang 2009, Tickle 2013). In turn, ZPA-derived SHH signaling maintains FGF4 

expression in the AER (Laufer 1994, Niswander 1994). Further, both the AER and ZPA 

maintenance requires induction of dorsal-ventral polarity by ventrally secreted BMP and 

dorsally secreted Wnt7a from the ectoderm (Ahn 2001, Pizette 2001). Thus, positional 
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information here relies on abundant molecular feedback and disruption of cell polarity 

along a single axis can have serious consequences for cell polarity signaling in other 

directions (Figure 1.1b). As a result of the highly ordered signaling environment, different 

cell domains within the limb bud displays cell polarity manifested by unique regimes of 

oriented cell shape, cell division and migration (Gros 2010, Wyngaarden 2010). While 

FGF signaling from the AER promotes scalar properties of growth such as the speed of 

migration, the orientation of cell behavior along the PD axis seems to depend largely on 

the actions of Wnt5a signals that originate from the distal mesenchyme and ventral 

ectoderm and are maintained by reciprocal interactions between the AER and ZPA 

(Gros 2010, Kawakami 1999, Barrow 2003). Thus, to understand the mechanisms 

generating anisotropy in the developing skeleton, we will begin by learning to what 

extent Wnt5a serves as an instructive cue for cells in the limb bud.  

 

Wnt5a signaling controls proximal-distal polarity to regulate limb bud growth: 

Wnt (Wingless-related integration site) molecules are a highly conserved family of nearly 

twenty secreted protein ligands that activate discrete signaling pathways that can be 

categorized into both canonical (beta-catenin dependent) and noncanonical (beta-

catenin independent) pathways (Geetha-Loganathan 2008). Historically, canonical Wnt 

ligands were discovered for their role in carcinogenesis and formation of the body axes 

in the early drosophila embryo (Nusse 1992, Nusse 2005). Some noncanonical Wnt 

ligands can activate calcium signaling, but the noncanonical Wnt/JNK/Planar Cell 

Polarity (PCP) signaling is a primary pathway that gives rise to cellular and tissue 

polarity in many developmental contexts, including skeletogenesis (reviewed in Vladar 

2009). Planar polarity refers to the coordination of cell behavior along any single plane. 

The central components of the planar cell polarity pathway are the cell-surface proteins 
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Frizzled (Fzd), Van-Gogh-like (Vangl, Stbm), and Celsr1 (Flamingo) that signal 

downstream to the cytoplasmic proteins Disheveled (Dvl), Prickle (Pk), and Diego (Dgo). 

It is thought that these proteins work in coordination with components of the Wnt 

signaling pathway to directionally drive cell proliferation, migration, and other polarized 

cell behaviors during limb bud and growth plate development to promote skeletal 

elongation. Early studies established Wnt5a signaling in the developing limb as a 

regulator of cell cycle. Wnt5a-/- limb mesenchyme shows reduced proliferation by BRDU 

label and subsequently, reduced tissue growth (Yamaguchi 1999). However, quantitative 

deformation mapping suggest that spatial heterogeneity in cell cycle cannot explain 

anisotropic mesenchymal tissue deformation in the limb (Morishita 2015). In addition to 

regulating scalar growth via cell cycle, Wnt5a through PCP signaling was shown to also 

promote oriented cell behaviors to regulate cell organization during limb bud outgrowth 

(Gros 2010, Wyngaarden 2010). 

Formation of the AER from the ventral/distal ectoderm is a crucial step in limb 

bud development, and relies in part on convergence-extension movements to form a 

stratified cytoarchitecture that displays both apicobasal and planar polarity. Wnt5a 

signaling is probably involved in the establishment of AER organization, since the Dlx5/6 

DKO model of split hand/foot malformation (SHFM) characterized by cell shape and 

polarity defects reduce Wnt5a expression and can be rescued by exogenous Wnt5a 

treatment (Conte 2016). In this study, inhibiting the JNK pathway led to loss of AER 

marker RhoU expression, which could not be rescued by FGF8 treatment. Thus, defects 

in AER-stratification dependent limb bud growth could be reflected in Wnt5a -/- mice, 

suggesting that tissue-scale polarity has roots in the cell-level polarity of tissue-organizer 

regions. 

In addition to regulating epithelial stratification of the AER, Wnt5a seems to affect 

cell polarity in the underlying limb bud mesenchyme. Time-lapse video microscopy 
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combined with lineage tracing has also shown that mesenchymal cells are polarized and 

organized by position within the tissue and that local growth vectors are aligned with 

flattened cell bodies, mitotic spindle orientation, and cell migration (Gros 2010). In 

Wnt5a-/- embryos, elongated cell shape was lost, cell divisions in the dorsal and ventral 

domains were disorganized, and cell movements were randomized. These phenotypes 

were copied by inhibiting the JNK pathway.  

Wnt5a is also recognized as a regulator of cell polarity in the perichondrial cells 

which can affect cell fate specification (Kuss 2014). Wnt5a-/- cartilage lacks a 

perichondrium (personal observation). In mice with Synpolydactyly (spdh mice), Wnt5a 

expression is reduced, and orientation and polarity of perichondrial cells is lost. The 

consequences of lost polarity here is the transformation of some long bones into 

cuboidal bones.  

How could a secreted ligand such as Wnt5a act to produce such oriented cell 

behavior? In vitro experiments indicate that Wnt5a through JNK/PCP may act as a 

chemoattractant to confer cell polarity upon mesenchymal cells and promote oriented 

cell behaviors (Wyngaarden 2010). Together, WNT5a and FGF8 signaling integrate cell 

motility with cell polarity to define the mesenchymal cell migration trajectories that 

characterize limb bud outgrowth.  

 

Do morphogen gradients control skeletal patterning in the limb bud? 

Patterning of future bones in the limb bud depends on the actions of many locally 

secreted signaling molecules, but the mechanisms that translate these signals in the 

dynamic tissue environment into discrete cartilage elements is still unclear. This is 

important because at a glance, the known topology of the signaling environment does 

not precisely predict the numbers, positions, and geometries of the various bones of the 
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limb skeleton. To explain these phenomena, biologists have grappled with the concept of 

morphogen gradients as positional cues. Alan Turing introduced the concept of 

“morphogen” almost a century ago in a seminal theoretical study describing how reaction 

kinetics of a diffusible molecule could generate patterning in a field of cells (Turing 

1952). Since this work, developmental biologists have almost unilaterally adopted the 

paradigm of “positional information based on a morphogen gradient” as a major 

mechanism in morphogenesis, and much of the theory behind this concept has been 

experimentally verified to play important roles during development (Sheth 2012, Hiscock 

2015). While the role of gradients in proximal-distal patterning in the limb bud has been 

hotly debated for decades, there is some consensus that anterior-posterior patterning 

gives rise to digit cartilage from the distal mesenchyme according to a SHH signaling 

gradient. 

 

Proximal-distal patterning:  

There have been several competing models proposed throughout the last century to 

explain how the limb reproducibly arranges the zeugopod, stylopod, and autopod pattern 

across the proximal-distal axis, and many of them use a proximal flank-derived RA 

gradient that opposes a distal AER-derived FGF8 gradient to specify differentiation 

within different segments of the skeleton. It was originally proposed that progressive 

specification of cell fates in a “progress zone” subadjacent the AER started as proximal, 

and became increasingly distal throughout development (Summerbell 1973). Later, a 

pre-pattern model was conceptualized in which cell fates were determined from a very 

early stage, potentially by reading relative RA/FGF concentrations (Chiang 2001, Dudley 

2002). Recent data suggests that specification of the limb field is initiated by RA/FGF 

antagonism, which could account for the most proximal limb segment, but that distal 

mesenchyme do not require RA signaling for patterning, and that FGF signals 



 26 

permissively regulate patterning by simply promoting growth (Cunningham 2013, Saiz-

Lopez 2015). Rather, patterning of the zeugopod and autopod may rely on an intrinsic 

clock to coordinate differences in cell cycle, expression of Hoxa11/Hoxd11 and 

Hoxa13/Hoxd13 genes, and cell adhesion properties to specify proximal-distal values 

(Saiz-Lopez 2015). This may play a role in determining differences in size among bones 

along the proximal distal axis, as it was proposed that mesenchymal cells that give rise 

to the more proximal stylopod bones, having proliferated fewer times prior to 

differentiation, contain greater proliferative potential and thus grow to much greater sizes 

compared to autopod bones, explaining the fact that most mesenchymal condensations 

initially form to similar sizes irrespective of proximal-distal value (Tabin 2007). Thus, the 

importance of signaling gradients for proximal-distal patterning is still unclear. 

 

Anterior-posterior patterning:  

SHH, locally secreted from the tiny posterior-distal ZPA domain, controls the anterior-

posterior polarity of the limb mesenchyme during outgrowth and digit specification 

(Figure 1.1c). Localized expression of SHH can be clearly viewed at the mRNA level by 

in situ hybridization (Marigo 1996) and immunohistochemistry (Gritli-Linde 2001). Also, 

several downstream molecular, cellular, and morphological readouts clearly exist to 

produce a graded outcome. Downstream transcriptional targets of SHH signaling, Ptc1 

and Gli1, are expressed in a gradient emanating from the ZPA (Drossopoulu 2000, 

Tickle 2013). Furthermore, PKA-mediated Gli3 post-translational processing interacts 

with SHH in the limb bud to control digit patterning (Marigo 1996). Graded SHH signaling 

has been shown to translate to a gradient of the Gli3 activator/Gli3 repressor ratio to 

relieve posterior cells from Gli3 transcriptional repression of SHH targets (Litingtung 

2002, te Welscher 2002, Wang 2007). Experiments using SHH-expressing cell grafts 

and SHH-soaked beads have demonstrated that this anterior-posterior gradient is 
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dependent on SHH dose, and duration of cells to SHH exposure, and distance from the 

SHH source (reviewed in Tickle 2013). Cells in the ZPA also contain an intrinsic cell 

cycle clock that regulates SHH expression, suggesting both SHH-expressing and 

interpreting cells sense time (Chinnaiya 2013). This means that during digit patterning, 

SHH does not act in a simple concentration gradient, but rather, time, distance, and 

slope of the concentration gradient all cooperate to produce a signaling activity gradient 

that varies across time and space to determine digit number. As a result of the gradient 

of SHH signaling along the AP axis, quantitative maps of tissue deformation anisotropy 

have shown that the regions of greatest tissue deformation correspond exactly with 

regions of greatest SHH signaling, and that SHH-dependent growth rate also emanates 

from the ZPA in a gradient (Morishita 2015).  

The SHH signaling gradient is just one of the many examples of clearly graded 

distributions of signaling molecules in space that result in generating a gradient of 

cellular signaling response that can differentiate between multiple thresholds to produce 

tissue patterning. What determines these thresholds is beginning to be understood, but 

more research is needed to uncover the exact mechanisms used by cells in the limb bud 

to interpret the SHH gradient. Further, we need to know how SHH signaling, in 

conjunction with other positional cues, is used by dynamically moving mesenchymal 

cells in the growing limb bud to make cell fate decisions. 

 

Chondrogenesis:  

Once growth and patterning of the limb bud have defined the position of future bones in 

the limb skeleton, each specified domain of mesenchyme undergoes a compaction 

process where cells become highly cohesive to demarcate the shape of new cartilage 

elements by a mechanism that resembles cell sorting (Widelitz 1993, Oberlander 1994, 

Barna 2007). Cells within the forming cartilage begin to express Sox9, which is the 
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master transcription factor underlying chondrogenic differentiation (reviewed in Hojo 

2016). Sox9 expression promotes rapid deposition of Collagen II and Aggrecan, the 

primary constituents of the early cartilage ECM, and induces the rounded cell shape 

characteristic of early chondrocytes (Barna 2007, reviewed in Kozhemyakina 2015). At 

this point, cartilage has formed, but does not show any large-scale organization, other 

than the fact that the entire cartilage anlagen somewhat resembles the gross geometry 

of the future bone (Figure 1.1d). Further, cells within the new cartilage anlagen do not 

exhibit specific polarity along any of the axes defined in the limb bud. However, to 

achieve the polarized growth so crucial for bone elongation, primordial chondrocytes 

must give rise to the growth plate, cartilage, the highly ordered array of cells that 

displays both tissue- and cell- scale organization along the proximal-distal axis (Figure 

1.1g). Establishing tissue polarity means that distinct zones of maturation including 

resting, proliferative, prehypertrophic, and hypertrophic zones must be aligned along the 

PD axis of the future bone. At the cell level, proliferative zone chondrocytes must form 

the idiosyncratic columnar structures that restrict future hypertrophy-driven growth along 

the PD axis to specifically promote tissue elongation. Knowing this, one current 

challenge is to identify the cell source as well as identify the specific polarizing cue 

driving zone and column formation.  

 

Tissue autonomous mechanisms may underlie growth plate cartilage polarity:  

One strategy to identify a polarizing cue for cartilage is to identify the location of 

endogenous factors that modulate polarity in the growth plate. There are several lines of 

evidence pointing to the existence of tissue-wide cues intrinsic to the growth plate that 

support the high degree of cell and tissue organization required for bone elongation. It 

was discovered that zonal and columnar architecture of growth plate cartilage does not 
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depend on its positioning relative to bone (Abad 1999). In this study, inversion of growth 

plates in a mouse model induced repolarization of surrounding bone tissue while 

maintaining cartilage structure, suggesting that cartilage spatial polarity is intrinsic, and 

further, that it regulates polarity of the underlying bone. It was later demonstrated that 

resting zone chondrocytes are capable of regenerating all other zones after resection of 

proliferative and hypertrophic zones of the developing distal ulnar growth plate, and that 

transplant of resting zone cartilage next to the proliferative zone is sufficient to induce 

orthogonally directed columns, suggesting that resting zone cells produce a signal that 

directs cartilage polarity. More recently, time-lapse confocal microscopy has revealed 

polarized cell behavior in growth plate cartilage explants cultured in minimal media 

(Romereim 2014). This study demonstrated that cultured cartilage explants could add 

new cells to preexisting columns and even establish de novo cell polarity in the absence 

of external tissues. The above information suggests that the resting zone of cartilage 

produces some factor that can regulate cell polarity, but the identity of this factor is 

unknown. 

 

Cartilage-wide signaling - Role of PTHrP – IHH loop in growth plate organization:  

If column formation in the postnatal growth plate depends on the spatial orientation of 

cartilage zones, one strong candidate in the search for tissue-intrinsic cues can be found 

in the reciprocal interactions of Parathyroid hormone-related protein (PTHrP) and Indian 

hedgehog (IHH). The PTHrP/IHH signaling axis has long been known for its importance 

for tissue architecture during growth plate maturation. PTHrP is expressed and secreted 

from sub-articular resting chondrocytes, while IHH is secreted specifically from pre-

hypertrophic chondrocytes and both expression domains are observed prior to the 

formation of columns (Figure 1.1g and 1.2b) (Chen 2006, Vortkamp 1996, Gao 2009, 



 30 

Provot 2007, Yang 2003). It is thought that the two ligands form complementary 

signaling gradients along the PD axis to control the rate of cell proliferation and 

differentiation in the cartilage proliferative zone (Samsa 2016, Kronenberg 2003). 

Manipulation of PTHrP or IHH signaling has profound ramifications for growth plate 

organization at the level of column formation and zonal architecture. Complicated 

genetic experiments have revealed that both IHH and PTHrP control the rate of 

chondrocyte proliferation and hypertrophy via mechanisms both independent of, and 

dependent on, the activities of each other. IHH promotes proliferation of early 

proliferating chondrocytes (Kobayashi 2002, Kobayashi 2005), and hypertrophy of 

maturing proliferative zone chondrocytes independently from PTHrP (Mak 2008), and is 

thought to be the principal activator of PTHrP expression in resting zone cells 

(Kronenberg 2006). Conversely, PTHrP inhibits hypertrophic differentiation 

independently from IHH (Chung 1998, Mau 2007), while also repressing IHH expression 

and activity (Mau 2007, Karp 2000, Lanske 1996). Impaired IHH signaling in vivo or 

cartilage explants results in loss of PTHrP expression, resulting in premature 

hypertrophy and loss of proliferative zone columns (St Jacque 1999, Gao 2009, 

Kobayashi 2002, Minina 2001). Similarly, mouse models of altered PTHrP signaling 

exhibit severely disorganized growth plates and defects in hypertrophy (Miao 2008, 

Lanske 1999, Weir 1996). What drives IHH expression in naive chondrocyte 

condensations is unclear; however, IHH precedes PTHrP and hypertrophic markers 

during growth plate morphogenesis; thus, IHH likely induces PTHrP in some cells while 

inducing hypertrophy in other cells, originating tissue-wide growth plate organization 

(Figure 1.1e-f). 
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Do gradients of IHH/PTHrP signaling in the growth plate affect cell organization?  

The existence of long-range paracrine signaling pathways that have such importance for 

limb bud and growth plate development and function suggests intuitively that signaling 

gradients control bone growth. The observations of localized gene expression of crucial 

ligands (PTHrP, IHH, Wnt5a, FGF8 etc.), coupled with localized expression of paired 

receptors (PPR, PTC1, FGFR) have been interpreted as evidence for a gradient of 

signaling activity. This sort of conclusion is sometimes prematurely made, as studies 

detecting graded ligand-receptor interactions at the protein level in cartilage are scarce. 

For example, IHH is a crucial signaling ligand in cartilage known to have dose-

dependent effects on cell biology in vitro, and its paralog SHH has been proven to cause 

a gradient of Gli3 processing during limb bud development. Comparing overexpression 

models with classic allelic series also shows genetic dose of IHH is positively correlated 

with growth plate length, proliferative zone column length, and PTHrP expression 

(Kobayashi 2005). However, although PTHrP expression is presumed to occur in 

response to an IHH signaling gradient in periarticular chondrocytes, a gradient of IHH 

protein in cartilage has not been definitively shown to extend to periarticular cells (Ma 

2011, Minina 2001, Koziel 2004). This maybe caused by poor limits of detection of 

cartilage immunostaining, or to the existence of a secondary signaling interaction that 

bridges the prehypertrophic and resting zones. Second, phenomena that are known to 

be dose-dependent in two-dimensional culture models in vitro, such as IHH-dependent 

phosphorylation of Smo (Li 2016, reviewed in Chen 2013) have not been demonstrated 

to exhibit a gradient in cartilage. This is important because a gradient of IHH ligand 

demonstrated at the protein level does not account for the morphogen-sequestering 

activities of the extracellular matrix (i.e. local heterogeneity in ECM composition can 

repress signaling activity even in regions of high morphogen concentration, reviewed in 
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Yan 2009). The effect of the extracellular environment on diffusion of secreted ligands is 

a poorly understood topic, but a linear, one-to-one relationship between mRNA 

expression of any given ligand, and downstream signaling should not be assumed 

(Hynes 2009). Particularly, the effects of extensive growth on the interpretation of all 

gradients in the proximal-distal axis should be under question, given the large distances 

involved in continued allometric growth during puberty, relative to the presumed 

concentration gradients. Essentially, this means directly detecting the cell interpretation 

of a signal is the only way to show true signaling gradients, since upstream or 

downstream measures are subject to overwhelming spatiotemporal complexity.  

Furthermore, in situ hybridization studies describing the expression domains of 

genes targeted by signaling regulation, particularly markers of growth plate maturation 

(PTHrP, FGFR3, BAPX, PTC1, IHH, COLX) show clearly defined boundaries that 

resemble discrete differentiation switches, or at least punctuated equilibria (Ahrens 

2009, Romereim 2014). This suggests that ligand-receptor signaling in the growth plate 

depends on at least one threshold to determine morphogen presence/absence (thus 

specifying range), but does not necessarily imply multiple thresholds within signaling 

range. This primary (on/off) IHH threshold can be modulated by extracellular matrix 

composition as well as point mutations in IHH that affect its binding to HIP-1, but the 

function, let alone existence, of secondary or tertiary thresholds of IHH signaling activity 

in cartilage has not been explored (Gao 2009, Cortes 2009, Koziel 2004). However, it 

has been shown that repressive interactions between multiple morphogens can generate 

sharp, stepwise and on-off boundaries of gene expression from simple diffusion 

gradients in the nervous system development (Ashe 2006), and thus further research 

may identify new repressive signaling mechanisms that control cartilage zone boundary 

formation.  
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Even if the presumed IHH signaling gradient does exist in the growth plate, how 

does it affect the mechanism by which the IHH/PTHrP loop build cartilage architecture? 

Excellent work by Vortkamp’s group demonstrate that the importance of IHH for growth 

plate development is contingent on the presence of Gli3, a transcription factor that can 

regulate gene expression depending on post-translational cleavage from an activator to 

repressor form (Koziel 2005). Double mutants of IHH/Gli3 rescue the column formation 

phenotype seen in single IHH mutants; thus, IHH seems to function mainly in the 

repression of Gli3 activity. Furthermore, PTHrP signaling via PKA/cAMP promotes Gli3 

processing to repress transcription of IHH target genes, possibly including PTHrP itself 

(Mau 2007). This suggests that IHH does not act as a polarity cue for chondrocytes, 

despite a possible spatial IHH signaling gradient lengthwise along the growth plate.  

If not IHH, would PTHrP signals be acting in a gradient? Theoretically, PTHrP 

could action independently to regulate column formation as long as transcriptional 

repression by Gli3 is lifted, which is consistent with an organizer-like role for resting zone 

cells during establishment of cartilage polarity. Interestingly, it was also discovered that 

overexpressing SHH (presumably activating expression of PTHrP) under a Col2a1 

promoter causes orthogonally directed columns, possibly caused by the failure of 

chondrocyte rotation, or alternatively a total repolarization of the tissue (Tavella 2004). 

Similar defects were caused by PTHrP overexpression in chick (Li and Dudley, 

unpublished data), suggesting the importance of chondrocyte interpretation of PTHrP 

ligands for properly oriented column formation. Additionally, recent live imaging 

experiments demonstrated that proliferative zone chondrocytes within growth plate 

cartilage explants treated overnight with an excess dose of PTHrP fail to rearrange into 

columns, suggesting that PTHrP could directly impact the signaling network that controls 

column formation. However, whether or not a PTHrP gradient is required for column 

formation is still under debate, since constitutive activation of PTH1R in cartilage partially 
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rescues the growth and polarity defects seen in PTHrP null mice, which strongly 

suggests that uniform levels of cAMP/PKA signaling within cartilage are sufficient to 

support zone and column formation. However, intersections between the PTHrP/IHH 

circuit and several pathways critical for chondrocyte differentiation (FGFs, BMPs, WNT, 

to name a few) are still being discovered. Because the level of crosstalk in the entire 

signaling network that controls column formation is still unclear, excluding cooperative, 

multidimensional, or alternative gradients would be hasty.  

 

Wnt5a signaling gradients may provide a cue to establish chondrocyte polarity: 

Endochondral skeleton formation and bone elongation is controlled by a complex 

signaling network, yet many genetic models that block cartilage growth or modulate 

differentiation leave the mechanisms that determine proximodistal axial polarity intact 

(for example, some chondrocyte-specific disruptions of FGF signaling have minimal 

effect on column formation while still producing growth abnormalities by affecting 

proliferation and hypertrophy, Jacob 2006, reviewed in Lui 2014). In stark contrast, the 

genes that mediate non-canonical Wnt signaling and planar cell polarity signaling seem 

to be required for growth plate tissue and cell polarity. Human chondrodysplasias that 

disrupt cell polarity in cartilage have been linked to Ror2/Vangl2 (Geister 2015, Zelzer 

2003, Wang 2011).  Null mutations in Wnt5a, Ror2, Vangl2, and Prickle in mouse all 

result in failure to establish columnar chondrocyte arrangement (Schwabe 2004, Gao 

2011, Liu 2014, Yang 2003). In chick, mosaic overexpression of dominant-negative or 

wild type Wnt5a, Fzd7, Vangl2 result in cell-autonomous disruption of cell polarity and 

cell shape, demonstrating a clear relationship between cartilage column formation and 

noncanonical Wnt signaling (Li 2009). Allelic series by Yang’s group and others 

demonstrated genetic interactions between the Wnt5a, Ror2 and Vangl2 proteins in 
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mouse (Wang 2001, Gao 2011). In this study it was shown that Wnt5a protein is capable 

of binding Ror2 and Vangl2 receptors in mammalian cells to induce the formation of 

Ror2/Vangl2 protein complex, promoting dose-dependent phosphorylation of Vangl2 

(Gao 2011, Yang et al 2017). Specifically, Vangl2 contains two clusters of 

serine/threonine phosphorylation sites on its N-terminus, some of which exist in a state 

of basal phosphorylation. Increased interaction with Wnt5a/Ror2 can phosphorylate the 

remaining residues, and bring Vangl2 to a fully activated state to promote its polarized 

localization on the cell membrane. Wnt5a/Ror signaling can also phosphorylate and 

activate Dvl. In fact, binding Ror receptors seems to account for a significant portion of 

Wnt5a’s function, demonstrated by the exacerbated Ror2 -/- skeletal phenotype by 

concomitant Ror1 deletion (Ho 2012).  

A standard readout for cell polarity is the presence of molecular or morphological 

asymmetries in any given cell. In early cartilage, Vangl2 was observed to localize in a 

planar-polarized manner along the proximodistal axis (Gao 2011). This is the earliest 

known sign of cell polarity in chondrocytes. Vangl2 asymmetric localization begins at 

12.5 in the metacarpals (prior to column formation for this growth plate), depends on its 

phosphorylation downstream of Wnt5a/Ror2, and is influenced by the presence of Pk1 

(Figure 1.1e). Other PCP effectors Pk1 and Dvl have been reported to localize 

specifically to the chondrocyte lateral edge at E14.5 in mouse (Kuss 2014). Although a 

comprehensive analysis of PCP protein localization across growth plates and along 

developmental stages has not been reported, the data agrees with several 

developmental contexts (drosophila, c. elegans) in which distinct membrane domains 

enriched for different PCP proteins confer polarity information to each cell (Vladar 2009, 

Rozco 2015, Axelrod 2011). Such specialized domains are maintained by positive 

feedback among pairs of transmembrane PCP molecules (i.e. Ror2/Vangl2) as well as 

stabilizing intercellular interactions, counterbalanced by lateral inhibition of separate 



 36 

PCP modules (i.e. mutual inhibition of Vangl2/Pk1 within a cell). In the majority of these 

systems, a Wnt signaling gradient provides the first symmetry-breaking cue (Yang 

2015). In E12.5 mouse embryos, Wnt5a is expressed in a graded manner along the 

distal mesenchyme of the limb bud while IHH/PTHrP/COLX expression remains barely 

detectable in this presumptive growth plate until E13.5 (Figure 1.1f). Thus it was 

proposed that a Wnt signaling gradient might be transduced into planar cell polarity by 

promoting asymmetric membrane domains during the initial stages of cartilage 

differentiation (Gao 2011). 

Is there a continuous requirement for Wnt signaling in chondrocyte polarity? 

One question critical to growth plate development in vivo and in vitro is whether the 

mechanisms that initially establish chondrocyte polarity are continuously responsible for 

providing positional cues for the duration of cartilage elongation. Later stages in 

development show the Wnt5a expression domain moves to the perichondrium 

surrounding the proliferative and prehypertrophic zones of each growth plate (Yang 

2003, Hartmann 2000), raising the question of whether Wnt5a functions continuously to 

maintain preexisting planar cell polarity, or acts transiently to initiate a self-maintaining 

polarity signaling cascade in chondrocytes (Figure 1.1g). Polarized cell rearrangements 

underlying column formation were observed in tissue explants of cranial base growth 

plate cartilage lacking a perichondrium, suggesting that cell polarity can be maintained in 

the absence of Wnt5a signals (Romereim 2014). It was shown that SOXC genes are 

required for WNT5A expression, however deletion of SOXC in limb bud (Prx-Cre) but not 

chondrocytes (Col2a1-Cre) produced defects resembling the Wnt5a homozygous null 

phenotype, leaving open the possibility that WNT5A expression in the early limb bud, but 

not perichondrial cells, supports its primary function (Kato 2015). WNT5a deletion in 

perichondrial cells would be a crucial experiment to demonstrate the continued 
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requirement for PCP in growth plate cartilage polarity. Alternatively, inducible Col2-cre 

mediated deletion of Wnt5a receptors such as Ror2/Vangl2 at later time points after 

growth plate formation would be a fair test of this hypothesis. One study has claimed that 

chondrocyte column formation could be induced in vitro by addition of Wnt5a and 

transfection of PCP receptors, suggesting the Wnt5a pathway maintains polarity in 

mature chondrocytes (Randall 2012). However, the analysis used in this study does not 

distinguish isogenic groups (a putative characteristic of chondrocyte column formation) 

and cannot account for the possibility of physical cell deformation in their cell pellet 

culture caused by increased cell proliferation rather than acquisition of planar cell 

polarity via graded actions of WNT5a on the pellet. Finally, asymmetric localization of 

PCP effector genes was not presented in the study, leaving open the possibility that 

activating WNT5a encourages crosstalk with alternative cell polarity signaling modules. 

  

What is the proper interpretation of skeletal defects in Wnt5a mutants? 

There is an important distinction to be made between failed column formation 

phenotypes; between not differentiating to the proliferative zone (developmental delay), 

hypertrophying before proliferation would result in columns (developmental 

acceleration), and differentiating correctly to a proliferative zone that is still unable to 

form columns (cell polarity defect). However, the phenotype caused by disrupting PCP 

signaling appears to have equal importance for the limb bud development and cartilage 

differentiation as for chondrocyte polarity, raising the caveat that polarity defects in 

Wnt5a and associated receptor genes may be simply caused by abnormalities in 

cartilage maturation. For example, deficiencies in Wnt5a signaling lead to defects in the 

cell cycle, resulting in reduced cell number (Yang 2003, Yamaguchi 1999). This can be 

illustrated by significantly reduced phalanx size in embryos expressing dominant-
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negative Ror2 (Witte 2010). Importantly, hypocellularity has been demonstrated to 

interfere with mesenchymal condensation, a critical step in cartilage formation (Hall 

2000, Wolpert 1979). In fact, almost all of the germline and limb-bud-deleted PCP 

mutant mice fail to express early markers of chondrogenesis such as SOX9 at the 

appropriate developmental stages (Yang 2003, Yang 2013, Schwabe 2004, Gao 2011). 

Further, the distal phalanges are entirely missing in Wnt5a -/- and Ror2/Vangl2 -/- 

embryos, suggesting a delay in the development of the distal skeleton (Yamaguchi 1999, 

Gao 2011). Point mutations in gene Pk1, which is reported to affect growth plate 

organization, also causes growth and differentiation defects in the limb bud as early as 

E11.5 (prior to cartilage formation in the metacarpals, but after cartilage formation in the 

proximal limb), concomitant with greatly reduced expression of Wnt5a and Vangl2 (Yang 

2013). Thus, mutations affecting Wnt5a signaling could produce crippling defects in 

skeletal morphogenesis even before chondrocytes would be competent to interpret 

Wnt5a signals.  

Developmental aberration by disrupting Wnt5a signaling could also occur after 

cartilage formation but long before chondrocytes form columns, as both Wnt5a -/- and 

Ror2-/- mutations abrogated IHH expression in cartilage (Yang 2003, Schwabe 2004). 

Even if the cartilage maturation prompted by IHH was simply delayed in these 

experiments, the observed reduction in proliferation in Wnt5a-/- cartilage could delay 

chondrocyte exodus from the PTHrP signaling domain, resulting in a very large resting 

zone. This caveat applies to the studies that suggested a continuous requirement for 

noncanonical Wnt signaling in chicken growth plate polarity (Li 2009). Alternatively, 

Wnt5a signaling could affect column formation independently of cell polarity through 

suppression of canonical Wnt/beta-catenin signaling. Disruption of canonical Wnt 

signaling has been reported to be sufficient to disorganize the growth plate (Yuasa 

2009). Wnt5a, in a context-dependent manner, either stabilizes or increases turnover of 
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beta-catenin (Mikels 2006). While loss of beta-catenin does not render chondrocytes 

unable to form columns (they are shorter, Ahrens 2011), it is possible to that 

deregulation of canonical Wnt signaling may phenocopy a polarity defect. Studies from 

chick, however, dispute this hypothesis, as overexpressing canonical Wnt inhibitors 

seems to have no effect on chondrocyte column formation (Li 2009).  A comprehensive 

analysis of column formation across growth plates and developmental stages in planar 

cell polarity mutant mice is needed. Until then, the question of whether mature growth 

plates rely on Wnt5a signaling to form columns, at least in mouse, is still unclear.  

 

MECHANICAL REGULATION OF CARTILAGE ARCHITECTURE 

Diverse signaling mechanisms such as receptor-ligand binding and 

mechanotransduction have been shown to contribute to cartilage maturation by acting at 

multiple length scales, from the level of single molecules and cells to the level of bulk 

tissue-tissue interactions. Recently, the relative contributions of various signaling 

modalities across length scales and their mutual interactions are coming into focus. 

Particularly, the information presented here will highlight the many different types of 

force generating mechanisms. Later we discuss their cross-scale and intermolecular 

feedback, and the complex routes by which they are managed by the cell-signaling 

environment to generate tissue architecture.  

 

Polarity and mechanics: common threads along skeletal development:  

At each length scale, different mechanical forces from the external environment 

influence polarized growth and cell behavior for the proper development of every part of 

the musculoskeletal system.  Muscle contractions, compression, torsion, and stretch are 

examples of organ-level forces that signal through large-scale architectural changes to 
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influence the long-term development of cartilage and bone (Figure 1.2a). At the tissue 

level, variation in the composition and remodeling of the extracellular matrix (ECM) and 

forces caused by bulk cellular dynamics creates a complex mechanical environment that 

is characterized by extensive reciprocal interaction between ECM structure and cell 

organization (Figure 1.2b). These interactions are founded in mechanical forces 

produced at the cell level, including mechanotransduction via cell-ECM adhesion, cell-

cell adhesion, and cytoskeletal dynamics (Figure 1.2c). Together, cell-level forces 

orchestrate polarized cell behavior such as oriented cell division, cell migration, cell 

shape changes, and the creation of a structured ECM.  Thus, the signaling mechanisms 

that govern cell- and tissue- scale polarity cooperate with cell and tissue mechanics to 

generate the polarized growth of each mature bone in the limb skeleton. In this section, 

the force-producing modules that are thought to play important roles in forming the logic 

of cartilage organization and growth will be introduced. Discussion will focus on the role 

of mechanotransduction from the interactions between individual cells to the 

contributions of tissue-wide and tissue-extrinsic forces during the formation of growth 

plate cartilage architecture.  

 

Cell level forces: integrins, cadherins, cytoskeleton, and cilia 

Most cells use cell-surface receptors called integrins to transfer mechanical stimuli to 

and from the external environment. Chondrocytes express several integrin receptor 

subtypes (β1, β3, β5, α1, α2, α5, αV, α6, α10) that form heterodimers to bind the various 

collagen, fibronectin, laminin and minor proteins of the cartilage ECM. The cell-matrix 

interactions mediated by β1 integrin complexes are incredibly important for cartilage 

growth, because mutations in ITGβ1 and integrin-linked kinase (ILK) both result in 

chondrodysplasia (Aszodi 2003, Bengtsson 2004, Grashof 2003, Kyostila 2013, 
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Enomoto-Iwamoto 1997). Of the alpha subunits only ITGα10-/- can, to a certain extent, 

reproduce the phenotype of ITGβ1-/- cartilage indicating that chondrocytes are 

particularly reliant on adhesion to collagen. In these mutant conditions, several 

disturbances are noted within cartilage. First, loss of integrin function completely 

abolished cell polarity and the ability for chondrocytes to form columns. Second, the 

mutations disrupted the actin cytoskeleton, resulting in punctate organization of the 

cortex compared to the even distribution of the actin network in wild-type controls. Third, 

integrin deficient chondrocytes showed G2/M defects due to failed cytokinesis. In many 

cell types, cytokinesis depends on adhesive forces as well as contractile forces of the 

cleavage furrow, suggesting that to produce stereotypical cartilage tissue architecture, 

chondrocytes rely on forces produced cooperatively among the actin cytoskeleton, the 

integrin adhesion complexes, and the cartilage ECM. 

Recently, a novel time-lapse imaging assay of live murine growth plate cartilage 

explants has provided fundamental insight into the cellular processes underlying 

cartilage architecture and growth by demonstrating a requirement for cell-cell adhesion 

(Romereim 2014). Live imaging revealed that the chondrocyte division plane is always 

arranged perpendicular to the long axis of the mother cell body, so that daughter cells sit 

laterally adjacent. This is in accordance with Hertwig’s rule, that division plane assumes 

the minimum possible distance across daughter cells. Following cell division, instead of 

immediately separating, daughter chondrocytes form a tight association rich in putative 

cell-cell adhesion complex proteins such as cadherins and beta-catenin. The daughter 

cell adhesion interface then rotates 90 degrees in the span of 4-5 hours until it is 

perpendicular with the primary growth axis, thereby stacking the chondrocytes into a 

column. By contrast, cells in the resting zone and chondrocytes in culture are capable of 

forming adhesion surfaces following cell division, but are not observed to rotate. This 

corroborates previous work in chicken showing that chondrocyte columns are clonal, and 
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that the initial division plane is randomly oriented in the resting zone but non-randomly 

oriented in the proliferative zone (Li 2009). Further, correct rotation in resting-

proliferative transitioning cells occurred independent of cell shape (Romereim 2014). 

Importantly in this study, disruption of intercellular adhesion by inhibiting cadherin-

cadherin binding halts rotation of the daughter cell interface, demonstrating that 

chondrocyte rearrangement depends on cell-cell in addition to cell-matrix adhesive 

interactions.  

The above findings provide a theoretical framework to dissect the local 

mechanisms promoting tissue architecture, leading to the following question: how does a 

pair of daughter chondrocytes coordinate adhesion dynamics on two distinct cell 

surfaces to achieve collective movement? One classic explanation is called “differential 

adhesion” and has roots in the self-organizing properties of surfactants (Manning 2010). 

Soap bubbles that are in contact with each other minimize free energy by maximizing the 

surface area of their shared interface (Besson 2007). According to the “differential 

adhesion” hypothesis, the adhesive forces are balanced between cell-cell and cell-ECM 

surfaces under static conditions, but increases in adhesive force favor expansion of the 

stronger interface, resulting in rearrangement (McMillen 2015). Since the amount of 

cadherin-cadherin trans dimerization determines the adhesive forces connecting two 

cells, regulation of cadherin enrichment at the daughter cell interface could cause 

breakage of existing integrin-matrix bonds to result in interface expansion, leaving the 

daughter cells in a lower energy state post-rotation (Chen 2005, Zhang 2009).  

The above model does not account for the actions of alternative force-generating 

mechanisms available to the chondrocyte, such as the actin, microtubule, or 

intermediate filament networks. In fact, modern perspectives derived from “differential 

adhesion” now recognize the cooperative nature of adhesive and cytoskeletal forces. 

Cell-patterning phenomena that were originally thought to derive from differences in 
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cadherin adhesion were later demonstrated to be potentiated by surface tension 

produced by actomyosin, such as self-sorting in cell aggregates from different germ 

layers (Lecuit 2015). In cartilage, electron micrographs of the adhesion surface in 

rotating daughter cells show formation of nanoscale protrusions at the interface 

periphery that resemble lamellopodia (Romereim 2014b). Further, actin organization is 

altered in B1 integrin mutant chondrocytes (Aszodi 2003). Actin networks are capable of 

self-regulating the connectivity, elasticity, flow, and turnover of individual components to 

control cell movements and shape change, and are extremely sensitive to upstream 

signaling cues (Banerjee 2017). Thus, despite experimental challenges caused by the 

coupling of cytokinesis with cell rotation, cytoskeletal forces could be an important part of 

the column formation mechanism by generating protrusive and/or tensile forces on the 

cadherin- and integrin- adhesion surfaces.  

In the growth plate, the primary cilium has received attention as a way 

chondrocytes transduce various mechanical and chemical cues from the extracellular 

environment (Serra 2008). The primary cilium is a non-motile, microtubule-based 

organelle on the surface of most cells including chondrocytes and mesenchymal cells of 

the limb bud mesenchyme (Satir 2010). Intraflagellar transport (IFT) proteins bring 

hundreds of proteins to the primary cilia including acetylated tubulin, which is used as a 

cilia marker (Yuan 2016). Originally hypothesized to be vestigial, and to sense the 

centriole, it is now known that this structure is mainly used as a cellular sensory 

mechanism (Satir 2010). While enriched with cellular receptors to transduce chemical 

cues, the primary cilium can sense physical cues by bending in response to mechanical 

stimulation such as fluid flow, shear stress, and hydrostatic pressure, which leads to 

activation of intracellular signaling and transcriptional responses (Yuan 2016). Mutations 

in IFT genes can result in the loss of cilia formation, causing skeletal disorders known as 

ciliopathies. Many of these disorders have ramifications for the limb bud, often affect 
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chondrocyte differentiation in the growth plate and are associated with altered HH and 

WNT signaling, resulting in cartilage mechanical instability (Ross 2005). Specifically, the 

chondrocyte response to externally applied tensile strain depends on activation of IHH 

signaling and downstream ECM metabolism that depends on the presence of the 

primary cilia (Shao 2012). Polydactyly is a common consequence of abnormal primary 

cilium, consistent with defects in digit patterning during limb bud growth (Haycraft 2006). 

Primary cilium seems able to regulate the actin cytoskeleton as well as microtubule 

network, as primary cilium assembly affected the amount and organization of stress 

fibers produced by chondrocytes in culture and in vivo, leading to changes in cell shape 

and cortical tension (McGlashan 2007, Rais 2015). Some groups have used the primary 

cilium to assess chondrocyte polarity, because proliferative zone chondrocytes have the 

shortest cilia and orient them parallel to the longitudinal axis of the growing bone, and 

conditions that alter cell polarity result in random orientation of primary cilium. 

Accordingly, primary cilia have been proposed by some to play a role in cartilage polarity 

(de Andrea 2010). However, inspection of cartilage histology in Col2a1cre-IFT80f/f, 

Tg737orpk, and Col2a1cre-KIF3Af/f mutants, shows little effect on column formation at 

birth, despite the total loss of primary cilia (Mcglashan 2007, Song 2007, Koyama 2007, 

Haycraft 2006). Interestingly, in the absence of primary cilia, the postnatal growth plate 

cartilage becomes gradually more disorganized over time (Song 2007). Whether this is 

due to the compromised mechanosensory mechanisms in proliferative chondrocytes, or 

a loss of PTHrP/IHH regulation remains unknown. Thus, while signaling by the primary 

cilia is probably not related to the network that establishes chondrocyte polarity, it is 

possible that cilia-mediated signaling contributes to maintenance of chondrocyte polarity. 
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Transduction of cell-extrinsic and tissue-wide forces: roles of extracellular matrix: 

Cartilage is composed of distinct populations of chondrocytes that are spatially 

segregated into zones based on their differentiation state. Each zone of chondrocytes 

produces a unique extracellular matrix with distinct morphology and mechanical 

properties. One reasonable hypothesis is that ECM with locally variant composition 

could produce bifurcations in cell mechanics at the level of membrane domains (cell 

polarization), cell population domains (tissue polarization), or both. That is to say, 

structural anisotropies within cartilage could act as global or local cues to promote cell 

polarity and tissue growth.  

Zone-specific variation in mechanical stiffness and compressive force has been 

demonstrated in the developing cartilage. Computational modeling results suggest that 

chondrocytes near the reserve/proliferative zone border are subjected to combinations of 

high compressive hydrostatic stresses that vary as a function of position within the tissue 

(Gao 2016). Finite element analysis showed that compressive force is conducive to 

endochondral ossification, in contrast to tensile force, which promotes fibrocartilage 

formation. In general, many labs have found the resting zone to be stiffer than the 

proliferating and hypertrophic zones by bulk mechanical testing (reviewed in Villemure, 

2009). Others completed an analysis of rabbit and porcine growth plates that revealed a 

steady increase of ECM stiffness as a function of position throughout cartilage 

maturation (Radakrishnan, 2004). Porcine growth plate stiffness also increases until 4 

weeks of age (Wosu 2010). Extracellular matrix stiffness was also shown by atomic 

force microscopy to increase with cartilage maturation in mouse embryos (Prein 2016). 

Zone-specific differences in ECM stiffness are likely to result from dynamic regulation of 

ECM deposition and remodeling, illustrated by the marked increase of 

pericellular/territorial ECM, interterritorial ECM, and fibrillar collagen mass per cell in 
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lower hypertrophic versus upper proliferative zone cartilage (Noonan 1998). Thus, either 

increased or decreased matrix stiffness and mechanical compression are associated 

with the transition from non-column-forming resting zone cells to column-forming 

proliferative zone chondrocytes.  

Anisotropic mechanical properties of the cartilage matrix have also been 

demonstrated in the proliferative zone. Orientation of collagen fibrils is biased towards 

the mediolateral axis in the pericellular matrix surrounding every cell, while collagen 

residing in the interterritorial matrix surrounding each column/chondron is polarized 

along the proximodistal axis during early and postnatal cartilage development (Godwin 

2016, Prein 2016). Furthermore, the interterritorial matrix is shown to be much stiffer 

than pericellular matrix in proliferative zone chondrocytes (Prein 2016). Thus, an 

asymmetric mechanical environment exists around each column of chondrocytes that 

could potentially differentially resist movement, resulting in consistency in the direction of 

daughter cell rotation. In 1974, Gould proposed a simple explanation for cylindrical 

shape of growth cartilage in chick based on differential matrix deposition leading to 

differential compression along the proximodistal axis. Ten years later, it was 

demonstrated that certain compositions of collagen/fibronectin ECM could drive 

translocation of cells or even polystyrene-latex beads from regions of low fibronectin 

concentration to regions of high fibronectin concentration by a process that did not 

depend on diffusion, convection, or electrostatic distribution effects, providing proof of 

concept that anisotropies in the cartilage matrix could promote column formation 

(Newman 1985, Loganathan 2016).  

Genetic studies have clearly demonstrated the importance of the extracellular 

matrix for cartilage organization, chondrocyte polarity, and formation of cell columns in 

the proliferative zone. Integrin-mediated cell-matrix interactions are thought to participate 

in mechanotransduction between chondrocytes and the ECM that depend not only on 
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the presence of matrix components, but also on the organization in which secreted 

molecules form the supramolecular ECM network. Genetic disruption of almost any 

component of the cartilage extracellular matrix results in tissue architecture defects. So 

far, the list of matrix genes necessary for column formation includes Col2a1, Col9, 

Col11, Aggrecan, Glypican 4, Hyaluronic acid, Fibrillin 1, Matrilin (Blumbach 2008, 

Dreier 2008, Gustafsson 2000, Matsumoto 2009, Jeong 2014, Rogers 2007, Li 2001). 

Collagen II is specifically well studied, as a number of point mutations have been 

generated that each affect cartilage growth in various ways (Arita 2002, Hering 2014, 

Ritvaniemi 1995, Korkko 1993, Maddox 1997). Interestingly, processing of pro-collagen 

into helical fibrils seems to have an effect on column formation, as pro-collagen 

surrounds every resting chondrocyte but demarcates chondrons in the proliferative zone, 

and mutations that disrupt pro-collagen organization also disrupt column formation 

(Patra 2014). Chondrocytes seem to require cell-collagen binding interactions, because 

alpha 10 beta 1 integrin heterodimers recognize and bind collagen II (Reviewed in Plow 

2000). Further, many of the aforementioned ECM genes affect the fibril formation and 

network organization of Collagen II, particularly Col9, Col11, Fibrillin, and Matrilin 

(Brachvogel 2012, Budde 2005, Posey 2008, Gustafsson 2000, Huang 1999). These 

studies show Collagen 9 is actually required for the maintenance of the structure of 

Collagen 2 fibrils, so it seems that collagen structure feeds back to cell structure and 

shape (potentially due to the relationship between molecular structure and stiffness), 

even if ECM structure is a downstream consequence of cell organization. Accordingly, 

Col2a1-/- chondrocytes have been reported to exhibit normal cell polarity and shape very 

early in cartilage development, but fail to maintain proper tissue architecture (Raducanu 

2009). Thus, feedback between chondrocyte polarity and cartilage biomechanics is likely 

to play a role during tissue growth.  
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Why is the cartilage ECM so important for column formation and growth? One 

simple answer is that ECM is a crucial component of chondrocyte biology, influencing a 

wide range of cellular processes including cell differentiation, proliferation, and survival. 

Many of these processes are integrin-dependent and can affect tissue architecture, 

which adds complexity to the question of the ECM’s role in cartilage growth. For 

example, mechanotransduction from the ECM could affect the PTHrP cartilage signaling 

domain, as PTHrP gene expression is stretch-sensitive (Chen 2005, Torday 2002), and 

B1-integrin dependent cell-ECM interactions are required for normal levels of cell 

proliferation (Aszodi 2003). 

In addition to signaling to cells through integrin and other adhesion receptors, the 

ECM can also regulate cartilage growth and tissue architecture through adhesion-

independent mechanisms. Matrix constituents regulate the biochemical landscape at the 

level of morphogen availability to shape signaling gradients in cartilage. For example, 

the matrix protein Fibrillin binds and sequesters TGFB to control its diffusion (Reviewed 

in Hynes 2009). Defects in bone growth arise from altered TGFB signaling in Marfan’s 

syndrome, which is caused by loss-of-function mutations in Fibrillin (Judge 2005). 

Moreover, the major collagen in cartilage, collagen II, controls the diffusion of secreted 

BMP2 and TFGB1 in early cartilage via its ligand-binding VWC domain (Zhu 1999). This 

interaction is developmentally regulated, as mature chondrocytes splice collagen II pre-

transcripts to omit the VWC domain (Hynes 2009). This ligand-sequestering domain can 

release growth factors upon interactions with matrix metalloproteinases (MMPs), making 

TGB1 and BMP2 immediately available to chondrocytes. Competitive ligand binding is a 

feature of many cartilage ECM components such as Laminin, which also contains EGF 

domains that can activate signaling upon degradation (Swindle 2006, Prieto 1992). In 

addition to a role in ligand sequestration, many ECM components such as heparin 

sulfate and chondroitin sulfate are used as cofactors to activate receptor signaling 
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(Hynes 2009). For example, zebrafish mutants of chondroitin sulfate proteoglycan-

synthesizing enzymes accelerate chondrocyte differentiation via FGF, BMP and IHH 

pathways (Eames 2011). Thus, the ECM can concentrate or limit growth factors to 

particular sides of the cell to maintain polarity by controlling spatial availability of 

signaling factors, which contributes to the establishment of morphogen gradients, and 

thus could guide cell polarity in both chemical and mechanical fashion.  

One example from the limb bud mesenchyme illustrates how cell-matrix 

interactions can be used to alter the signaling environment. Using specialized cellular 

filopodia-like projections called cytonemes, cells exchange signaling proteins and 

transmit mechanical tension across cells at the tissue level (Kornberg 2014). Cytonemes 

stretch several cell diameters to provide SHH and WNT signals from the cytoplasm to 

responding cells, thus regulating the availability of morphogens in the growing limb bud 

mesenchyme (Sanders 2013). The outgrowth of cytonemes through the collagen matrix 

is dependent on the actin cytoskeleton and has shown to require planar cell polarity 

signaling in Drosophila (Huang 2016). Cytoneme-mediated signaling requires integrin 

adhesion and heparin sulfate proteoglycans (Huang 2016). Therefore, by influencing the 

outgrowth and signal transduction of cytoneme projections in the early limb bud, the 

ECM potentially shapes the SHH and WNT signaling gradients to control cell fate 

determination and growth (Stanganello 2014, Umulis 2013, Hadjivasiliou 2016).  

 

Tissue-extrinsic forces: muscle and gravity, in and after the womb 

We have outlined basic mechanical modules at the cell and tissue level that can affect 

cartilage growth. However, cartilage is an open system, subject to a wide range of 

external mechanical stimuli during embryonic and postnatal development. In particular 

the extent to which musculature-derived stresses are important for bone growth and 
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structural properties has been controversial. It is known that developing bones are 

subject to increasing stress caused by muscular forces. However, the claim that muscle-

derived force transmission influences the cell polarity and organization of chondrocytes 

in the growth plate lacks a definitive body of evidence.  

First, the effects of weight bearing on bone growth seem to be minimal. 

Spaceflight does not reduce growth in growing rat bones (Spengler 1983). Alternative 

methods of gravitational unloading versus single (1N) and double gravitational loading 

(2N) have no effect on rat hind limb length, although unloading is associated with 

decreased total bone mass, reduced bone mineral density, external bend of the shaft 

and rotation of the distal tibia (Van der Meulen 1995, Ohira 2006). Even artificial systems 

to deliver large, non-physiological compressive forces to the limb have very subtle 

effects on growth, but are commonly cited to describe the importance of external 

mechanotransduction on bone length (Kozhemyakina 2015). Dynamic axial loading was 

shown to suppress growth proportional to load, yet this suppression recovered after 1 

week except at highest loads (17N) (Ohashi 2002, Duke 1999). Centrifugation of rats 

(2N to 4N) was reported to inhibit bone growth, yet this study did not report control for 

potential endocrine responses and trauma-induced behavioral effects such as reduced 

feeding compared to non-centrifuged rats (Vico 1999). Therefore, the fact that cartilage 

responds to large compressive forces may not be relevant to normal bone growth aside 

from disease models.  

Furthermore, the data surrounding the role of muscle-derived forces in bone 

length has remained ambiguous for decades. Neuromuscular blocking reagents in chick 

show growth defects that appear to affect geometric scaling on the organ scale rather 

than cell polarity or tissue architecture, although differences in bone collar formation 

were observed (Hall 1990, Nowlan 2008, reviewed in Shea 2015). These studies 

revealed that IHH and ColX expression patterns were altered compared to untreated 
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control, reflecting a developmental delay rather than a tissue polarity defect. Further, the 

effects of these agents on overall chondrocyte proliferation, total extracellular matrix 

production, or their effects in organotypic bone culture were never assessed. Species-

specific peculiarities are also possible, as much of the information surrounding the 

effects of neuromuscular disruption on bone growth in mammalian systems suggests the 

view that cartilage growth is somewhat mechanically autonomous. Human patients with 

immobilizing neuromuscular defects develop characteristic growth plate patterning and 

ultimately produce skeletons of normal proportions and size. Application of 

oligohydramnios to rat fetus produces no significant reductions in final bone length 

(Palacios 1992). In MDG null mice lacking muscle contractions, abnormal joint cavitation 

was observed, and periosteal bone formation (circumferential growth) was reduced due 

to effects on osteoblast number, but long bone length remained unaffected (Sharir 

2011). This suggests that muscle-derived mechanical forces may influence the shape of 

the cortical bone after cartilage growth has occurred to influence cross-sectional bone 

geometry to optimize the skeletal element for load bearing, but does not explain column 

formation or allometric cartilage growth. In fact, muscle-less MyoD and SpD mutant 

mice, femur and tibia were shortened by 10% of the total length compared to controls, 

and long bones of the forelimb were not significantly shortened (Shwartz 2011, Shwartz 

2013). The mutant mice formed morphologically normal columns in the growth plate 

cartilage, even if column size is somewhat altered. However, absence of musculature 

did not affect cell organization in the mandibular cartilage of zebrafish (Schwartz 2012). 

Therefore, while cartilage elongation may still require tissue-wide compressive or tensile 

stress, mechanical stimuli derived from the musculature probably has a minor impact on 

the processes that originally generate growth vectors.  

However, tissue-extrinsic forces still play an important role in skeletal 

development and patterning. Perichondrium stripping induces cartilage overgrowth, and 
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thus it has been argued to inhibit cartilage growth via compression (although a caveat to 

this observation would be the effects of perichondrium removal on paracrine signaling) 

(Warell 1979, Lynch 1987). Joint cell progenitor fate for specification of joint formation 

and cavitation was found to rely on tissue-extrinsic mechanical loading, and it was 

proposed that beta-catenin acted as a molecular sensor to transduce muscle-derived 

forces (Kahn 2009). Bone formation correlates with muscular contractions as determined 

by FE analysis (Roddy 2011). During fracture regeneration, bone realigns by forming an 

ectopic, bidirectional growth plate that can fuse bone fragments via endochondral 

ossification (Rot 2014). This mode of regeneration requires muscular 

mechanotransduction, but the mechanisms of regulatory muscle-bone crosstalk in this 

situation remain unclear. Thus, muscle contractions do appear to be crucial for a suite of 

morphogenetic processes during skeletal development and can even influence 

endochondral ossification during healing, but subtle growth defects indicates that 

presence of the musculature plays a minor role in bone elongation, and cannot be 

viewed as a polarizing cue for cartilage tissue architecture. 

Tissue-extrinsic forces also appear to play important roles before cartilage forms, 

during growth of the limb bud. The AER is an epithelial layer, which stratifies based on 

cell intercalation. Recently, it was proposed that dorsal-ventral anisotropic tissue tension 

caused by growth of the mesoderm orients remodeling of the limb bud ectoderm by 

driving cell intercalation processes to result in the formation of the AER (Lau 2015). 

Much like the growing cartilage, cell division in the AER progenitors precipitates 

neighbor exchange in the remodeling ectoderm in a process that uses actin and beta-

catenin mediated cell-cell adhesion (Conte 2016). In this example, the physical 

outcomes of mesenchyme growth further participate in shaping the cell organization of 

the growing tissue. This can also be seen during chondrogenic specification in the limb 

bud, where increased cell adhesion via cadherins and NCAM molecules are thought to 
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cause the presumptive cartilage to separate from the surrounding mesenchyme and 

form a coherent oval-shaped condensation. Bulk mechanical stretching can disrupt that 

process, which can inhibit cartilage differentiation through an integrin-dependent 

mechanosensory process that increases formation of actin stress fibers (Onodera 2005).  

Mechanotransduction at the chondrocyte level, as well as extrinsic forces acting 

on cartilage, have distinct influences on chondrocyte behavior and cartilage growth. 

Ultimately, both mechanical stimuli and biochemical signaling factors are probably 

integrated in the overall regulatory mechanisms that govern chondrocyte behavior. 

Investigating the regulation of gene products that are known to produce force, such as 

the mechanochemical motor proteins of the cytoskeleton, may help peel back the initial 

layers of complexity at the intersection of these signaling modalities. In the next chapter, 

the potential role of chondrocyte cytoskeletal dynamics during column formation is 

investigated. Actomyosin is identified as a candidate molecular tool that could link 

daughter cell behaviors with reception of signaling cues from the external environment.  
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INTRODUCTION 

During skeletal development, the long bones of the vertebrate limb achieve 

optimal structure by maximizing elongation while restraining oppositional thickening 

(Hamburger & Hamilton 1951, Kaufman 1992, Summerbell 1981). Bone morphogenesis 

is driven primarily by the growth plate cartilage, in which chondrocytes produce a three-

dimensional environment that determines cell signaling, cell shape, rates of cell 

proliferation, and extracellular matrix (ECM) deposition to control the progressive 

maturation and lengthening of cartilage tissue until it is replaced by bone (Kronenberg 

2003, Kozhemyakina 2015, van der Eerden 2003). During endochondral ossification, 

growth plate chondrocytes become organized into zones of differentiation that each 

function uniquely to control growth (Dodds 1930). The least mature resting zone near the 

articular surface serves as a reservoir of progenitor cells dispersed in a collagen II matrix 

(Abad 2002). Long-range paracrine signaling across zones drives proximal resting zone 

cells to be recruited into a transient proliferative phase marked by discoid cell shape, 

upregulation of cell cycle, and columnar arrangement of cells (Kronenberg 2003). 

Further differentiation of columnar proliferative zone chondrocytes causes hypertrophy, 

where cell enlargement and increased matrix deposition effectively elongates the tissue 

before ossification.  

The extent of longitudinal hypertrophic growth in cartilage is the major 

determinant of bone length, and is potentiated by the extent of columnar cell 

organization, which specifies the primary growth vector (Breur 1991, Cooper 2013, 

Romereim 2011). Column formation in the proliferative zone is crucial for skeletal 

morphogenesis, and this has been demonstrated in several vertebrates including man 

(Geister and Camper 2015). Genetic studies have identified key regulators of cartilage 

tissue architecture, such as planar cell polarity (PCP) signaling via Wnt5a and Ror2 (Li 
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2009, Gao 2011, Liu 2014, Wang 2011, Schwabe 2004), a PTHrP-IHH signaling 

feedback loop (Vortkamp 1996, Weir 1996, Kronenberg 1997, Miao 2008), cell adhesion 

via B1 integrin (Aszodi 2003, Kyöstilä 2013, Terpstra 2003, Bengtsson 2005), and 

various constituents of the cartilage ECM (Fernandes 2007, Ritvaniemi 1995, Jeong 

2014, Li 2001, Thur 2001, Rodgers 2007, Wiweger 2011). However, while the regulation 

of bone growth by such signaling networks has been well studied, the physical and 

molecular mechanisms that govern the organization of chondrocytes into columns 

remain unclear.  

Our recent work using time-lapse imaging of live growth plate cartilage explants 

demonstrated that column-forming daughter cells become laterally displaced by mitosis, 

and intercalate by using a dynamically spreading cell-cell adhesion surface that rotates 

90 degrees, leaving daughter cells stacked in the direction of the growth axis (Romereim 

2014). Importantly, cadherin function is required for cell rearrangement, supporting a 

model in which relative strengths of adhesion, or surface tension, between the daughter 

cell interface and cell-matrix associations drive rotation and thus promote column 

formation. One prediction of this model is that the surface with greater tension will be 

enriched for some force-generating mechanism during cell intercalation. Although tools 

needed to carry out in vivo mechanical testing of intracellular forces have not been 

optimized for a living growth plate, it is possible using microscopy-based techniques to 

track the cytoskeletal dynamics that are the primary means of managing cellular forces. 

To investigate the role of cytoskeletal dynamics during rotation, we determined 

the spatiotemporal relationships among the actomyosin contractile apparatus and cell 

adhesion surfaces. We report myosin activity is excluded from the daughter cell interface 

during column formation, instead accumulating at cell-matrix associations near the 

daughter cell junction. Furthermore, myosin-ECM domains are associated with 

rearrangement, as non-column forming cells in the resting zone, as well as in column-
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deficient mutant mice, show reduced myosin localization at chondrocyte-matrix 

associations. Finally, we demonstrate a regulatory link between planar cell polarity and 

myosin localization in vivo. Our data suggests that signaling networks mediate 

differences between cell-cell and cell-matrix interactions by regulating the position of 

cellular actomyosin contractility to promote chondrocyte column formation and skeletal 

morphogenesis.  

 

RESULTS 

 
Nanoscale protrusions observed in rearranging chondrocytes:  

Previous work using time-lapse imaging of live cartilage explants led to the model that 

following chondrocyte division, daughter cells form a cadherin-based adhesion surface 

that dynamically spread to drive proliferative zone column formation. In this model, 

differences in adhesion force or surface tension between the cadherin and integrin 

surfaces would be sufficient to drive cell rotation. This model seemed attractive 

compared to an active migration model, since by submicron resolution of confocal 

fluorescence microscopy the daughter cell interface appeared to be a smooth, straight 

line that lacked a leading edge (Romereim 2014). However, analysis of cranial base 

growth plate cartilage using improved electron microscopy techniques revealed that in 

fact rotating chondrocytes display nanoscale protrusions that resemble actin-based 

lamellopodia at the leading edge of migrating cells (Appendix 2.1). ARP2/3 is widely 

recognized to promote branching actin polymerization at lamellopodia. Analysis of the 

protrusions after disruption of ARP2/3 complex function by a small-molecule inhibitor 

suggests they could be related to the actin cytoskeleton, since electron micrographs of 

the treated cranial bases revealed protrusions were blunted or collapsed upon inhibition 
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of actin branching, concomitant with loss of cadherin adhesion at the interface periphery. 

Further, there was a dose-dependent inhibition of chondrocyte rearrangement with cells 

displaying substantially delayed and slightly disoriented rotation at a lower dose of the 

inhibitor and almost complete inhibition of cell rearrangement at a higher dose (Appendix 

2.2). These results support the notion that branched polymerization of the actin network 

could drive chondrocyte rearrangement in concert with cell adhesion at the daughter cell 

interface, but whether other types of actin dynamics such as contractility were involved 

was unclear. 

 

A screen of myosin protein localization in growth plate cartilage:  

To address this question, we sought to identify several reliable markers of daughter cell 

adhesion and cellular contractility in growth plate cartilage. We performed 

immunofluorescence assay on histological sections using antibodies recognizing 

components of the cadherin adhesion complex as well as several myosins. Cadherins, 

beta-catenin, p120 catenin, myosin 2b, myosin 2c, and phosphorylated myosin 2 light 

chain (pMLCII) all showed specific membrane localization in nearly all chondrocytes, 

respectively (Figure 2.1). Myosin 2a showed specific localization to the Golgi, consistent 

with previous reports, and thus was not selected for further analysis (Petrosyan 2012). 

For all other epitopes, equivalent immunolocalization was observed among adhesion 

molecules, as well as among myosins, in all columnar chondrocytes analyzed.  

Previous live-imaging analysis of column formation determined three major steps 

to column formation. 1) Cell division and formation of cadherin interface between 

daughter cells, 2) Rotation of the adhesion surface resulting in stacked daughter cells, 

and 3) Separation of daughter cells caused by de novo matrix secretion. Because 

remodeling of cell-cell junctions is often associated with regulation of actomyosin, we 

hypothesized that during column formation, a non-random relationship  
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Figure 2.1: Surveying cadherin adhesion complex proteins and myosin isoforms 

in growth plate cartilage. Immunolocalization of cadherins using a pan-cadherin 

antibody (A), beta-catenin (B), p120-catenin (C), phosphorylated myosin light chain S19 

(D), myosin 2c (E), myosin 2b (F), and myosin 2a (G) in daughter cell pairs in the 

proliferative zone that already completed rotation. Nuclear staining by DAPI is shown in 

blue. Scale bar = 5 um. Each localization pattern was observed in nearly all daughter 

cell pairs examined (over 100 proliferative zone chondrocyte pairs from at least 2 

biological replicates).  
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existed between cell adhesion and myosin activation. To test this hypothesis in vivo, we 

exploited the fact that a single tissue section of embryonic cartilage contains on average 

200 daughter cell pairs exhibiting all three stages of column formation. We noted that 

throughout all stages of column formation, immunofluorescence probing for beta catenin 

and plasma membrane-targeted GFP equivalently labels interstitial surfaces between 

daughter cells (Appendix, 2.3). From this information, we were able to infer that a gap in 

the center of the beta-catenin interface constitutes dividing cells, and shortening of the 

beta-catenin interface is evidence of true cell separation. Therefore, using beta catenin 

as a marker for cadherin cell-cell adhesion, and Myo2b/pMLC2 as markers for potential 

generation of tension by the actomyosin contractile apparatus, we analyzed Z-stacked, 

tiled images of double-labeled cartilage to test the relationship between cadherin 

adhesion and myosin localization throughout the dynamic process of column formation.  

 

Analysis of cytokinesis-associated adhesion dynamics:  

Dividing cells were first identified by the appearance of a myosin-enriched cleavage 

furrow (Figure 2.2, arrowheads). In these cells, size of the contractile ring indicated 

progression through cytokinesis. Close inspection of dividing cells along the z-plane 

revealed that an enrichment of beta-catenin was always observed between the 

ingressing cleavage furrow and the periphery of the surface connecting the dividing 

daughter chondrocytes. Furthermore, nearly all cells with a discontinuous adhesion 

interface show myosin specifically localized to the gap between cell-cell adhesion 

domains, regardless of the zone or myosin isoform analyzed. This indicates that the 

cadherin adhesion interface forms progressively throughout cytokinesis from the outside 

inwards towards the midbody (Figure 2.2 arrows). 
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Figure 2.2: Daughter cell adhesion interface forms during cleavage furrow 

ingression. Schematic of daughter cells undergoing cytokinesis is shown in (A). Green 

dotted lines represent optical sections captured in the z-plane. Representative images of 

dividing cells stained for phosphorylated myosin light chain (pMLC, yellow arrowheads) 

and Myosin 2B (Myo2b, yellow arrowheads) in (B) and (C), respectively. Selected planes 

(1-3um spacing) from z-stack images are shown to illustrate the structure of the 

cleavage furrow (shown in a schematic in A) marked by Myosin 2b (D, yellow 

arrowheads) and phosphorylated myosin light chain (E, yellow arrowheads). Note that 

beta-catenin-enriched adhesion domains adjacent to the cleavage furrow at the cell 

periphery (B’-D’, red arrows). Nuclear staining by DAPI is shown in blue. Scale bar = 5 

um. N.S = distribution of localization patterns between zones and between epitopes not 

significantly different by chi-squared test (cells pooled from 5 biological replicates, for 

pMLC comparison n > 75 cells from each zone, for Myo2b comparison n > 25 cells from 

each zone) 
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Determining myosin localization patterns associated with rotating chondrocytes:  

We next identified chondrocytes that appeared to be actively forming columns by 

rotation. To do this, we segregated daughter cells in the proliferative zone that were fully 

connected by beta-catenin surfaces into separate classes based on the angle of the 

interface relative to the primary growth vector (vertical, rotating, horizontal), and 

recorded the predominant localization of myosin in each daughter cell pair. A large 

majority of observed rotating cells exhibited myosin enriched solely at regions of cell-

matrix associations (75%, Figure 2.3), often concentrated around the edges of the beta-

catenin interface. The remaining minority of daughter cell pairs showed myosin 

localization either at the cell-cell surface, ubiquitous membrane localization of myosin, or 

very weak staining. This was true for both Myo2B and pMLC, indicating that total 

myosin, as well as myosin activity, are both excluded from sites of cadherin adhesion 

during column formation. Compared to actively rotating cells, there was significantly 

reduced mutual exclusion between myosin activity and cadherin adhesion in cells with 

interfaces parallel to the growth axis (vertical interfaces found prior to rotation, Figure 

2.3), and cells with interfaces perpendicular to the growth axis (horizontal interfaces after 

having completed rotation, Figure 2.3), although these groups also predominantly 

excluded myosin from the beta-catenin surface. Because the resting zone of growth 

plate cartilage does not form columns, we reasoned that if actomyosin contractility 

functioned to promote column formation, there would exist an observable difference in 

either the localization or phosphorylation of myosin when comparing total populations of 

resting and proliferative zone chondrocytes (Figure 2.3). We analyzed the myosin 

activity patterns of resting zone daughter cell pairs that expressed complete cadherin 

adhesion surfaces and compared that data against the total proliferative zone dataset. 

We found that the majority of resting cells evenly distribute myosin around all cell 

surfaces including the beta-catenin interface. The portion of cells showing myosin 
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activity at cell matrix borders was lower than in the proliferative zone (Fig 5M), indicating 

that actomyosin contractility at the cell-matrix border is reduced in resting zone daughter 

cells compared to column-forming cells. Importantly, both myosin 2b and pMLC staining 

patterns were different across zones indicating a general shift in myosin localization 

rather than specific differences in myosin phosphorylation among daughter cells (Fig 2.3 

E and I versus G and K). Together, this data suggests that myosin activity at the cell-

matrix border could be part of the mechanism that enables cells to rotate into columns. 

 

Myosin supplants the separating cadherin interface:  

After rotation, separation of the daughter cell membranes is accompanied by 

disengagement of the cadherin adhesion surface and therefore loss of the beta-catenin 

label. We analyzed daughter cells with partial beta-catenin labels (<75% of the interface) 

and/or obvious disruptions in the cell-cell interface to determine predominant myosin 

patterns. Nearly every separating cell pair was observed to have strong enrichment of 

Myo2b and pMLC at nascent separations caused by regional losses of daughter cell 

adhesion (Figure 2.4 a, d, j, Appendix 2.4). In 20% of cells, enrichment at separations 

was accompanied by additional myosin signal at alternate sites along the cell membrane 

(Figure 2.4, Appendix 2.4). Interestingly, a large portion of cells were observed that 

maintained a myosin-enriched surface facing the most recent sister cell, even after the 

cell-cell adhesion surface had completely disengaged (Figure 2.4 e, k). Chondrocytes 

without an obvious most recent sister cell were almost always observed to distribute 

myosin in “arcs” along the lateral edges of the cell where membrane curvature is 

greatest (Figure 2.4 f, l). 
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Figure 2.3. Myosin activity localizes to cell-matrix borders during daughter 

chondrocyte rotation. Localization is shown for phospho-myosin light chain S19 

(pMLC, yellow arrowheads, E-H) and Myosin 2B (Myo2B, yellow arrowheads, I-L) in 

resting zone (E, I) and proliferative zone daughter cell pairs prior to (F, J), during (G, K) 

and following (H, L) rearrangement. Percentage of cells observed expressing myosin 

activity at cell-matrix associations versus cell-cell associations, for each zone (M) and 

each given position of the cadherin cell-cell adhesion interface during rotation (N) 

marked by beta-catenin (red arrowheads). Nuclear staining by DAPI is shown in blue. 

Scale bar = 5 um. Statistical significance determined by chi-squared test (n = 228 resting 

zone cell pairs, 64 “beginning rotation”, 203 “actively rotating”, and 150 “completed 

rotation” proliferative zone cell pairs). 
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Figure 2.4: Myosin is activated at nascent cell separations. 

Immunolocalization of phosphorylated myosin light chain (pMLC, yellow arrowheads) in 

proliferative zone (D-F) and resting zone (J-L) daughter cells that are disengaging, 

detected by apparent shortening (A, G) and eventual loss (E, H) of the beta-catenin-rich 

adhesion interface (red arrows). Myosin localization for actively separating cell pairs is 

summed over the entire population and represented as a stacked bar chart. As 

chondrocytes become more distant from sister cells, myosin activity becomes 

redistributed away from the prior cadherin interface (F, L). Nuclear staining by DAPI is 

shown in blue. Scale bar = 5 um. N.S = not statistically significant by chi-squared tests 

(for pMLC, n= 342 proliferative zone cell pairs, 252 resting zone cell pairs; for Myo2b, n= 

118 proliferative zone cell pairs, 64 resting zone cell pairs, pooled from 5 biological 

replicates). Images of completely separated cells are representative of the two major 

observed patterns that account for nearly all single cells observed from 5 biological 

replicates.  
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Separating cell pairs showed the same myosin localization distribution regardless 

of the myosin (pMLC or 2B) or zone being analyzed (Appendix, 2.3). Thus, myosin 

localization at the cell-extracellular matrix interface is highly correlated with separating, 

and rotating, cells. Strong cortical localization of activated myosin at the cell-matrix 

surface suggested a connection between cell contractility and integrin activity. We 

explored the possibility that myosin was being recruited to regions of integrin adhesion 

by treating cartilage explants in culture with soluble arginine-glycine-aspartate (RGD) 

peptide to broadly inhibit cell-matrix binding, using RGE peptides as an inactive control 

treatment. In these cartilage cultures, the number of daughter cell pairs was reduced. 

However, in some RGD-treated daughter cells, myosin 2b localization completely 

redistributed to the cell-cell interface (Figure 2.5a), which was not observed in RGE-

treated cultures (Figure 2.5B). This observation is consistent with a functional connection 

between integrin-matrix binding and myosin localization. 

The previous experiments indicated that the signaling networks that control 

column formation might regulate cytoskeletal organization. The planar cell polarity (PCP) 

signaling network is a major regulator of growth plate cartilage architecture (Li 2009). 

Mice lacking either the ligand Wnt5a, or co-receptor Ror2 develop extreme skeletal 

defects, lack proliferative zone columns, and show disrupted cell polarity and shape 

(Gao 2011). We hypothesized myosin activity in growth plate chondrocytes is influenced 

by PCP signaling in vivo. To test the hypothesis, we generated Wnt5a and Ror2 null 

mice and analyzed the patterns of myosin localization in mutant embryonic cartilage. 

Strikingly, the majority of PCP-signaling deficient daughter cell pairs displayed extensive 

co-localization between the beta-catenin, and pMLC/Myo2b at the cell-cell adhesion 

surface (Figure 2.6 E-L and Appendix 2.5). PCP-deficient mutant cartilage exhibited a 

significantly different myosin localization profiles as compared to the matrix-restricted 

myosin within wild-type proliferative zone cells and randomly distributed myosin within 
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resting zone cells (Figure 2.6, Appendix 2.5). A subset of myosin protein appeared to be 

affected as many cells still expressed limited CMA-domains in addition to the 

predominating CCA-domains. Notably, some myosin/beta-catenin co-localization was 

also observed in dividing and separating cells, although there did not appear to be a 

defect in the contractile ring, or in the accumulation of active myosin at the prior interface 

during cell separation. Together, this data suggests that polarity signaling influences 

myosin localization in daughter chondrocytes during column formation. 

 

DISCUSSION 

 
Cytoskeletal dynamics are associated with column formation.  

Vertebrate limb growth and morphogenesis result from the actions of a complex tissue-

wide signaling network on chondrocyte cytoarchitecture. Earlier studies elucidated many 

of the genes and long-range signaling interactions that were required for column 

formation, but the local processes driving cell organization are unclear. In particular, the 

role of cytoskeletal dynamics, which is crucial for other directed cell behaviors such as 

cell migration, cell sorting, and convergent extension of epithelial tissue (reviewed in 

Lecuit 2011, Parsons 2010), is unknown within the context of growing cartilage. In this 

study, electron microscopy demonstrated the existence of nanoscale, branched actin 

polymerization-dependent protrusions at the periphery of the cell-cell interface during 

column formation.  
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Figure 2.5. Myosin localization is disrupted by inhibition of integrin binding. 

Immunolocalization of myosin 2B (Myo2B, yellow arrowheads) in daughter cell pairs 

after the cell-cell adhesion interface has matured in embryonic growth plate cartilage 

treated in culture with RGD peptide (X) or RGE inactive control (). Cadherin adhesions 

are labeled using antibody specific to beta catenin (red arrows). Nuclear staining by 

DAPI is shown in blue. Scale bar = 5 um. Images representative of 28 cells for each 

condition pooled from 2 biological replicates. 
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Figure 2.6. Myosin activity is mislocalized in planar cell polarity signaling deficient 

cartilage. Immunolocalization of phosphorylated myosin light chain S19 (pMLC, yellow 

arrowheads) in daughter cell pairs during cytokinesis (E, I) after the cell-cell adhesion 

interface has matured (F, J), during separation (G, K) and after complete separation (H, 

L) in embryonic growth plate cartilage from Wnt5a (E-H) and Ror2 (I-L) mutant mice. 

Cadherin adhesions are labeled using antibody specific to beta catenin (red arrows). 

Percentage of cells observed expressing myosin activity at cell-matrix associations 

versus cell-cell associations is tabulated in the stacked bar chart below. Nuclear staining 

by DAPI is shown in blue. Scale bar = 5 um. Statistical significance compared to wild-

type datasets from Figure 2.3 determined by chi-squared test (n = 70 Ror2 mutant 

daughter cell pairs, 62 Wnt5a mutant daughter cell pairs, each pooled from 3 mutants). 
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Time-lapse imaging assay of column formation in growth plate cartilage explants, which 

previously demonstrated daughter chondrocytes use a dynamic cadherin-dependent 

adhesion surface to rotate into columns, were here used to demonstrate a requirement 

for ARP2/3 complex function during column formation. Electron microscopy of ARP2/3 

inhibited explants suggested nanoscale protrusions as well as peripheral cell adhesion 

were disrupted, implying a possible relationship between ARP2/3-mediated actin 

dynamics and cadherin adhesion during movement of the cell-cell interface, as in many 

other tissues (Romereim 2014, Verma 2004).  

Previous studies also introduced an important marker of column formation, beta-

catenin (Romereim 2014). This marker enabled the current study to investigate the role 

of actomyosin in cell rotation by inferring the dynamic progression of column formation 

using detailed analysis of histological sections, which was previously impossible. To 

accomplish this, we tracked the localization of total and phosphorylated non-muscle 

myosin 2 during the stages of division, rotation, and separation. Using this approach we 

present data that suggests preferential recruitment of myosin to cell-matrix surfaces 

and/or exclusion from the cadherin junction during and after cell rotation. Conversely, 

conditions that prohibit column formation, such as the resting zone of the growth plate 

cartilage, and mutant cartilage defective in planar cell polarity signaling, fail to exclude 

myosin from the cadherin interface in daughter cell pairs, highlighting a potentially 

important role for regulation of myosin localization during chondrocyte rearrangement. 

One limitation of the study is that because these experiments are mostly correlative, the 

observed myosin localization patterns may be a downstream effect, rather than a causal 

factor, in the mechanism that produces cell rearrangement. To demonstrate a 

requirement for myosin function during rearrangement will be challenging, but may be 

possible by performing live cell imaging after precisely-timed blebbistatin treatments in 

cell-cycle synchronized cartilage explants.  



 77 

How could myosin function to promote column formation? 

Non-muscle myosin 2 typically functions in a complex with actin, and is not yet 

recognized to exhibit actin-independent functions. A role for myosin in column formation 

would require actin binding, which was not specifically measured but is likely for three 

reasons. First, we visualized specific staining of Myo2b and pMLC at the contractile ring 

in dividing cells, a structure that is known to require actin in all mammalian cells. 

Second, the use of actin-binding labels such as phalloidin in growth plate cartilage 

reveals ubiquitous expression of actin at the cell membrane in all chondrocytes (Li 2011, 

Aszodi 2003), so co-localization between these proteins is inevitable. Third, 

phosphorylation of myosin promotes the formation of actomyosin complexes via actin 

binding.  

Based on its known activities, functional actomyosin could influence cytoskeletal 

architecture by either crosslinking actin filaments to generate tension, or by using motor 

function to generate cytoskeletal flow (Laevsky 2003, Levayer 2013, Ma 2012, Martin 

2009, Murrell 2015). Which of these functions, if any, are utilized during column 

formation remains an open question. Since cadherin adhesion and B1 integrin protein 

are both required for cell rearrangement (Aszodi 2003, Romereim 2014), the finding that 

myosin activity localizes to the cell-matrix adhesion surface during rearrangement is 

consistent with a model in which actomyosin dynamics at cell-matrix adhesions 

promotes column formation. Although truly distinguishing between myosin localized to 

integrin surfaces versus the protrusions found at the periphery of the cell-cell interface is 

difficult at the resolution of confocal microscopy, disrupted integrin-matrix coupling led to 

an apparent defect in myosin localization. This finding favors the idea that actomyosin 

could interact with integrin adhesion complexes during rotation. Thus, one prediction is 

that ILK and ITGB1 mutant cartilage should similarly fail to recruit myosin to cell-matrix 
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adhesions (Aszodi 2003, Terpstra 2003), which may be partially responsible for the 

chondrodysplasia-like phenotypes in these animals.  

 

How does the daughter cell interface function to promote rotation?  

Although cadherin function is required for cell rotation, our data does not support the 

idea that cell-cell junctions produce cytoskeletal tension during this process. Rather, the 

proposed model by Aszodi et al from 2003 is probably correct to assume a primary role 

for integrin adhesion surfaces as a driver of cell rotation. However, in their model, 

integrins were proposed to hold the daughter cells together by binding a thin layer of 

interstitial extracellular matrix. By contrast, our data indicates that only after cell rotation 

does the daughter chondrocyte cadherin adhesion interface separate and thus becomes 

replaced by a de novo myosin-enriched cell-matrix interface. One simplistic explanation 

is that the cell-cell junction holds cells together to coordinate rates of movement, as 

occurs during collective migration of cell ensembles (Haeger 2015). Alternatively, 

because inhibiting branched actin polymerization led to disrupted cell adhesion at the 

interface periphery, cadherins may cooperate with ARP2/3 and/or WAVE complexes 

during rotation (Verma 2004). However, it is still an open question whether entire cells or 

only the cell-cell junctions physically move during rotation, which will be a key piece of 

information in determining the role of cadherins. 

 

Planar cell polarity signaling regulates actomyosin patterns during column formation.  

Wnt signaling, through both beta-catenin dependent and beta-catenin independent 

networks, plays a pivotal role in the growth and morphogenesis of various tissues 

including growth plate cartilage (Mak 2006, Yang 2003, Tamamura 2005, Olivia 2003). 

While the canonical Wnt/beta-catenin pathway mainly regulates chondrocyte 

differentiation, studies in chick and mouse models have demonstrated that noncanonical 



 79 

ligand Wnt5a and associated receptors (Ror2, Vangl2, Fzd7) mediate planar cell polarity 

in chondrocytes, which is crucial for column formation (Li and Dudley 2009, Gao  2011). 

Although much is known about PCP signaling in simple model systems such as fly, the 

mechanism downstream of Wnt5a that promotes polarized cellular rearrangements in 

vertebrate cartilage remains to be elucidated (Goehring and Grill 2013, Yang and 

Mlodzik 2015).  Our discovery that total and phosphorylated myosin localize to the 

daughter chondrocyte interface in PCP-deficient cartilage suggests a model in which 

noncanonical Wnt5a signaling through Ror2 influence myosin localization in daughter 

chondrocytes to promote cell rearrangement. Such a model is in agreement with studies 

of melanoma cell migration, in which Wnt5a stimulates polarized recruitment of actin and 

myosin II to the cell periphery in a process requiring Rab4-mediated endosomal 

trafficking (Witze 2008). However, the large fraction of Wnt5a mutant cells lacking any 

pMLC staining suggests Wnt5a could also promote myosin activation. One possible 

intermediate of PCP-induced myosin activation would be the Rho family of GTPases. 

RhoA and associated kinase ROCK are commonly found to be downstream mediators of 

noncanonical Wnt/PCP signaling, and are putative regulators of myosin contractility 

(Winter 2011). Alternatively, the similarities in myosin patterns among PCP-deficient 

mutant cartilage and RGD-treated cartilage offer the possibility that Wnt5a signaling may 

influence myosin indirectly by regulating the amount or activity of adhesion receptors 

such as integrins, at the chondrocyte cell surface. Indeed, Wnt-PCP stimulates collagen-

dependent focal adhesion dynamics in migrating cells (Matsumoto 2010), and is required 

for cell adhesion to fibronectin during zebrafish gastrulation (Dohn 2013). Overall, the 

complex feedback among chondrocyte adhesion surfaces and cytoskeletal organization 

will require rigorous genetic and real-time testing to determine the direct effects of Wnt5a 

signal transduction during column formation.  
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CONCLUSION 

The current study utilized histological analysis of an in vivo mouse model to investigate 

the relationship between cadherin cell adhesion and force generation via the actomyosin 

contractile apparatus. We found that myosin is more likely to be interacting with 

extracellular matrix adhesion molecules during cell rotation, and that control of the 

cellular contractile machinery via the planar cell polarity signaling network seems to be 

an important part of the mechanism for chondrocyte column formation. We propose a 

model in which signaling networks cooperatively guide the localization and activity of 

cytoskeletal and adhesion proteins that drive chondrocyte rotation and promote the 

cartilage elongation so crucial for vertebrate skeletal morphogenesis.  

 

MATERIALS AND METHODS 

 

Mice  

Mice harboring either the tdTomato reporter allele [Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J; Jackson Laboratories] (Muzumdar ., 2007) or col2a1::creERT 

[FVB-Tg(Col2a1-cre/ERT)KA3Smac/J; Jackson] (Feil ., 1997; Nakamura ., 2006) were 

maintained on a Swiss Webster background (Jackson). For clonal analysis, female mice 

homozygous for the Td reporter allele were mated with homozygous col2a1::creERT 

males. Wnt5a+/- mutant mice (Jackson) were incrossed to produce homozygous mutants 

for analysis. To derive Ror-/-;Td;Cre mice, Ror2fl/- mice were generated by germ line 

recombination of Ror2fl/fl conditional mutant mice (B6;129S4-Ror2tm1.1Meg/J, Jackson) with 

Prm-Cre [129S/SV-Tg(Prm-cre)58Og/J, Jackson] and subsequent outcrossing to 

Td;col2a1::creERT mice. For all matings, noon on the day of the postcoital plug was 
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designated as embryonic day (E) 0.5. Pregnant females were injected intraperitoneally 

with one 2 mg dose of tamoxifen (20 mg/ml in 90% corn oil, 10% ethanol) on E12 to 

generate a pulse of cre activity in a mosaic pattern to switch reporter allele expression 

from tdTomato to myristoylated eGFP. All procedures performed on animals were 

consistent with regulatory agency policies and were approved by the Institutional Care 

and Use Committee at University of Nebraska Medical Center. 

 

 Histology and Immunofluorescence 

On embryonic day E17, long bones were harvested, fixed in 4% paraformaldehyde in 

PBS overnight at 4°C, and embedded for cryosectioning or paraffin sectioning as 

previously described (Ahrens and Dudley, 2011). Immunofluorescence was performed 

as described (Ahrens and Dudley, 2011), with the following pretreatments: 

autofluorescence quenching in 0.25% ammonia/70% ethanol for one hour; 2 mg/ml 

hyaluronidase in 100 mM NaCl, 10 mM sodium acetate, pH 5.6, 0.1% Triton X-100 at 

37°C for 30 min; antigen retrieval in boiling 10 mM sodium citrate; and permeabilization 

in 0.5% Triton X-100/PBS for 20 min. Primary antibodies were diluted in 2% HISS in 

TBST at the following ratios: Myosin 2a (1:500, Cell Signaling), Myosin 2b (1:500, Cell 

Signaling), Myosin 2c (1:500, Cell Signaling), phosphorylated myosin 2 light chain (1:50, 

Cell Signaling), alpha-catenin (1:100), beta-catenin (1:250, BD), p120 catenin (1:100), 

pan-cadherins (1:500, Sigma). After secondary antibody incubation, slides were 

mounted in ProLong Gold plus DAPI, and imaged the next day.  

 

Confocal Microscopy 

Imaging of slides was performed using a Zeiss 710 laser scanning confocal microscope 

with an oil-immersion 63X objective. 3-6 optical sections (line averaging of 8, scan speed 
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of 8, and typical resolution of 1024×1024) were collected at 1.5-µm intervals. To capture 

entire tissue sections, multi-channel z-stacks were tiled with 10% overlap and stitched 

into single TIFF files. Images were then exported from ZEN 2010 acquisition software 

and imported into Volocity 3D (Perkin Elmer) for analysis.  

 

Image analysis, cell classification.  

Resting and proliferative zones of growth plate cartilage were distinguished for individual 

analysis by the stereotypical arrangement of proliferative zone cells into columns. Each 

zone was screened for daughter cells that expressed an adhesion interface (strong 

enrichment of beta-catenin between cells). Daughter cell pairs with fully convex 

geometry and BCAT interfaces that spanned 90-100% of the shared outline were 

classified as having a “full interface”. Proliferative zone daughter cells with full interfaces 

were further subdivided into classes “0-9 degrees”, “10-79 degrees”, or “80-90 degrees”, 

by calculating the relative angle of the interface with the long axis of shared daughter cell 

outline. Significant gaps in the interface (greater than 20% of the beta-catenin signal 

missing between daughter cells), or regions of concavity in the shared outline caused by 

incomplete cell-cell association, signified the class “cell separation”. Daughter cell pairs 

with separations occurring exclusively in the middle of the interface were given a unique 

class “separation in middle”. After categorizing each daughter cell pair based on the 

adhesion surface morphology, myosin localization relative to the interface and cell 

bodies was described (for example, “associated with the matrix near the edges of the 

interface”, “a single dot in the middle of the interface”, “arcs concentrated around the 

lateral edges of the cell body”, “mostly cytoplasmic”, “no bias along the plasma 

membrane”). Cells with the same description were tallied, and relative preeminence of 

myosin patterns among any given adhesion class was calculated by dividing each count 
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by total number of cells in that class. Statistically significant differences in pattern 

abundance among experimental groups of a given class were determined using a 

Pearson’s Chi-squared test (* p < 0.01, ** p < 0.001).  

 

Explant Cultures 

Neonatal mice at postnatal day (P) 1-4 (with P0 being the day of birth) were euthanized 

and cranial bases including a small amount of attached bone were rapidly harvested into 

PBS then transferred into cartilage culture media: MEM alpha medium without Phenol 

Red (Invitrogen, 41061-029) supplemented with 50 µg/ml penicillinstreptomycin-

glutamine (Invitrogen, 10378-016), 10 mM β-glycerophosphate, 50 µg/ml ascorbic acid 

and 10 nM β-mercaptoethanol. All cartilage explants were maintained briefly in a 

passively humidified incubator at 37°C and 8% CO2, then explants were embedded in 

1% agarose in a LabTek 35 mm glass-bottom culture dish and an 18•18 mm glass 

coverslip was gently placed on top. After gelation, 5 ml of medium was added to the dish 

and the culture was equilibrated to the microscope environmental chamber. For the 

ARP2/3 inhibitor-treated cranial bases, the media added to the culture dish contained 

either 1.5µM or 2µM ARP2/3 inhibitor (EMD Millipore, 89135-652). For RGD and RGE 

peptide treated cultures (Sigma-Aldrich, 99896-85-2), peptides were solubilized in PBS, 

and diluted into media at a concentration of 1mM. Explants were treated overnight.  

 

Confocal Imaging Setup and Image Acquisition 

Ex vivo imaging was performed using a Zeiss 710 laser scanning confocal microscope 

equipped with a 37°C heated chamber and a stage-mounted Pecon environmental 

control system (passive humidity, 37°C, 8% CO2). Optical sections (line averaging of 2, 

scan speed of 4 or 5, and typical resolution of 1024•1024) were collected at 1.8 µm 
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intervals for between 15 and 25 sections (total depth of 30-40 µm) every30 min 

forupto24 h with manual focus adjustments and occasional increases in z-stack size to 

compensate for thermal fluctuations and tissue growth. For some experiments, image 

tiling with 10% overlap and subsequent stitching of adjacent images was performed to 

visualize a greater area of the explant. 

 

Live Image Processing, Quantification and Biostatistics 

Volocity by Perkin Elmer was used to remove noise and assemble z-stacks into movies 

of 3D reconstructions. Cell shape/size measurements were performed with manual 

assignment of points in Volocity for distance and angle measurement. The division angle 

was defined with respect to a horizontal 0° defined to be perpendicular to the long axis of 

surrounding columns. The final orientation angle was measured with respect to that 

same 0° horizontal, with clockwise movement decreasing the angle and 

counterclockwise movement increasing the angle. The raw angle data was plotted as 

circular histograms using Oriana version 4 software (Kovach Computing Services). 

 

Transmission Electron Microscopy Analysis 

Cranial base cartilage was harvested from neonatal mice at P3. The tissue was fixed in 

a modified Karnovsky’s fixative containing 2.5% glutaraldehyde, 2% paraformaldehyde, 

0.1 M sodium cacodylate and 0.7% (w/v) safranin O (R. Wilson ., 2010). The addition of 

Safranin O served to preserve the proteoglycan network of the pericellular matrix, which 

proved to be crucial in maintaining proper cell morphology. Samples were then post-

fixed with 1% osmium tetroxide for 1 h, dehydrated, and embedded in Araldite resin 

(Electron Microscopy Sciences). Thick sections (1 µm) were taken in order to identify 

regions of interest within the tissue. Once identified, thin sections (100 nm) were 
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collected on tri-slotted, carbon-coated Formvar grids (Ted Pella) and incubated at 65°C 

overnight to promote section adherence. Thin sections were contrast stained with 2% 

uranyl acetate and Reynold’s lead citrate. Imaging was performed on a FEITecnai G2 

Spirit transmission electron microscope equipped with a LAB6 crystal operating at an 

accelerating voltage of 80 kV. 
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CHAPTER 3: A TUNABLE, THREE-DIMENSIONAL IN VITRO CULTURE MODEL OF 
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INTRODUCTION 

During embryonic and postnatal skeletal development, the shape and length of 

bones is determined by the activities of the growth plate cartilage. Growth plate cartilage 

promotes elongation of long bones via regulation of chondrocyte maturation that is 

reflected in morphologically and functionally unique cellular domains (van der Eerden 

2003). Toward the distal (epiphyseal) end resides the resting (or reserve) zone 

composed of the least mature chondrocytes (Kozhemyakina 2015). These resting zone 

chondrocytes are progressively recruited into the proliferative zone, where cell cycle 

activation and changes in cell morphology and cell organization result in expansion of 

isogenic columns of chondrocytes along the axis of growth (Romereim 2014). As 

columns lengthen, chondrocytes at the proximal (metaphyseal) end of the column 

withdraw from the cell cycle and increase in volume (hypertrophy) in two steps that are 

characteristic of the prehypertrophic and the hypertrophic chondrocytes (Tsang 2015, 

Kronenberg 2003). Growth is generated from chondrocyte hypertrophy through 

increased cell mass and deposition of specialized matrix  (Pacifici 1990). Hypertrophic 

chondrocytes are subsequently replaced by bone through the process of endochondral 

ossification (Mackie 2011). Thus, continuous growth over the two-decade span of human 

development requires tight coordination between cell production in the resting and 

proliferative zones, and cartilage loss in the hypertrophic zone.  

Chondrocyte maturation in growth plate cartilage is coordinated by a complex 

paracrine signaling network that is rooted in reciprocal interactions between two major 

signal transduction pathways that include the secreted ligands Parathyroid-related 

protein (PTHrP, encoded by Pthlh), produced by periarticular resting chondrocytes, and 

Indian hedgehog (IHH), produced by prehypertrophic chondrocytes (Karp 2000, 

Kronenberg 2006, St-Jacques 1999). In this context, PTHrP acts to maintain resting 
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chondrocytes, and stimulates formation of proliferative chondrocytes (Ogawa 2002, 

Minina 2001). In addition, PTHrP signaling represses hypertrophy in part through 

inhibition of IHH signal transduction (Harrington 2010, Zhang 2009, Koziel 2005, Mau 

2007, Guo 2002). Conversely, IHH induces hypertrophic differentiation in a PTHrP-

independent manner while promoting PTHrP expression in periarticular resting 

chondrocytes (Tavella 2004, Oji 2007). Therefore, crosstalk between PTHrP and IHH 

paracrine signaling forms the core of a feedback circuit that maintains long-term growth 

by balancing chondrocyte production with chondrocyte loss through endochondral 

ossification.  

Despite a deep understanding of the regulatory pathways that regulate growth, 

few options exist for clinical intervention in growth disorders (Lin 2006, Ballock 2003, 

Geister 2015). In vitro models of growth plate cartilage that reveal the network structure 

of regulatory interactions would advance both drug discovery efforts and tissue 

engineering solutions for growth disorders. One challenge is that chondrocytes readily 

form cartilage in vitro, but do not spontaneously assemble into functional growth plates 

(Gosset 2008, Bashey 1991, Guo 1989, Paige 1996). Results using pellet cultures 

generated from postnatal growth plate chondrocytes suggest that growth plate-like 

structure can be induced by the addition of exogenous factors. For example, pellet 

cultures treated with the hormone thyroxine or the signaling molecule Wnt5a form 

rudimentary chondrocyte columns and regionally display morphological evidence of 

chondrocyte hypertrophy (Ballock 1994, Randall 2012). While these observations 

suggest that chondrocytes respond appropriately to growth factor stimulation in vitro and 

that isolated chondrocytes are competent to organize into columns, these studies did not 

confirm formation of definitive growth plate structure through gene expression or 

demonstrate that columns formed via known cell biological mechanisms. Therefore, it 

remains to be determined whether a limited repertoire of signaling molecules is sufficient 
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to establish growth plate structure in vitro. Furthermore, pellet cultures significantly limit 

mechanistic studies by affording minimal control over the spatial distribution of growth 

factors and matrix structure. A culture system that allows precise spatial and/or temporal 

manipulation of the cellular microenvironment is needed to finely dissect the molecular 

mechanisms that regulate vertebrate growth.   

To establish an in vitro model of growth plate cartilage, we encapsulated primary 

growth plate chondrocytes in beads composed of alginate hydrogel. Alginate is a linear 

polysaccharide that forms hydrogels when crosslinked in the presence of divalent 

cations (Loty 1998). It is widely used in tissue engineering applications because of its 

inherent non-fouling nature and ease of functionalization of the alginate molecule, and 

because the pore size of alginate hydrogels allows for the diffusion of waste out and 

nutrients and growth factors into the tissue engineered construct (Sargus-Patino 2014). 

Growth plate chondrocytes that have been encapsulated in “semi-solid” alginate beads 

maintain a rounded morphology (Rowley 1999, Lee 2012). More recently, groups have 

utilized alginate to inject growth plate chondrocytes into mice for long-term culture, and 

have even observed zonal arrangement and column formation (Alsberg 2001, Alsberg 

2002). However, due to the complex nature of the in vivo culture environment, the crucial 

factors for growth plate development were not elucidated. 

In the current study, we describe a novel three-dimensional in vitro culture model 

where chondrocytes encapsulated within alginate hydrogel scaffolds display zonal 

arrangement of gene expression domains consistent with growth plate cartilage 

architecture. In our culture system, chondrocytes display cell cycle properties and 

generate extracellular matrix consistent with growth plate chondrocytes.  Moreover, we 

show that chondrocyte hypertrophy can be regulated by exogenous manipulation of 

PTHrP and IHH signaling. Importantly, treatment of alginate bead cultures with soluble 

IHH protein or thyroxine induces formation of spatially distinct gene expression patterns 
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consistent with a hypertrophic zone. Our results indicate that we have developed a 

viable model for studies of the genetic regulatory network that maintains the growth plate 

cartilage and thereby promotes bone growth.   

 

RESULTS 

Alginate culture maintains the growth plate cartilage phenotype  

The objective of this study was to investigate the use of alginate hydrogels as 

three-dimensional scaffolds for development of an in vitro growth plate model. As a 

starting point, we analyzed the short-term cellular response of mouse chondrocytes to 

encapsulation within 1.5 % alginate hydrogels for up to seven days. The culture 

conditions used resulted in cell viability greater than 90% on days 0, 1, 4, and 7 (Figure 

3.1A, Appendix Table 3.1). Individual chondrocytes progressively elaborated a 

pericellular matrix, as evidenced by extracellular domains of collagen IV and collagen VI, 

during the 7-day culture period  (Figure 3.1 B).  Since spontaneous dedifferentiation and 

hypertrophy are common problems in chondrocyte cultures, we next assessed 

chondrocyte differentiation via quantitative digital droplet PCR (ddPCR) analysis of gene 

expression. Chondrocytes in our alginate bead cultures express high levels of 

collagen2a1 (Col2, Figure 3.2A), low levels of the fibroblast marker collagen1a1 (Col1, 

Figure 3.2B), and maintain a stable ratio of Col2:Col1 gene expression (Figure 3.2C), a 

measure commonly used to assess chondrocyte dedifferentiation. Although the 

Col2:Col1 ratio did not significantly change over time, ColX expression, a marker of 

chondrocyte hypertrophy,  decreased rapidly and significantly (Figure 3.2D).  
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Figure 3.1. Culture in alginate hydrogel promotes chondrocyte growth. (A) 

Invitrogen Live/Dead assay to determine chondrocyte viability for at least a week of 

alginate culture. Notice evident cell proliferation over time, but low amounts of dead cells 

in all time points (n=3). (B) Immunofluorescence assay demonstrating the formation of 

pericellular matrix in alginate culture using antibodies against Collagen 4 (left) and 

Collagen 6 (right). Freshly isolated chondrocytes lack ECM staining, but produce de 

novo ECM after 1 day in alginate culture. On day 4 (right), a secondary ECM structure is 

observed resembling territorial matrices (n=4). 
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We also noted that cell density within the beads increased over time (Figure  

3.1A) and many of the initial single cells become doublets in our cultures (data not 

shown); two observations that are consistent with cell proliferation. Therefore, we 

performed cell cycle analysis of our cultures using flow cytometry (FACS). FACS 

analysis revealed two populations of chondrocytes in our cultures that were 

distinguished by both forward and side scatter measures of cell size, and thus will be 

referred to as “larger” and “smaller” chondrocyte populations (Appendix 3.1). Smaller 

chondrocytes constituted less than 10% of the chondrocytes recovered from the beads 

and were associated with the only observable instances of sub-G1 peaks. In related 

experiments, we have observed that these small cells remain in the G1 phase of the cell 

cycle regardless of condition or treatment (data not shown), whereas larger cells are 

growth factor responsive (see below). Thus, only the larger, growth factor-responsive, 

cells were included in the reported cell cycle analysis. In this population of larger 

chondrocytes, FACS analysis revealed that only 5-7% of chondrocytes were in S-phase 

at the initiation of alginate culture (Figure  3.2E), whereas 15-20% of cells are in S-phase 

in embryonic growth plate cartilage (Yang 2003). However, during seven days of culture 

within the alginate hydrogel beads, we observed a statistically significant increase in the 

percentage of cells in S-phase that approached the level reported in vivo (Figure  3.2E). 

Since PTHrP has been shown to both inhibit hypertrophy and promote cell proliferation 

in cartilage, we next asked whether PTHrP was expressed by chondrocytes in our 

alginate culture. ddPCR analysis confirmed a significant upregulation of PTHrP 

expression over seven days of culture (Figure  3.2F).Taken together, these data suggest 

that our minimal culture conditions are sufficient to maintain the growth plate 

chondrocyte phenotype in vitro.  
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Figure 3.2. Culture in alginate hydrogel restrains cartilage differentiation. Gene 

expression analysis of alginate cultures using ddPCR (n=4) to count mRNA transcripts of 

Collagen 2 (A), Collagen 1 (B), Collagen X (D), and PTHrP (F). Values are reported as 

fold change in gene expression relative to day 1. (C) Ratio of mRNA transcript counts of 

Collagen 2 and Collagen 1. (E) Propidium Iodide cell cycle analysis by FACS to quantify 

percentage of cells in S-phase (DNA synthesis for cell proliferation/growth). Alginate 

cultures tend to increase the number of proliferating cells over time, compared to D0 and 

D1 (n=3).  
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PTH (1-34) treatment promotes cell proliferation in alginate bead culture 

Given the correlations between PTHrP expression, cell proliferation, and 

chondrocyte differentiation, we next asked if stimulating PTHrP signaling could further 

enhance cell proliferation and chondrogenesis. We cultured chondrocytes in the 

presence of recombinant human PTH1-34, a 34-amino acid peptide derived from the N-

terminus of parathyroid hormone that has been shown to activate the same receptor and 

downstream signal transduction pathways as the natural ligand PTHrP in chondrocytes 

(Kronenberg 2006). FACS analysis showed that one day treatment with PTH1-34 

increased the fraction of cells in S-phase as compared to untreated controls, whereas no 

significant difference was observed after four days of treatment even when culture 

medium and factors were replaced every day (Figure  3.3A). It should be noted that the 

fraction of S-phase cells in PTH1-34 stimulated cultures was identical after one- and 

four-days of treatment (compare 100 nM PTH on day 1 and day 4). Therefore, the 

apparent desensitization to PTH1-34 treatment results from the increase in cell cycle 

activation over time in untreated cultures (compare 0 nM PTH on day 1 and day 4). 

Thus, exogenous stimulation of PTHrP signaling enhances chondrocyte cell proliferation 

in the short-term, but does not appear to have long-term benefits.  

In addition to stimulating cell cycle progression, PTH1-34 also significantly 

reduced expression of ColX (hypertrophic chondroctyes, Figure  3.3B) and IHH 

(prehypertrophic chondrocytes, Figure  3.3C), as well as endogenous expression of 

PTHrP after one day of treatment as compared to control cultures (Figure  3E). One 

interesting observation was that PTH1-34 treatment continued to repress COLX 

expression after four days, whereas expression of other genes (i.e. IHH and PTHrP) had 

already returned to the level of untreated cultures. Therefore, we decided to validate the 

ddPCR results by analyzing gene expression at single cell resolution using fluorescent in  
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Figure 3.3: Treatment with PTH(1-34) accelerates the chondrocyte response to 

alginate bead culture.  (A) Propidium Iodide cell cycle analysis by FACS to quantify 

percentage of cells in S-phase (DNA synthesis for cell proliferation/growth). PTH 

treatment on day 1 stimulates proliferation similar to levels typically seen in day 4 

cultures. However, 4 days of PTH treatment has little effect (n=4). (B-E) Gene 

expression analysis was performed on PTH-treated alginate cultures with ddPCR to 

count mRNA transcripts. On day 1 (left), PTHrP inhibits expression of Collagen X (B), 

IHH (C), and PTHrP (E), but not collagen 2 (D). After 4 days of culture (right), the effects 

of PTHrP on gene expression are greatly attenuated (n=3). 
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situ hybridization (FISH). In situ hybridization in alginate beads is difficult because the 

elevated hybridization temperatures, denaturing conditions, and metal ion chelation of 

hybridization buffers promote depolymerization of the alginate scaffold. To address this 

issue, we devised a novel tissue processing protocol in which alginate beads are 

stabilized prior to cryo-embedding by infiltration with acrylamide and induction of 

polymerization with ammonium persulfate. Using this method, we were able to carry out 

FISH on slides without disrupting the integrity of bead architecture, which allowed the 

spatial relationships between cells in our culture to be accurately determined. We 

visualized gene expression in each cell with fluorescence microscopy (Figure  3.4A, left), 

and quantified the total cell number (DAPI), as well as the number of hypertrophic 

chondrocytes (COLX) and immature chondrocytes (COLII) using an object-counting 

macro in ImageJ (see Supplemental Material). These values were used to calculate the 

hypertrophic index (ratio of COLX positive cells:COLII positive cells) that describes the 

state of chondrocyte maturation in regions of the alginate beads. Using this approach, 

we found that PTH1-34 treatment reduced the hypertrophic index following both 1-day 

and 4-day treatments (Figure  3.4B). Although the downward trend on each day was not 

statistically significant, the overall effect of PTH1-34 treatment across days was a 

significant reduction in hypertrophic index. Thus, together, in situ hybridization image 

analysis and ddPCR transcript quantification demonstrate long-term repression of COLX 

expression by continuous PTH1-34 treatment.  

 

Activation of IHH signaling induces chondrocyte hypertrophy in alginate bead culture  

In vivo, IHH signaling both promotes chondrocyte hypertrophy and activates PTHrP 

gene expression, which antagonizes chondrocyte maturation, including hypertrophy. 

Therefore, we next asked which effect would dominate following exogenous activation of 
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IHH signaling in alginate culture.  To answer this question, we used three known 

activators of IHH signaling: purmorphamine, a commonly-used agonist of Smoothened, 

the signaling component of the hedgehog receptor complex (Sinha 2006); thyroxine, a 

hormone that activates IHH expression in chondrocytes (Williams 2013, Robson 2000); 

and bone morphogenetic protein 4 (BMP4), which is known to upregulate IHH 

expression (Grimsrud 2000).  At all time points analyzed, IHH-activating agents 

increased the hypertrophic index as determined by FISH analysis (Figure 3.5A-B). After 

pooling data from different time points, it was determined that overall, 1 and 5 ng/mL 

BMP4, 0.5 µg/mL purmorphamine, and 500 ng/mL thyroxine each significantly increased 

hypertrophic index of bead cultures. In addition, both purmorphamine and thyroxine 

maintain the proportion of large (growth factor responsive) cells in alginate culture 

(Figure 3.5C-D). Given that direct activation of IHH signaling by the Smoothened agonist 

purmorphamine increased the hypertrophic index to a greater extent than the indirect 

activators thyroxine and BMP4, we next asked if recombinant IHH protein could similarly 

induce chondrocyte hypertrophy. As expected, hypertrophy was induced by IHH as 

determined by the ColX:ColII ratio (Figure 3.5A-B). However, induction of hypertrophy 

(COLX positive cells) was observed exclusively in cells near the bead surface, appearing 

as a ring illuminating the bead edges when analyzed by epifluorescence microscopy 

(Figure 3.6A). Conversely, COLII positive cells were enriched within core of the bead 

(Figure 3.6A, quantification in Figure 3.6B-C). Interestingly, treatment with thyroxine, but 

not purmorphamine, also induced formation of a peripheral ColX expression domain 

(Figure 3.6D). These data demonstrate regionalization of chondrocytes within alginate 

bead cultures into a layer of hypertrophic-zone-like cells on the bead periphery that 

surrounds a core of less mature chondrocytes. To our knowledge this is the first example 

of an inducible zonal chondrocyte organization in a tissue engineered cartilage construct 

using alginate hydrogel scaffolds.  
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Figure 3.4: Visualizing chondrocyte gene expression in alginate bead culture. (A) 

Fluorescent images generated using our improved protocol exploiting acrylamide 

embedding of fixed beads in conjunction with fluorescent in situ hybridization (FISH) to 

visualize cells that highly express Collagen 2 (left) and Collagen X (right) as a cell-by-cell 

measure of hypertrophic differentiation. Images are analyzed via a fully automated 

macro in ImageJ to quantify percentage of cells expressing each gene relative to a 

nuclear DAPI stain. Ratio of these percentages was calculated (ColX/Col2) to yield a 

hypertrophic index (refer to methods for more details). (B) Quantification of hypertrophic 

index in PTH1-34 treated and untreated cultures (n=3).  
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Figure 3.5: Increased levels of hypertrophic gene expression following exogenous 

activation of IHH signaling. (A-B) Analysis of FISH-derived images to calculate the 

extent of hypertrophy in alginate cultures treated with Thyroxine (10, 500 ng/mL), BMP4 

(1, 5 ng/mL), Purmorphamine (0.5, 5 µg/mL), and IHH (100 ng/mL) for a single day (A) 

and for 4 days in culture (B) (n=3). On panel A, purmorphamine 20 day 4, the error bar is 

much larger than the rest of the data points and therefore is clipped by the axis. (C-D) 

Propidium Iodide analysis of stimulated bead cultures was performed to quantify 

percentage of cells in S-phase (n=3) on days 1 (C) and 4 (D). 
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DISCUSSION  

A novel culture system for studies of growth plate formation:  

In children, growth plate cartilage is crucial to skeletal morphogenesis. Defects in growth 

plate function due to genetics (incidence of chondrodysplasia - 1 in 5000 births), 

metabolic disease, radiation and chemotherapy, and high-impact fractures affect skeletal 

growth, which can lead to deformities, growth arrest, or structural instability of 

developing long bones (Krakow 2010). However, an incomplete understanding of the 

molecular and cellular processes that produce growth has resulted in few clinical options 

to treat growth defects and has severely limited advances in tissue engineering and 

regenerative strategies to replace damaged or diseased tissue. While genetic models 

have identified many important molecules that regulate cartilage morphogenesis, deeper 

mechanistic understanding of growth regulation in vertebrates has been confounded by 

the lack of tools for precise and combinatorial genetic manipulation that is needed to 

determine mechanism. In vitro models offer the potential to simultaneously regulate 

multiple secreted, matrix, and mechanical factors in space and time (Langer 1993, 

Antoni 2015, Rowley 2002, Inoue 2014). Here we describe development of a 3D 

chondrocyte culture system using mouse neonatal growth plate chondrocytes 

encapsulated in an alginate hydrogel to investigate the mechanisms underlying growth 

plate formation, regulation, and growth disorders.     

  

Three-dimensional alginate culture maintains immature chondrocytes.  

For many tissues, two-dimensional cultures are sufficient to preserve cell phenotypes 

and cell-specific responses to growth factor signaling. However, in the case of growth 

plate cartilage, monolayer cultures promote dedifferentiation of chondrocytes, abnormal 

gene expression profiles, and inappropriate responses to signaling factors (Grant 1985,  
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Figure 3.6: IHH treatment in alginate bead culture is sufficient to establish 

spatiotemporal patterns of gene expression resembling chondrocyte zonal 

arrangement. (A) FISH (top) was used to visualize ColX-expressing (left) and Col2 

expressing (right) cells in 100 ng/mL IHH-treated cultures. White dotted lines delineate 

the observed zones of predominant expression. Red dotted lines delineate outer 

boundary of the bead. Beads form a ColX-enriched ring (outer portion) surrounding a 

Col2-enriched core (inner portion). DAPI (middle) is shown on right to demonstrate cells 

are still evenly dispersed in hydrogel culture after 4 days, aside from isogenic groups, 

(n=3). (B) Counts of Col2-expressing and ColX-expressing cells (divided by the count of 

DAPI-positive nuclei in each FISH image), stacked in a bar graph to illustrate the relative 

predominance of hypertrophic versus non-hypertrophic chondrocytes in different 

domains of the IHH-treated alginate beads. (C) Hypertrophic indexes of different 

domains of the IHH-treated alginate beads. (D) FISH was used to visualize ColX-

expressing (left) and total (right) chondrocytes in alginate cultures treated with 10 ng/mL 

thyroxine.  
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Shin 2016). Three-dimensional culture of chondrocytes in pellets, micromass, or artificial 

scaffolds has been shown to maintain the chondrogenic phenotype (Caron 2012, Liu 

1998). Although pellet cultures have been induced to generate growth plate-like 

architecture, the difficulty of manipulating these cultures to generate regional differences 

in signaling factor concentrations or matrix composition inspired us to explore culture 

models in which chondrocytes are encapsulated in hydrogel scaffolds that have defined 

composition. The choice of scaffold is potentially important, since physical interaction of 

scaffold materials with cells and growth factors might significantly alter outcomes of 

these models. Therefore, we chose alginate as a scaffold material because low cell 

adhesion, limited protein binding, and minimal cell toxicity of this material renders 

alginate a “blank slate” for the introduction of defined signaling and matrix factors. The 

many advantages of alginate also include mild gelation conditions, fluid diffusion of 

nutrients and wastes into and out of the construct, and accessible functional groups for 

modifications. For these reasons, many cell types, including articular chondrocytes 

(Paige 1996), have been successfully cultured in alginate gels.  

Our basal culture conditions display high viability and extracellular matrix 

deposition that are consistent with previous reports (Guo 1989), which suggests that the 

basal culture conditions are permissive for chondrogenesis. However, unlike previously 

described growth plate cartilage cultures, we observed rapid and significant decrease in 

chondrocyte hypertrophy and a concomitant increase in cell proliferation during seven 

days in culture. These findings are important because induction of hypertrophy and cell 

cycle exit are common observations in monolayer and micromass culture of 

chondrocytes (Gosset 2008, Bashey 1991). In these contexts, hypertrophy is often 

accompanied by expression of IHH and BMPs, and thus it has been assumed that 

isolated growth plate chondrocytes are unable to maintain expression of factors that are 

required to repress chondrocyte maturation (Grimsrud 2000). By contrast, our results 
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demonstrate that these alginate culture conditions promote maintenance of proliferating 

and growth factor-responsive chondrocytes that exhibit minimal hypertrophy. Although 

the mechanism remains to be defined, endogenous production of PTHrP might underlie 

preservation of the chondrocyte phenotype in alginate since PTHrP expression 

continued to increase during the 7 day culture period and the addition of exogenous 

PTH1-34 inhibited expression of both COLX and IHH, transcriptional markers of 

chondrocyte hypertrophy. These data strongly suggest that resting/proliferative 

chondrocytes, not hypertrophic chondrocytes, are the default maturation state in our 

alginate cultures. 

 

PTHrP signaling drives cell proliferation in alginate culture 

 Although endogenous PTHrP production likely plays an important role in 

maintenance of chondrogenesis, PTHrP expression in our culture system increases at a 

rate that is probably suboptimal for chondrocyte cultures. For example, during 7 days in 

basal medium, our cultures display increased cell cycle entry from approximately 5% of 

cells in S phase at day 0 to approximately 15% by day 7. In contrast, approximately 20% 

of resting and proliferative chondrocytes are in S phase in embryonic growth plate 

cartilage (Yang 2003). However, after only 1 day of treatment with PTH1-34, cell 

proliferation within our cultures was restored to in vivo levels in our cultures. PTH1-34 

stimulation of cell proliferation occurs concomitant with loss of IHH expression, 

suggesting that PTHrP signaling alone is the primary driver of cell proliferation in these 

cultures. The apparent primacy of PTHrP signaling is surprising given the genetic 

evidence for roles of IHH, Wnt5a and Wnt5b in cell cycle control (Yang 2003, Minina 

2001). This paradox could be explained if these growth factors regulate PTHrP 

expression or if PTH1-34 induces expression of additional endogenous growth factors. 
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The in vivo observation of 20% S phase cells likely represents a limit to the rate of 

proliferation in heterogeneous chondrocyte populations, since this rate was not 

exceeded using lower or higher concentrations of PTHrP (data not shown). Together, 

our data suggest that establishment of PTHrP signaling is a crucial step to restore 

normal cell proliferation levels in growth plate chondrocyte cultures. However, one 

potential challenge to using PTH1-34 in long-term cultures is the potential for 

desensitization of the PTHrP signaling pathway (Figure 3.3), which could alter the cell 

proliferation rate and possibly lead to induction of cell hypertrophy. Results presented 

here suggest that chronic treatment is not detrimental to cultures since continuous 

stimulation with PTH1-34 maintained maximum levels of cell proliferation and minimum 

levels of ColX and Ihh expression for at least 7 days in our cultures. Given these results, 

we suggest that PTHrP signaling plays a crucial, yet underappreciated role, in 

maintaining cultures of growth plate chondrocytes.  

IHH signaling induces hypertrophic zone-like gene expression patterns in alginate: 

 PTH1-34 stimulation of the cell cycle and repression of hypertrophy (Figure 3.3A-

B) demonstrate that PTHrP pathway functions are maintained in chondrocytes within our 

alginate cultures. Likewise, our data show that functions of the IHH signaling pathway 

are also preserved in these cultures. Specifically, activation of IHH signaling either 

directly (IHH or purmorphamine) or indirectly via BMP signaling (thyroxine or BMP4) 

increased the proportion of COLX-expressing chondrocytes in bead cultures (Figure 

3.5A-B). Induction of chondrocyte hypertrophy is an important PTHrP-independent 

function of IHH in vivo (Karp 2000). Thus, in combination with the data from PTH1-34 

treatments, our results demonstrate preservation in alginate culture of the crucial 

functions that comprise the PTHrP-IHH signaling feedback loop, a key node in the 

regulatory network of growth plate cartilage. 
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 Although treatment with IHH, purmorphamine, or thyroxine resulted in similar 

effects on chondrocyte hypertrophy, we observed one crucial difference – IHH and 

thryoxine treatments both produced regional differences in chondrocyte hypertrophy in 

alginate beads. Specifically, treatment with IHH or thyroxine was sufficient to stratify 

alginate bead cultures into an inner core consisting of non-hypertrophic 

(resting/proliferative) chondrocytes and an outer ring of ColX-expressing hypertrophic 

chondrocytes, which mimics the layered organization of growth plate cartilage in vivo. 

Regional differences were unexpected from treatment with a single factor, but could 

occur if diffusion of the hypertrophy inducing factors into the bead was rate limiting.  

Restricted diffusion of IHH might be expected since the pore size in 1.5% alginate gels 

restricts diffusion of molecules in the 10-70 kD range to varying degrees (Tanaka 1984) 

and mature IHH protein has a molecular mass of 20 kD. However, IHH is sufficiently 

small that it could be expected to equilibrate in concentration throughout the bead during 

four days in culture and therefore distinction between the core and periphery should 

lessen over time.  An additional argument against a requirement for sustained 

exogenous concentration gradients is the observation that the small molecule thyroxine 

also induced a hypertrophic domain. Thyroxine has a negative charge that should limit 

interaction with the alginate scaffold and a low molecular weight (0.78 kD) that should 

allow unimpeded diffusion in alginate gels (Williams 2013). Therefore, the current data 

do not support a model in which sustained concentration gradients of signaling 

molecules are required to establish zonal differences in growth plate chondrocytes. If not 

by sustained concentration gradients of exogenous signaling molecules, what 

mechanism might account for regionalization of chondrocytes in alginate beads?  An 

alternative model is that a concentration gradient is only transiently required to initiate 
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Figure 3.7: Hypothetical model exploring potential mechanisms of IHH-driven 

zonal demarcation. Possibilities include an outside-in IHH-diffusion gradient (Left) 

where cells exposed to high levels of IHH are induced to hypertrophy, but at the center 

of the bead, cells are seeing less IHH and maintain static differentiation state. 

Alternatively, IHH diffuses into the bead rapidly, creating a uniform IHH concentration in 

media (Right). Under this model, IHH induction of hypertrophy is balanced by 

endogenous PTHrP expression (differentiation block). Since PTHrP rapidly diffuses out 

of alginate but is constantly produced, this forms a radial gradient of PTHrP from the 

inside out where cells on the outer ring are exposed to a higher IHH/PTHrP ratio causing 

induction of hypertrophy.  
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formation of distinct maturation domains. In this context, the current results most likely 

indicate induction of PTHrP expression in the non-hypertrophic core chondrocytes in 

response to IHH produced by the peripheral hypertrophic chondrocytes (Figure 3.7). In 

turn, endogenously produced PTHrP from the core chondrocytes might diffuse toward 

the periphery inhibiting IHH-dependent hypertrophy. Consequently, an initial anisotropic 

growth factor stimulus can activate the endogenous IHH-PTHrP signaling feedback 

interaction that generates distinct zones of chondrocyte maturation as observed in vivo.  

 

CONCLUSION 

Our results are the first demonstration of a tunable, three-dimensional culture model of 

growth plate cartilage. This culture system will be an important tool for elucidating the 

mechanisms underlying chondrocyte differentiation, cartilage architecture. In addition, 

our in vitro model could be used to advance drug discovery by facilitating high-

throughput screening for molecules that regulate cartilage growth. Finally, our results 

encourage future studies that aim to use alginate hydrogel scaffolds to engineer 

cartilage constructs of defined proportions in vitro.  

 

MATERIALS AND METHODS 

Materials 

Unless otherwise indicated, chemicals and reagents were obtained from Sigma 

Aldrich (St. Louis, MO), EMD (Darmstadt, Germany) or Thermo Fisher Scientific 

(Waltham, MA); cell culture media from Gibco/Life Technologies (Grand Island, NY); 

oligonucleotides from IDT (Coralville, IA); and consumables from Thermo Fisher 

Scientific or VWR (Radnor, PA). Growth factors were obtained from Sigma-Aldrich, EMD 
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Calbiochem (San Diego, CA), Tocris (Ellisville, MO) or R&D Systems, Inc. (Minneapolis, 

Minnesota). 

 

Chondrocyte Isolation  

Neonatal Swiss Webster mice (Jackson Laboratories, Bar Harbor, ME) at 

postnatal day 4 (P4, with P0 being the day of birth) were euthanized, and the growth 

plate cartilage from both hind limbs was harvested into Hank’s Balanced Salt Solution 

(HBSS). Cartilage was transferred into Complete Medium composed of Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS; Atlanta 

Biologicals, Flowery Branch, GA), 1% glutamine-penicillin-streptomycin. Collagenase 

was added to 0.25% (w/v) and the cartilage was digested for 4 hours in a passively 

humidified incubator at 37°C and 8% CO2 and pipetted several times to break up 

remaining tissue. Chondrocytes were pelleted by centrifugation at 125 x g for 5 minutes 

using a Sorvall Legend RT centrifuge (Kendro Laboratories, Newtown CT) and 

resuspended in Complete Medium. Cell density was quantified using a haemocytometer.  

Chondrocytes were maintained in the incubator until time for alginate encapsulation. All 

procedures performed on animals were consistent with regulatory agency policies and 

were approved by the Institutional Care and Use Committee at University of Nebraska 

Medical Center.  

 

Chondrocyte Encapsulation in Alginate 

Sodium alginate powder (Pronova UP MVG, >60% guluronic acid, 200,000 – 

300,000 g/mol; NovaMatrix, Sandvika, Norway) was dissolved in sterile phosphate 

buffered saline (PBS) to a concentration of 1.5% (w/v) and the solution was filtered 

sterilized using 0.20 µm Rapid-Flow PES filters. Growth plate chondrocytes were 
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pelleted by centrifugation at 125 x g for 5 minutes and resuspended in an appropriate 

volume of alginate solution (to 8x106 cells/ml) by gentle pipetting and vortexing.  

Homogenous alginate beads were formed using the basic “drop” method previously 

described previously (Sargus-Patino 2014). Briefly, 10 µL of alginate-cell solution was 

drawn into a pipette tip and the tip was wiped with a Kimwipe® to ensure the alginate 

could drop freely from the tip. The plunger was rapidly depressed to release a drop of 

the cell suspension into 2 mL of crosslinking solution (50 mM CaCl2/140 mM NaCl at 

37oC) contained in a 24-well tissue culture dish from a height of 2-3 inches. Only one 

bead was prepared in an individual well. After 2 minutes of crosslinking, beads were 

transferred to a well containing 2-mL of Complete Medium for up to 10 minutes and then 

washed in MEM-alpha medium without Phenol Red (α-MEM) for up to 10 minutes. After 

both washes, the bead was placed into cartilage culture media (described below). 

  

Culture Conditions 

Cartilage culture media was prepared using previously described methods 

(Romereim 2014): α-MEM supplemented with 50 µL/mL QPS, β-glycerophosphate (10 

mM), and L(+) ascorbic acid (50 µg/ml). In addition, dexamethasone (1 nM), proline (1 

mg/mL), 1% antioxidant (Sigma Aldrich), sodium pyruvate (1 mM), 1% nonessential 

amino acids (Gibco), and 1% Insulin-Transferrin-Selenium+3 media supplement  (ITS 

+3; Sigma Aldrich). In some cultures, parathyroid hormone 1-34 (PTH1-34), Indian 

hedgehog (IHH), Purmorphamine (PMA), bone morphogenetic protein-4 (BMP4), or 

Thyroxine (T4) was added to the media at the concentrations indicated in the text. Beads 

were cultured in a 48-well plate in a humidified incubator at 37°C and 8% CO2 for up to 

7 days with medium changes every day.  
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Evaluation of Viability 

Viability of encapsulated chondrocytes was determined using a Live/Dead Cell 

Viability kit (Invitrogen). Briefly, after culture, beads were incubated in PBS containing 2 

µM Calcein AM/4 µM ethidium homodimer-1 for 30 minutes in the dark, washed in 

several changes of PBS and fluorescence signal of live (green) and dead (red) cells was 

imaged using a Leica DMI6000B inverted microscope. Live and dead cell counts were 

quantified from the resulting images using a basic ImageJ macro (Supplemental File 1) 

to calculate percent viability.  

 

Immunofluorescence Imaging 

For immunofluorescence (IF) analysis, all reagent and wash solutions contained 

2mM CaCl2 to maintain crosslinking of alginate. Beads were fixed with 4% 

paraformaldehyde (PFA) for 20 minutes, permeabilized with TBST (0.1% Triton X-

100/15-mM Tris-HCl/136-mM NaCl, pH 7.6) , and then blocked for 2 hours with 10% 

heat-inactivated sheep serum (HISS, Sigma Aldrich) in TBST. Subsequently, beads 

were incubated with gentle rocking at 4º C in either rabbit-anti-Collagen VI (1:500; 

Abcam, Cambridge, UK) or rabbit-anti-Collagen IV (1:500; Abcam) primary antibody in 

2% HISS/TBST overnight. The beads were then incubated in a secondary anti-mouse 

AlexaFluor 647 antibody (1:1000; Jackson Laboratories) and phalloidin-labeled 

AlexaFluor 488 (1:100; Invitrogen) for 2 hours in 2% HISS/TBST. After washing 3 x 5 

minutes in TBST, the beads were mounted with Prolong Gold antifade reagent with 

DAPI (Invitrogen) on a glass microscope slide with a coverslip. Images were obtained on 

a Leica DMI6000B inverted microscope or a Zeiss 710 laser scanning confocal 

microscope. For confocal microscopy, optical sections were collected at 1.8-µm intervals 
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for between 15 and 25 sections (total depth of 30-40-µm) with line averaging = 2, scan 

speed = 4 or 5, and resolution = 1024×1024).  

 

Transcript Expression Analysis 

For each experimental condition, four beads were depolymerized in 50 µL of 50 

mM ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) and chondrocytes 

were recovered by centrifugation. RNA was isolated from cells using the NucleoSpin® 

RNA Plus kit (Thermo Fisher) according to the manufacturer’s instructions and quantified 

using a Thermo Fisher Scientific NanoDropOne spectrophotometer. cDNA was 

synthesized using Superscript IV (Thermo Fisher) according to the manufacturer’s 

instructions and analyzed by ddPCR (Bio-Rad Laboratories, Inc., Pleasanton CA). 

Thermal cycling conditions were 95°C for 5 min, 40 amplification cycles (95°C for 30 

seconds and 60°C for 30 seconds), and a final signal stabilization step (4°C for 5 

minutes, 90°C for 5 minutes). The transcript count of each gene of interest was 

normalized with a geometric average of transcript counts of three normalization control 

transcripts: actin, RPL13a, and HPRT. Data from this analysis are reported as fold 

change in the geometric mean ± SEM over the transcript count of the non-treated control 

and significance was calculated using two-way ANOVA analysis using Prism software 

(GraphPad Software, Inc, La Jolla, CA). A full list of primer sequences and gene 

accession numbers used to generate primers is included in Supplemental Table 2 (Peng 

2012, Zhai 2013,Everaert 2011, Bougault 2008, Hiramatsu 2011, Sahar 2005, Kruger 

2010).    
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Flow Cytometry 

Fluorescence-activated cell sorting (FACS) was used to analyze cell cycle 

progression in cultured chondrocytes. Alginate beads were dissociated in 200 µL of 50 

mM EDTA for 5 minutes. Cells were washed by with PBS and centrifuged at 125 x g for 

5 minutes. The cell pellet was resuspended in 200-µL of PBS and fixed by adding 2.8 

mL of ice-cold 90% ethanol dropwise while vortexing. Fixed cells were stored at -20°C 

for up to 7 days. For cell cycle analysis, DNA in fixed cells was stained with 0.05 mg/mL 

propidium iodide in Telford’s reagent (33.62 µg/mL EDTA, 26.8 µg/mL RNAse A at 93 

U/mg, and 0.1% Triton X-100) for 1 hour at 4°C in the dark. Labeled suspensions of cells 

were filtered through 5-mL filter-cap polypropylene Falcon tubes (Corning Labs, 

Tamaulipas, Mexico) and were then immediately analyzed on a BD FACSCaliber 2 flow 

cytometer (BD, Franklin Lakes, NJ). The resulting cell cycle data was represented as 

stacked bar graphs of the geometric mean ± SEM of percentage of cells in each phase 

of the cell cycle and significance was calculated using a two-way ANOVA using 

GraphPad Prism software.  

 

In Situ Hybridization 

For fluorescence in situ hybridization (FISH) analysis of gene expression in cell 

cultures, whole alginate beads containing chondrocytes were fixed in 4% 

paraformaldehyde in TBS containing 5mM CaCl2 overnight at 4°C. To maintain structural 

integrity of the sample, beads were infiltrated with in 37.5:1 40% acrylamide (JT Baker, 

Center Valley, PA) overnight at 4ºC and the acrylamide was polymerized using 10% 

ammonium persulfate (10 µL/mL acrylamide) and TEMED (1 µL/mL acrylamide).  

Polymerized samples were subsequently incubated in 30% sucrose overnight at 4oC 

before embedding in Tissue-Tek Optimum Cutting Temperature embedding medium 
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(OCT) and freezing on dry ice. Sections (60 µm) were collected on glass microscope 

slides and FISH was performed using fluorescein labeled RNA probes for collagen2a1 

(ColII) and collagen 10a1 (ColX) as previously described (Ahrens 2009). Slides were 

mounted using Prolong Gold antifade reagent with DAPI (Life Technologies) and images 

were obtained on a Leica DMI6000B inverted microscope. The images presented in this 

paper are montages that were assembled by tiling and stitching images from several 

optical planes as a z-stack (10-µm width between individual slices in the z-stack, 3 total 

slices per z-stack, total width of the z-stack equaling 20 µm) to visualize the entire 

section of the bead for downstream quantification. To quantify cell counts we used a 

batch processing analysis in Image J using a macro programmed in-house using FIJI 

software (http://fiji.sc/) to quantify the number of cells expressing the respective gene (for 

macro, see Supplemental Information). Typically, each image yielded cell counts of 

approximately 1000 and the data for each experimental condition derived from 

approximately 10,000 cell counts. The fraction of cells expressing a given gene was 

determined by dividing the number of cells expressing the gene by the number of DAPI 

positive nuclei observed in the section. The ColX:ColII ratio was calculated as the 

geometric mean of the ColX:DAPI ratio for each replicate divided by the geometric mean 

of the Col2:DAPI ratio for each replicate (n=3 or 4 sections for each replicate). The ratio 

is reported as the geometric mean of the ColX/Col2 ratio for each replicate ± SEM. To 

determine statistical significance, a Student’s t-test was used. To determine whether a 

given treatment had significant overall effects on hypertrophy, datasets from different 

time points were pooled into treated or untreated groups and compared using a paired 

Wilcox signed-rank test.  
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CHAPTER 4: TRANSCRIPTOMICS ANALYSIS OF THE IHH/PHTRP SIGNALING 

LOOP IN ALGINATE CULTURE 
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INTRODUCTION   

Endochondral bone elongation rates are determined by the sequential passage 

of chondrocytes in the epiphyseal growth plate cartilage across a maturation trajectory 

spanning at least four recognized subtypes. A tissue-wide regulatory network that relies 

on zone-specific release and interpretation of paracrine signals regulates the zonal 

arrangement of these chondrocyte subpopulations along the proximodistal axis. At the 

heart of this control system, the well-studied PTHrP/IHH negative feedback circuit 

masterminds rates of cell proliferation and differentiation, and holds the key to organizing 

the complex signaling environment found in cartilage throughout its development. Thus, 

a thorough understanding of IHH/PTHrP signaling behavior as a function of both 

chondrocyte positioning in space, as well as specific chondrocyte subtype, is a crucial 

criterion for studies attempting to recreate zonal growth plate architecture in culture.  

The previous chapter discusses the development of a hydrogel-based in vitro 

model of growth plate cartilage by describing how chondrocytes encapsulated in alginate 

respond to exogenous stimulation with growth factors. Basal bead cultures exhibit a 

predominately PTHrP-driven baseline phenotype that progressively favors cell cycling, 

while repressing transcription of hypertrophic marker Col10a1. Conversely, activation of 

IHH signaling triggers gene expression patterns consistent with hypertrophy in a 

chondrocyte population located close to the bead periphery. This results in 

transcriptionally distinct and spatially segregated chondrocyte subdomains reminiscent 

of early cartilage patterning. The results emphasize the potential power of alginate 

culture to dissect developmental interactions that organize the growth plate, and lead to 

a hypothesis that activating the IHH/PTHrP signaling feedback loop is sufficient to 

establish zonal architecture in vitro. However, limitations of the study left several key 

assumptions of the model untested. Recombinant PTHrP affected gene expression and 
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cell cycle of bead cultures, but whether treatment invoked the transcriptional regulatory 

mechanisms native to cartilage is not clear based on the limited number of markers 

used. Further, In situ hybridization experiments did not utilize probes to specifically 

identify resting, proliferative, prehypertrophic, or IHH-responsive chondrocytes, instead 

only measuring hypertrophy using Col10a1, and non-hypertrophic chondrocytes via 

Col2a1. Thus, although two distinct cell domains were observed, IHH-treated beads 

were not definitively proven to contain spatially ordered arrangement of all four subtypes, 

and the specific identity of target populations directly mediating IHH signals in alginate 

remain mysterious. Without additional molecular markers to confirm cell identity, the 

possibility that Col10a1-expressing cells were transcriptionally distinct from bona fide 

hypertrophic cells also could not be excluded. Thus, the predicted negative feedback 

loop of transcriptional regulation by IHH-mediated induction of PTHrP has not yet been 

verified in alginate culture. To validate our in vitro model, we characterized the 

chondrocyte signaling response to PTHrP by transcriptomic analysis using next-

generation RNA sequencing (NGS), and determine how IHH treatment affects identity 

and signaling profile of individual chondrocytes and subpopulations by applying single 

cell RNA sequencing (scRNAseq). The results demonstrate, in proof of concept, a 

powerful tool towards dissecting specific actions of individual growth factors across 

heterogeneous cartilage culture. 

 

RESULTS/DISCUSSION 

Transcriptomic analysis of PTH-treated bead cultures:  

To identify transcriptional targets of the PTHrP signaling pathway, we chose optimal 

conditions based on parameter sweeps described in Chapter 3. Our preliminary dose-

response assessments of PTH (1-34) treatment on primary chondrocyte gene 



 124 

expression in alginate showed that a 100nM dose caused similar transcriptional changes 

compared with a 1uM treatment, but was more potent than 10nM treatment (data not 

shown). In the same experiments, a 24-hour treatment produced much greater effects 

compared to a 4-day treatment duration, which was attributed to the increases in 

endogenous PTHrP expression seen in longer-term alginate culture (Figure 3.2). For 

these reasons, a 1-day culture period and a 100nM dose of PTH (1-34) were selected to 

characterize the genome-wide transcriptional response to activation of PTHrP signaling. 

We performed RNA sequencing analysis on PTH-treated and untreated beads (n=3 of 

each condition). Analyzing the principal components of these six samples shows overall 

gene expression differences between the two experimental conditions mostly exceeded 

the heterogeneity of replicates (Figure 4.1a). We saw a total of 393 genes were 

significantly differentially expressed in chondrocytes cultured in alginate (p < 0.05 after 

Benjamini-Hochberg FDR correction) compared to the non-treated controls (Figure 

4.1b). The average fold change across all detected genes was 1.045. The magnitude of 

change in all genes, calculated by the absolute value of log2-fold change in 

chondrocytes, was 0.46 (38% change in expression, 1.38). The magnitude of change in 

the significantly differentially expressed genes was 0.715 (64% change in expression, 

1.64). The results indicate that PTH treatment caused a shift in the chondrocyte 

transcriptional profile without affecting overall levels of transcription. We compared the 

data with results of real-time quantitative PCR experiments shown in the previous 

chapter that initially defined the chondrocyte response to PTHrP in the alginate context. 

After PTHrP treatment, Col10a1 and PTHLH were significantly reduced (fold change 

0.39, corrected p-value < 0.05), IHH was significantly reduced before BH-FDR p-value 

correction (fold change 0.40), and Col2a1 is not significantly altered. The agreement 

among the ddPCR and RNAseq data suggests the culture environment provided by 

alginate bead encapsulation is likely suitable for accurate studies of gene expression.  
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Figure 4.1: Summary of NGS analysis following PTH treatment of chondrocytes. 

A) Multidimensional scaling plots illustrating the transcriptional relationship between 

PTH-treated and untreated samples. Each axis is based on the dimensionality reduction 

of transcriptomic datasets by identifying groups of principal component genes that vary 

across samples. Although PTH and untreated cells both vary along the Y-axis, they are 

segregated by a group of genes that constitute the entire X-axis. B) Volcano plot 

illustrating the direction, magnitude, and significance of differential expression for every 

measured gene following PTHrP treatment. Black dots are not considered significant 

differences after p-value correction. Red dots fall above the significance threshold of p < 

0.05 after correction.  
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Pathway analysis reveals conserved and novel targets of PTHrP signaling:  

Expression data from differentially regulated genes (corrected p < 0.05) identified from 

treated alginate cultures were further characterized using the Ingenuity Pathway 

Analysis (IPA) tool to identify cellular and molecular functions associated with exposure 

to PTH (Figure 4.2). Based on the directionality of gene expression changes, IPA 

calculates z-scores that predict activation/inhibition status of these particular pathways 

as well as probable upstream regulatory networks that could hint at a mechanism for 

PTH-mediated gene expression differences. In parallel, enrichment analysis with the 

online tool Enrichr was used to mine three independent databases (Reactome, 

WikiPathways, and Panther) to test whether multiple software packages interpret the 

gene set similarly (Table 4.1). IPA software found over 40 genes participating in 

pathways that affect cell cycle, including Polo-like kinase role in mitosis, chromosomal 

replication, G2/M DNA damage checkpoint, and p53 signaling to be the most 

significantly affected by the treatment. Enrichr also consistently identified cell cycle 

processes, such as DNA strand elongation, M-phase, and Mitotic Prometaphase, and 

sister chromatid resolution as the most enriched pathways in the gene set. The results 

show that genes associated with the activation of Polo-like Kinase, which is required for 

progression through several cell-cycle checkpoints, are significantly upregulated by PTH 

treatment. These genes include AURKA, AURKB, PLK1, PLK2, CCNF, CDCA3, CDCA2, 

and CDK1 (Appendix table 4.1 lists the entire suite of differentially regulated genes). 

Similarly, genes participating in cycling inhibition at the G2/M checkpoint such as the p53 

and CDKN1A pathways are downregulated. Although qPCR will be needed to validate 

these gene expression changes, this data suggests that PTH-signaling mediated 

induction of Polo-kinase-dependent cell cycle progression, and p53 checkpoint relief, 

could explain our finding that PTH treatment leads to increased chondrocyte proliferation 

in alginate culture. 
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Figure 4.2: Ingenuity Pathway Core Analysis Summary of molecular 

networks and cell processes affected by PTH treatment. Signaling effects of PTH 

treatment are summarized in a bar graph listing pathways IPA predicts to be most 

significantly altered in treated samples versus control. The vertical orange line is a 

threshold value for determining significance (p<0.01), which all reported pathways 

exceed.  The color of each bar determines its predicted activation or inhibition status. 

Deeper colors indicate a greater directional change in activity. Orange signifies 

activation, whereas blue signifies the pathway is inhibited by PTH treatment.   
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IPA result also indicated differential regulation of many known mediators of 

PTHrP signaling including genes related to cAMP-mediated signaling, G-protein coupled 

receptor signaling, Protein Kinase A (PKA) signaling, and Hedgehog signaling, which 

again were listed among the top hits of the Enrichr screen. The specific affected genes 

that IPA categorized into these groups showed a complex pattern of up- and 

downregulation by PTH treatment. As expected, Hedgehog-associated genes such as 

PTCH1 and GLI1 were both downregulated, although GAS1 and interestingly DHH, a 

member of the Hedgehog family expressed mainly in the germline, increased in 

expression. Many differentially expressed genes were categorized commonly into the 

HH, PKA, and cAMP-associated groups, and of these genes, several were upregulated 

(DUSP1, CAMK4, AGTR2, STAT3, PDE8A, PDE7B, PDE3A) as well as down 

(CTNNB1, PRKAR2B, ADCY2, GNAS, GPER1, PDE11A, AND PTH1R).  Together, 

these data suggest that stimulation of the cAMP/PKA-signaling axis by PTH treatment 

led to inhibition of the HH pathway as expected from in vivo studies. If this were true, 

chondrocytes in alginate should be capable of mimicking at least some of the PTHrP-

responsive signaling behaviors seen in cartilage. Also noteworthy is the downregulation 

of the PTH receptor, PTH1r in response to its ligand, as well as downregulation of the 

PTHLH gene itself, a result we previously found via ddPCR. These data could reflect the 

existence of a negative feedback and/or compensatory mechanism used by the 

chondrocytes to prevent saturation of the signaling environment (Barolo 2002), or the 

natural consequences of repressing IHH signaling by PTHrP treatment (Karp 2000). 

Unexpectedly, genes that regulate local interactions between cells and their 

surrounding environment made up a large fraction of the gene classes found by Enrichr 

and IPA to be influenced by PTH treatment (Figure 4.2 and Table 4.1). Specifically, 

these groups included genes that participate during cell-cell interactions (gap-junction 

signaling, adherens junctions), cell-matrix interactions (axonal guidance, integrin and 
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focal adhesion signaling, collagen formation, chondroitin sulfate synthesis, ECM 

organization), and regulation of the cytoskeleton (Actin cytoskeleton signaling, Rho-

GTPase regulation of cytoskeleton, Rho-GTPase activation of formin). Differential 

expression of G-protein and Rho/Rac GTPase signaling effectors (H2AFZ, PLK1, KIF14, 

IQGAP2, RANGAP1, IQGAP3, NDC80, ACTG1, TIAM2, KIF18A, RACGAP1, INCENP, 

PRC1, DLC1, NUF2, CTNNB1, CENPN, PAK3, ECT2, MAD2L1, PRKAR2B, PDE4D, 

GNAS, ARHGEF1, ADCY2, PDE7B, PDE8A, TUBB6, TUBB4B) was detected. One or 

more of these targets may affect Rho/Rac-mediated control of chondrocyte cytoskeletal 

organization (Rac promoting actin polymerization, Rho promoting actomyosin 

contractility). Altered Rho/Rac activity and subsequent disruption in actin architecture 

would be expected to affect adhesion dynamics at the cell surface (Katsumi 2002, Ren 

2000).  Similarly, a large number of differential expression of genes related to cartilage 

ECM organization and cell-ECM adhesion (IBSP, PDGFD, COL5A2, ERBB2, ITGA5, 

PAK3, THBS2, ACTG1, ADAMTS3, LOX, CTSL, COL25A1, COL12A1, COL8A2, 

LOXL4, COL10A1, GDF5, DCN, COMP, VCAN, EFEMP1, CAPN6, SDC1, ARF1, 

RND2) were detected. The sheer number of ECM and cell-ECM adhesion proteins that 

are differentially expressed after PTH treatment, suggests that PTHrP signaling could 

influence cell-matrix engagement by modulating composition of the cartilage ECM, the 

chondrocyte’s repertoire of available adhesion proteins, or both. Taken together, the 

RNA sequencing data agrees with our previous work and many of the expectations from 

the literature, but also revealed new possible target nodes downstream of PTHrP. These 

targets should be confirmed by alternate methods, and future studies should investigate 

whether they are involved in linking the diffusible ligand-receptor interactions with local 

cell processes such as daughter cell rearrangements during proliferative zone column 

formation.  
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Table 4.1 – Enrichr analysis of PTHrP-affected genes 
 

Function (Reactome 2016) P-value Adjusted p-value Z-score Combined 

          

Cell Cycle 7.01E-15 2.82E-12 -2.45 79.92 

Mitotic Prometaphase 2.81E-09 7.52E-07 -2.03 40.02 

M Phase 8.66E-08 0.00001738 -2.42 39.4 

Chondroitin sulfate biosynthesis 0.000001701 0.0002277 -2.28 30.23 

Resolution of Sister Chromatid  5.56E-07 0.00008932 -2.06 29.61 

DNA strand elongation 0.000002362 0.000271 -2.1 27.16 

S Phase 0.000006168 0.002433 -2.14 25.65 

Rho GTPase Activate Formins 0.00008482 0.00073 -1.8 16.91 

Extracellular Matrix Organization 0.00001371 0.00073 -2 22.42 

Collagen Formation 0.00004397 0.00161 -1.84 18.41 

Function (WikiPathways 2016) P-value Adjusted p-value Z-score Combined 

          

Retinoblastoma in Cancer 2.31E-10 6.08E-08 -1.95 43.33 

Cell Cycle 8.57E-07 0.0001127 -1.87 26.09 

Endochondral Ossification 0.00001912 0.001257 -1.86 20.16 

Adipogenesis 0.0000457 0.001668 -1.74 17.35 

DNA Replication 0.0001209 0.003179 -1.72 15.51 

Hedgehog Signaling Pathway 0.00005708 0.001668 -1.54 15.04 

G Protein Signaling Pathways 0.002693 0.04165 -1.52 9.01 

Extracellular vesicle mediated signaling 0.00269 0.04165 -1.07 6.36 

Osteoblast Signaling 0.00233 0.0409 -0.27 1.64 

Focal Adhesion 0.00463 0.0554 -1.62 8.71 

Function (Panther 2016) P-value Adjusted p-value Z-score Combined 

          

DNA replication 0.0004504 0.02522 -1.36 10.47 

Angiogenesis 0.007095 0.09933 -1.37 6.8 

Integrin signaling pathway 0.01213 0.1012 -1.4 6.17 

Hedgehog signaling pathway 0.004934 0.0921 -0.85 4.49 

Cytoskeletal regulation by Rho GTPase 0.01218 0.1012 -0.93 4.11 

CCKR signaling map ST 0.04481 0.2509 -0.94 2.93 

Endothelin signaling pathway 0.06019 0.3064 -0.74 2.08 

Cadherin signaling pathway 0.07598 0.3546 -0.59 1.51 

Huntington disease 0.09788 0.364 -0.4 0.93 

Formyltetrahydroformate biosynthesis 0.003703 0.0921 -0.15 0.87 
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Single-cell sequencing reveals chondrocyte subpopulations targeted by IHH signaling: 

The transcriptional profiles of PTH-responding chondrocytes in alginate determined by 

RNA sequencing provides a benchmark by which to test the activation of PTHrP 

signaling among alginate-cultured chondrocyte subpopulations in other experimental 

settings. To test our hypothesis that IHH treatment stimulates the IHH/PTHrP negative 

feedback loop in alginate culture, we performed a pilot experiment (n=1 treated and 

untreated sample) where we replicated the culture and IHH stimulation conditions from 

the previous chapter. Primary chondrocytes were given 4 days in alginate culture, in the 

presence or absence of 100-ng/mL dose of IHH recombinant protein. We analyzed the 

transcriptional profile of individual cells by single-cell RNA sequencing. This analysis 

pipeline, developed by 10X Genomics, inputs the raw sequencing reads for each cell, 

and generates a dimensionally reduced scatter plot using the principal components (PC) 

of gene expression across all cells. The visualization method, called t-SNE, applies a 

nonlinear, probabilistic algorithm that projects high-dimensional datasets into 2D for 

visualization (Maaten 2008). This algorithm recursively transforms the relative point 

arrangements based on local and global considerations until equilibrium is reached, so 

distances along x- and y- axes have no direct interpretation. Additionally, data points that 

appear highly similar in high-dimensional space may scatter due to the 2D projection.  

However, the resulting graph allows a general view of sample heterogeneity, where the 

distance between two points represents their overall differences in gene expression. 

Using an unbiased, graph-based method of clustering the t-SNE space results in the 

detection of 7 subpopulations from a total population of 2368 untreated control 

chondrocytes (Figure 4.2a, left), and 8 subpopulations of from a total population of 2566 

IHH-treated chondrocytes (Figure 4.2a, right). Clusters are color coded by the number of 

cells residing in that cluster, summarized below (Figure 4.2b). As with individual cells, t-
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SNE distance between clusters represents transcriptional similarities. Results from this 

initial cluster analysis suggest that IHH treatment led to the formation of at least one 

transcriptionally distinct subpopulation of chondrocytes.  

Genes that were used to generate the clustering results, and their expression levels 

in each cluster relative to all other cells in the dataset were analyzed for both treated and 

control samples (Supplemental Table 2). A visual representation of relative expression 

levels of all PC genes for each cluster relative to the total sample population is shown 

via heat maps (Figure 4.2b), as well as the number of cells residing in that population. 

Both cluster plot and heat map enable a rough assessment of the transcriptional 

distances among chondrocyte subpopulations, within each sample. Because the IHH-

treated and control samples were analyzed independently by the 10X Genomics 

pipeline, PC genes were not strictly held constant by the software. In all, 149 genes were 

used as PC’s for the IHH-treated sample, and 137 PC genes were used for the control. 

Of these genes, 84 PC genes were shared across samples, meaning that although PC 

gene definitions were not exactly identical in similar groups across samples, the majority 

of the PC genes necessary for distinguishing subpopulations in both IHH and untreated 

samples were the same. Among these PC genes we observed many familiar cartilage 

zone markers and genes that are well established to exhibit specific expression domains 

in the growth plate. Expression of most canonical zone marker genes were segregated 

into respective clusters, suggesting that growth plate chondrocyte subtypes retained 

transcriptional identity in alginate culture, or differentiated into other known subtypes 

during culture.  
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Figure 4.3: Single-cell RNA sequencing workflow schematic. Top left: Primary 

chondrocytes were harvested from the growth plate cartilage. Colored labels reflect the 

spatial organization of transcriptionally similar chondrocyte subtypes in the cartilage. Top 

right: chondrocytes become encapsulated in alginate hydrogel. Colored dots show how 

chondrocyte maturation status becomes decoupled from their relative positions. During 

this stage, cells were cultured in the presence or absence of IHH. Bottom right: cells 

were removed from alginate gel and prepared for single-cell capture and barcoding. 

RNA was isolated from single cells and the resulting libraries were sequenced using 

Illumina NextSeq 550. Bottom left: transcriptional heterogeneity among single cells is 

visualized using a t-SNE plot, where each cell is sorted into clusters according to their 

transcriptional output, based on their cell identity. This plot does not in any way explicitly 

represent the spatial positioning of each cell, but may reflect cell organization in cases 

where spatial and transcriptional heterogeneity are closely correlated.  
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By matching the PC genes of each cluster to known zonal markers, cell populations 

could be reasonably identified in terms of chondrocyte maturation. For the sake of 

discussion, cell populations that show expression levels of any given marker that 

exceeds that of all other populations will be said to have “high” expression of that 

marker. These primary markers include PTHrP (resting zone marker), BMP3 (previously 

shown to be expressed specifically in resting zone cells, see Nilsson 2007), IHH 

(prehypertrophic zone marker), Col10a1 (hypertrophic zone marker), and extreme 

upregulation of cell cycle genes such as Ccna2, Pbk, Top2a, and Mki67 (proliferative 

zone chondrocytes), and are only part of the larger suite of cartilage zone-specific PC 

genes that characterize these subpopulations (for examples, see Romereim 2014, 

Ahrens 2009). By using these marker genes to identify clusters, subpopulations 

representing each of the four stereotypical growth plate cartilage zones segregate into 

clusters in both the treated and untreated conditions.  

Cells with high expression of the marker genes were for the most part confined to 

unique single clusters in the non-treated chondrocytes; a high PTHrP-expressing cluster 

contained 474 cells, the highly proliferative cluster contained 130 cells, high IHH-

expressing cluster contained 303 cells, and the high Col10a1 cluster contained 410 

cells. However, gene expression indicative of hypertrophy was heightened in cells 

receiving IHH treatment, resulting in two distinct Col10a1-rich clusters (365 cells 

expressing 6.4-fold more Col10a1 than the total population and 278 cells expressing 

1.86-fold more Col10a1 than the total population). Enrichr analysis of the top 40 locally 

distinguishing PC genes in t-SNE space shows enrichment for lipid and carbon 

metabolic processes in the medium-high Col10a1-expresssing group, and some zone 

markers (IHH, MMP13, and WNT4) enriched in the highest Col10a1-expressing group.  
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Figure 4.4: Single-cell transcriptomics of alginate cultures could uncover the 

subpopulation-specific signaling actions of IHH. A) Multidimensional scaling plots 

showing the transcriptional heterogeneity of single chondrocytes cultured in alginate 

beads in the presence (right) or absence (left) of IHH.  Each point represents a single 

cell within t-SNE (transcriptional) space at positions determined by overall expression of 

principal component genes. Some cell groups are distant from the total population; this 

distance signifies a highly transcriptionally distinct subpopulation. Group shapes do not 

have direct interpretation, as t-SNE tends to expand dense regions. Scatterplots are 

color-coded to show cell clusters that were determined by the graph-based cluster 

analysis to transcriptionally segregate into unique subpopulations. Clusters are ranked 

by number of cells residing within the cluster to generate the color scheme. B) Mapping 

of each observed cluster to specific chondrocyte identities. Heat maps show the relative 

expression of PC genes by clusters compared to total dataset. Briefly, leftmost regions 

display expression of resting zone markers, middle-right regions show prehypertrophic 

and hypertrophic markers, and rightmost regions mark cell proliferation genes. Green 

arrows match each cluster in untreated sample to corresponding clusters in IHH-treated 

sample to compare cell counts. C) PC genes of each cluster (and overall population) 

were compared to PTH-responsive genes reported by NGS. The numbers of principal 

component genes displaying expression values within a cluster (relative to total dataset) 

matching direction of differential expression induced by PTH are shown in the bar graph. 

Blue bars = untreated clusters, red bars = IHH-treated clusters. N=1 untreated and 1 

treated sample submitted for analysis. 
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In addition, PTHrP expression was increased in the IHH treated group, resulting in 

two distinct PTHrP-expressing clusters (515 cells producing 8.28-fold more PTHrP than 

total population, 325 cells expressing 1.46-fold more PTHrP than total population) 

Enrichr analysis of 40 PC genes that locally distinguish these resting populations in t-

SNE space shows medium-level PTH expressing population enriched for mitochondrial 

function, as well as transcription, translation and protein folding machinery whereas the 

highest-level PTHrP expressing cells are characterized by genes regulating ECM 

production (UCMA, LUM, MFAP2, PRELP) and cell adhesion (SNAI1, TNS1, NDRG1, 

ILSR). Notably, both the highest PTHrP- and Col10a1-expressing groups are 

characterized by a similar pattern of gene expression relative to their neighbors in t-SNE 

space: 2-fold increases in the expression of cartilage matrix protein PRELP, cell 

migration factor NREP, and secreted protein FAM180A, and 2-fold decreases 

expression in the ER-stress-related gene ERO1L, and three calcium-binding proteins 

(PLA2G2A, TPD52, and ESPN). These genes may represent a transcriptional signature 

that occurs in response to IHH. All other clusters in the IHH-treated sample had 

decreased cell counts compared to untreated (for example only 214 prehypertrophic and 

only 72 proliferative zone), despite the overall larger total cell population.  
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Figure 4.5: Schematic illustrating chondrocyte subtype distribution as determined 

by analysis of scRNAseq results. t-SNE scatterplots superimposed with manually 

drawn maps of individual clusters to show their shape and position. Each cluster is 

labeled with a group identity based on PC gene definitions, and a percentage value 

describing each subtype’s representation among the total population of chondrocytes. 

More replicates, and parameter sweeps using the Cell Ranger software will be 

necessary to understand whether cluster shape or position is biologically meaningful. 

Top: untreated chondrocyte cultures. Bottom: IHH-treated chondrocyte cultures. 
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Novel chondrocyte subtypes identified by scRNAseq:  

In addition to categorizing much of the heterogeneous population into known 

chondrocyte subtypes, the pipeline identified unique subpopulations of chondrocytes that 

have not previously been appreciated as transcriptionally distinct. High BMP3-

expressing resting chondrocytes segregated into a unique cluster in both IHH-treated 

(366 cells) and untreated (474 cells) samples. This population lies proximal to the high-

PTHrP expressing resting cells both in vivo, as well as in t-SNE space (Nilsson 2007, 

Garrison 2017). In addition to differential regulation of PTHrP and BMP3, analysis of the 

PC genes that separate these two clusters from one another (Supplemental table 3) by 

Enrichr analysis shows enrichment of pathways such as Integrin signaling (SPP1, 

F13A1, TGM2), Extracellular matrix organization (TIMP1, TIMP4, EFEMP1), 

transcription factors (BHLHE41, KLF2, KLF3, MEF2C, CRIP1, CRIP2), cytoskeletal 

regulation (TMSB4X, TNNI2, MAP2, MARCKS, S100A6, CALM3), and genes involved in 

the trafficking or transport of calcium ions. It is possible that these transcriptionally 

distinct BMP3-high resting chondrocytes represent a previously underappreciated zone 

in the growth plate. A second novel cluster was identified in both IHH-treated (431 cells) 

and control (460 cells) preparations that was defined primarily by moderately high 

expression of SERPINA3N, C4B, TSPAN7, SL6A6, SMOC1, TGFBR3, MLLT4 AND 

SH2B2. This population is labeled TGFBR3. None of the molecules that define this novel 

cluster have been localized to a particular zone in cartilage. Many of the markers of this 

novel cluster are not well studied, particularly with respect to cartilage, and thus little is 

known about the interactions between them. Nonetheless, analysis of general cartilage 

marker genes (COL2A1, SOX9) confirm that these clusters express nearly equal 

amounts compared with resting and proliferative zone clusters (Appendix), indicating 

that all identified clusters are in fact chondrocytes, and not artifacts due to cellular 

contamination, warranting further investigation as to whether this phenotype is unique to 
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alginate culture, or represents a novel population in the growth plate. It remains possible 

that correcting for cell cycle differences may lead to overlap between this TGFBR3 and 

proliferating populations. The final novel cluster determined in this experiment was a 

population of 117 cells in the untreated sample that expressed markers of almost all PC 

genes ranging from the resting zone to the hypertrophic zone, except that of rapid cell 

proliferation. This chondrocyte population, which has been labeled hybrid cells, probably 

arises in response to the unique conditions alginate culture, since in situ hybridization 

clearly demonstrates spatial segregation of these genes in cartilage. Hybrid cells were 

not observed in the IHH-treated sample, suggesting that IHH could be overriding a level 

of stochasticity that chondrocytes experience in cultures where specific signaling cues 

are absent.  

We suspected gene expression changes could result from secondary effects 

from IHH-induced PTHrP production.  Whether a negative feedback loop was active may 

be manifested in subpopulation-specific transcriptional profiles. PC genes from each 

group were compared to the gene expression signature of PTH-treated beads (Figure 

2c). Proliferating chondrocytes from basal culture exhibited 29 PC genes matching the 

relative transcriptional levels seen in PTH-treated beads (Supplemental table X), more 

so than any other cluster. This is expected since PTHrP drives cell proliferation in 

alginate culture. The number of PTHrP-responsive PC genes fell after IHH treatment 

almost uniformly across all clusters, as did the number of proliferative cells, suggesting 

that instead of forming a new PTHrP-responsive subpopulation, IHH primarily acts on 

PTHrP-responsive cells to stimulate either the hypertrophic program, or PTHrP 

expression. Analysis of gene expression of ligand and receptor genes for the PTHrP/IHH 

pathways across all clusters provides proof-of-concept that these pathways are mutually 

capable of responding to one another, possibly by long-range signaling in the bead 

(Appendix 4.1). 
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Figure 4.6: T4-mediated Col10a1 expression patterns may require Smo signaling.  

Positions of hypertrophic cells are shown as a function of distance from bead center 

normalized to bead radius. Images from N=2 independent beads per condition were 

used for image analysis. Left, untreated chondrocytes. Middle, thyroxine treated. Right, 

thyroxine and GDC-0449 treated. Box plots are superimposed on the raw data such that 

horizontal line marks median value of dataset, and upper and lower edges of boxes 

represent 75% and 25% values of dataset, respectively.   
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Similarly to direct stimulation of IHH signaling pathway by exogenous treatment 

with the ligand, exposure to the hormone thyroxine induced gene expression patterns 

consistent with hypertrophy localized to the periphery of alginate bead cultures. 

Thyroxine is thought to drive expression of IHH but has also been reported to actuate 

BMP signaling in growth plate chondrocytes. Although treatment with BMPs did not lead 

to similar ring patterns in cultures we analyzed (data not shown), it was unclear whether 

zonal formation in thyroxine treated beads occurs by BMP-related mechanisms, or via 

indirect activation of the IHH/PTHrP loop. To test whether IHH signaling mediates 

patterning actions of thyroxine in alginate, we wrote a custom MATLAB script to 

quantitatively measure hypertrophic zone formation (Appendix). The script records the 

position of chondrocytes labeled with DAPI or FISH probes targeting COL10A1, 

calculates the distance of each cell from the center of the bead, and outputs a 

distribution that describes the regions of alginate culture where hypertrophic cells are 

most prominent. Because surface area increases proportional to the square of the 

distance from the center of a circular cross-section, a slightly top-heavy distribution is 

expected to occur in conditions where hypertrophic cells are randomly scattered, such 

as in untreated chondrocytes (Figure 4.5). However using this approach, hypertrophic 

zone formation is still apparent after thyroxine treatment compared to untreated beads. 

Beads treated with the small molecule Smoothened inhibitor GDC-0449 exhibited a 

random spatial distribution of hypertrophic cells resembling untreated beads, suggesting 

that inhibition of IHH signaling can rescue the thyroxine-mediated effects on hypertrophic 

gene expression patterns (Figure 4.5). However, whether BMP signaling is involved in 

the thyroxine response will require further testing, possibly by co-treatment with Noggin.  

The results of this study, taken together with the previous chapter, suggest that 

activation of IHH signaling is sufficient to induce spatial patterns of gene expression that 

resembles a hypertrophic zone.  ISH results showed that after four days of IHH or 
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thyroxine treatment, Col10a1-expressing cells are restricted to the periphery, while 

Col2a1-expressing cells remain in the bead core. At this time point, this ring pattern is 

not observed in the untreated cultures. However, spontaneous peripheral Col10a1 

expression is observed in some 2-3 week bead cultures, which matches the tendency for 

high-density pellet cultures to exhibit edge hypertrophy over long culture periods. Since 

the mechanism underlying hypertrophy in alginate beads is unknown, determining 

whether IHH treatment accelerates a preexisting differentiation program, or directly 

induces hypertrophy, remains a challenge. For example, exposure to normal oxygen 

tension in culture remains basically a constant factor at the bead periphery, while during 

culture the bead core may experience varying degrees of hypoxia, which has been 

shown to inhibit hypertrophy (Leijten 2012), influence early chondrogenesis (Provot 

2007), elicit a hedgehog signaling response (Bijlsma 2009), and induce PTHrP 

expression (Pelosi 2013). Since the growth plate and chondrogenic condensations are 

typically hypoxic, it will be worthwhile to ask to what degree oxygen tension contributes 

to the observed gene expression patterns. One way to accomplish this would be to 

replicate the ISH studies under variable oxygen concentrations, as well as measure 

patterns of HIF1-alpha expression. Ultimately, chondrocyte signaling behaviors are 

expected to adapt to the physical conditions of culture, but to what extent this would 

override explicit signaling cues is uncertain.  

Our scRNAseq data suggests that IHH treatment increases the number of PTHrP 

and Col10a1- expressing chondrocyte subpopulations. Alternative methods will need to 

be employed to unequivocally confirm their identity by mapping activity of hypertrophic 

functions such as volumetric swelling, alkaline phosphatase, and metalloproteinases. 

However, the dataset defines these clusters by multiple known marker genes, as well as 

a downregulation of cell-cycling genes, suggesting that Col10- and PTHrP- expressing 

clusters are likely to be similar to, if not bona-fide hypertrophic and resting chondrocytes, 
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respectively. In normal cartilage development, IHH signaling can directly stimulate 

hypertrophy, but is also necessary for formation of a stable PTHrP expression domain, 

which then feeds back to spatially restrict hypertrophic differentiation. If the chondrocyte 

response to IHH in the context of alginate in any way mimics native chondrocytes, 

induction of PTHrP-expressing chondrocytes could be a key event.  

 However, our results suggest that even in untreated cultures, endogenous 

PTHrP expression significantly increases over time, and that chondrocytes in basal 

alginate culture behave in a manner consistent with a PTHrP response (activation of cell 

cycle genes, upregulation of S-phase, repression of hypertrophy-associated and 

prehypertrophy-associated genes). Further studies may clarify when this trend of 

spontaneous PTHrP expression plateaus, since the available data only addresses the 

first week in culture.  The factors causing this expression are still unknown; if beads 

cultures naturally become hypoxic within a few days, PTHrP expression may be 

expected to gradually increase. However, the encapsulation protocol does include 

prehypertrophic cells from the growth plate that may continue to secrete IHH during 

culture.  

It is important to understand whether the PTHrP/IHH interactions are fully intact 

in alginate. Careful mapping of spatiotemporal dynamics by 3D reconstructions of daily 

FISH applied to untreated cultures may reveal small domains of PTHrP and IHH-

expressing cells that grow and collapse according to the local signaling. The use of 

Smoothened null cells, or treatment with GDC-0449 in alginate beads are both ways to 

test whether chondrocytes unable to respond to either endogenous or treatment-induced 

production of IHH ligands maintain stable PTHrP domains. If PTHrP is not lost in such 

conditions, this experiment may reveal alternative mechanisms by which chondrocytes 

regulate differentiation rates. One possible pathway could occur via through BMPs, 

treatment of which led to significant increases in bead-wide proliferation rates that 
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matched PTHrP responses. NGS analysis of PTHrP treatment revealed differential 

expression of multiple BMP inhibitors CRIM1 and GREM1. Testing transcriptional 

responses to BMP activation will be crucial to identify if additional feedback exists 

among these signaling pathways.  

The context of alginate bead culture combined with the use of omics 

technologies to investigate the bulk and single-cell transcriptional effects of signaling 

factors, as well as FISH-based assays to quantify spatiotemporal patterns of gene 

expression, is proving to be a powerful system in which to dissect the mechanisms that 

regulate chondrocyte differentiation. Future work replicating the scRNAseq results will be 

necessary to understand specifically how consistent chondrocyte responses are at the 

single cell and subpopulation levels. For example, although the analyzed bead cultures 

roughly match the expected distributions of chondrocyte subtypes based on in situ 

hybridization of native cartilage (Romereim 2014b, Ahrens 2009), standard error values 

based on multiple replicates will be crucial to fully trust the percentages each 

subpopulation occupies, and test how much variance to expect before drawing 

conclusions about differences in cell count. Still, it will be exciting to proceed by applying 

such a fine-grained approach towards cultures treated with other signaling factors such 

as thyroxine, BMP proteins, and Wnt5a to discover novel subpopulation-specific 

transcriptional crosstalk that defines the regulatory zone-patterning network responsible 

for constructing a growing cartilage tissue.   

 

MATERIALS AND METHODS 

Next generation RNA sequencing workflow:  

RNA from four beads was pooled to generate the RNA samples for NGS. 100nM PTH-

treated and untreated 1-day bead cultures were placed in PBS containing 50mM EDTA 
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and 0.01% BSA to dissolve alginate for 5 minutes at 37C before pelleting by 

centrifugation at 125xg for 5 minutes. Cell pellets were lysed with chilled TRIZOL and 

RNA was immediately isolated according to manufacturers protocol. RNA was tested on 

the Bioanalyzer for RNA quality and all samples displayed RIN values greater than 9.0. 

A minimum of 1 ng RNA for each sample was submitted to the Genomic Sequencing 

Core Facility at the University of Nebraska Medical Center. cDNA libraries were created 

using Illumina TruSeq RNA library prep kit prior to sequencing on the Illumina 

NextSeq550 at a depth of ~20 million paired-end reads (150 base). Six total cell samples 

were sequenced using RNA-seq method (3 samples were from the control group, 3 

samples from PTH-treated group. Read quality was assessed using FASTQC (version 

0.11.5). Reads were mapped to the mouse genome “mouse_GRCm38”. RNA-seq data 

were quantified and normalized in TPM values, and available for 50600 genes. To 

normalize for sequencing depth and gene length we calculated TPM values by dividing 

the read counts by the length of each gene in kb to generate reads per kilobase (RPK), 

dividing total RPK values in each sample by 1,000,000 to calculate a scaling factor, and 

dividing RPK values of each gene by the scaling factor. 17791 genes having nonzero 

TPM values for at least one of the two groups were kept and each expression value is 

log2 transformed for later analysis. Differential expression analysis between two groups 

was conducted using the limma package in R (R Development Core Team 2004, Richie 

2015). Multidimensional scaling plot of distances between gene expressions profiles 

were used to examine the relationship of samples (Smyth 2004). The Bejamini-

Hochberg method was used to control the false discovery rate (FDR) to be no more than 

0.05 (Benjamini and Hochberg, 1995). Differentially expressed genes (corrected p < 

0.05) were entered into Enrichr, an online tool that utilizes Fisher’s exact test to identify 

biological functions and pathways that are enriched in a list of genes. TPM values were 

submitted to ingenuity pathway analysis (IPA), software that uses individual known 



 152 

relationships from the literature to construct causal networks underlying differential gene 

expression between control and PTH-treated chondrocytes, and the core analysis 

capability of IPA was utilized to generate the list of predicted upregulated and 

downregulated pathways.   

Single cell RNA sequencing workflow:  

Chondrocytes from four beads from each condition were pooled to generate the cell 

samples used for scRNAseq. 100ng/mL IHH-treated and untreated 4-day bead cultures 

were placed in PBS containing 50mM EDTA and 0.01% BSA to dissolve alginate for 5 

minutes at 37C before pelleting by centrifugation at 125xg for 5 minutes. The cell pellet 

resuspended with cartilage culture media and passed through 5-mL filter-cap 

polypropylene Falcon tube to remove debris and cell aggregates. Cells were counted by 

haemocytometer to achieve concentrations of 1000 cells/uL. Trypan blue was used to 

ensure viability of all captured cells. Cells were placed onto a 10X Genomics chip for 

single-cell capture and barcoding. cDNA libraries were quantified for using qPCR to 

dilute to 1pmol for sequencing on the Illumina NextSeq 550. To generate fastQ files from 

raw sequencing data of single chondrocyte libraries, we used the software called Cell 

Ranger v 2.0.0, freely available from 10x Genomics website 

(https://www.10xgenomics.com/solutions/single-cell/). This pipeline uses the command 

“cellranger mkfastq” for demultiplexing, and a command “cellranger count” for alignment, 

filtering, and UMI counting. This pipeline outputs cluster plots that are visualized in the 

software Loupe Cell Browser, also available from 10x Genomics. The algorithm for 

clustering performs a modified principal components analysis that identifies genes that 

are coordinately expressed in subpopulations relative to the rest of the dataset to 

iteratively reduce matrix dimensionality. The program outputs a t-SNE scatterplot that 

can be divided into clusters. Options are given for k-means or graph-based method for 
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biased or unbiased clustering. Unbiased graph-based method was chosen for analysis, 

although selecting k values equal to the cluster numbers generated by graph-based 

method outputs nearly identical principal component genes. Individual gene expression 

visualization and principal component heat maps of clusters were also performed in 

Loupe.  

 

Post-clustering analysis of scRNAseq data: 

For both IHH- and untreated samples, tables of PC genes, their relative expression for 

each cluster compared to the rest of dataset, and p-values were analyzed in Excel to 

identify unique versus shared PC genes across total datasets, to locate individual 

clusters that share identity (common PC genes in clusters across IHH- and untreated 

samples) and to match clusters with known cartilage zones based on PC genes. Once 

identification of clusters was accomplished, number of cells residing in each cluster 

could be found from Loupe Cell browser to compare differences between IHH-treated 

versus untreated samples.  
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FEEDBACK AMONG FORCES, TOWARDS POLARITY 

 
 

Every step of cartilage formation, including the elaboration of proliferative zone 

columns, occurs within the context of the cartilage extracellular matrix (ECM). In 

cartilage, ECM constitutes the entire external environment of chondrocytes for most of 

their lifetime (with the exception of the direct cell-cell adhesive contacts that follow cell 

divisions). As such, nearly every signaling factor relevant to chondrocyte behavior is 

potentiated by the physical, chemical, and topological properties of the ECM. In fact, 

genetic evidence suggests both molecular composition and organization of the ECM are 

crucial for the creation of fine cartilage architecture. However, at this time it is difficult to 

decouple novel regulatory functions of ECM network from the previously identified 

permissive roles in the general maintenance of chondrocyte homeostasis.  

Work from this dissertation sheds a new light on the involvement of chondrocyte-

environment interactions in the production of growth vectors. Detailed tracing of the 

actomyosin machinery suggests that cytoskeletal dynamics at the cell-ECM boundary 

plays an important role during chondrocyte rotation, and suggests that positioning of 

myosin motor protein is responsive to Wnt5a/Ror2 signaling and integrin adhesion. One 

implication is that positioning and assembly of the proper ECM molecules is needed to 

properly engage the cytoskeleton via integrins, but many questions stand in the way of 

testing this directly. Primarily, how chondrocytes differentially interact with the cartilage 

ECM components, and the extent to which these specific interactions affect cytoskeletal 

organization, cell mechanical properties, cell adhesion strength, and resulting cell body 

movement, are still poorly elucidated.  

In order to dissect the signaling interplay between growth factor signaling and cell-

ECM interactions that were hypothesized to drive cartilage architecture formation, we 
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developed an in vitro model of growth plate cartilage using alginate hydrogel bead 

culture and show that chondrocytes in alginate can interact with components of the 

IHH/PTHrP signaling loop and are capable of generating a pericellular matrix de novo. 

This discussion outlines how our novel culture system is being used to develop an array 

of tools that can begin to probe the interactions between growth factor signaling and 

chondrocyte mechanobiology during critical processes such has the formation of zones 

and columns in the growth plate cartilage, and how the new information could be 

incorporated into the existing knowledge.  

In Chapter 1, knowledge in the literature about the contributions made by forces at 

levels ranging from the molecular to the organismic was reviewed. From this, it seems 

that disrupting mechanics at different length scales have unique ramifications for 

cartilage architecture and growth, but that cartilage-extrinsic mechanics are secondary to 

cartilage-intrinsic mechanics. Tissue-level forces within the extracellular matrix, and the 

cell-level actions of integrins, cadherins, and the actin cytoskeleton could be basic units 

in a simplistic physical model for the rearrangement mechanism underlying cartilage 

morphogenesis. Do these molecules cooperate with signaling and the mechanical 

environment to give rise to tissue structure?  

 

Do cell-cell junctions mechanically integrate neighboring cells to drive patterning?  

Much of the knowledge about the relationship between cellular mechanics and 

morphogenesis are found in the literature surrounding elongation and invagination of 

epithelial tissue. Epithelial cells attach to a basement membrane by integrin adhesions 

and acquire apical-basal polarity via that association (Scarpa 2016). On the apical 

surface, cell-cell attachments are made via E-cadherin-based adherens junctions that 

transduce cytoskeletal-derived forces between cells (Lecuit 2015). Cadherin complexes 
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experience constitutive endogenous tension via association with actomyosin, but this 

tension spikes in response to external mechanical stimuli, driving cadherin clustering at 

cell junctions (Borghi 2012). Ultimately, maturation and remodeling of the adherens 

junction relies on positive feedback between cortical tension-dependent cadherin 

clustering and cadherin-dependent myosin recruitment to junctions (Yang 2015, 

Delanoe-Ayari 2004, Levayer 2013). Distinct modes of tissue morphogenesis are 

achieved by regulating the size and geometry of cadherin-mediated adherens junctions 

that connect epithelial cells (Lecuit 2015). The two major modes driving epithelium 

shape changes are tissue elongation, which is founded in cell intercalation (neighbor 

exchange), and tissue invagination, which is driven by apical constriction. In both 

situations, spatiotemporal control over actomyosin tension drives a pulsatile ratchet-like 

mechanism that gradually remodels adherens junctions to implement cell- and tissue-

wide shape changes (Bertet 2004, Rauzi 2010, Munjal 2015, Collinet 2015). Tissue 

extension utilizes a self-organized biomechanical network to drive cell shape changes 

(Munjal 2015). In this system, two different pools of myosin (medial and junctional) flow 

back and forth across different cell surfaces in a feedback loop that potentiates the 

activities of upstream cytoskeletal regulators Rho1 and Rok (Drosophila analogs to 

mammalian RhoA and ROCK. Engagement of actomyosin promotes tension and 

Rho/ROCK, but high levels of myosin concentration negatively feeds back to reduce 

further tension (Munjal 2015, Ponik 2013). Such pulsatile behavior is governed by 

myosin phosphorylation dynamics downstream of Rho, as well as advection due to 

myosin-induced contraction of F-actin. In other words, Rho/Rock signaling is regulated 

by the physical outcomes of actomyosin (force and contraction). Together, these 

mechanical behaviors of the cytoskeleton regulate epithelial morphogenesis in a wide 

range of developmental contexts.  
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Figure 5.1: Schematic model of cytoskeletal dynamics hypothesized to drive 

column formation. A) Two actin-based force-generating mechanisms are shown. Left, 

actions of ARP2/3 complex-mediated actin branching that drives protrusions shown 

below (B, left cell). The protrusion forces are directed towards the growing actin 

branches. Right, actomyosin contractility drives production of cellular tension. Pulling 

forces may effectively originate from points where actin filaments are connected to the 

cell surface. Green background and arrows illustrate direction of cortical flows. B) Three-

way fork between rotating daughter cells and ECM. Actin polymerization protrudes to 

define the direction of rotation (left cell) while integrin-anchored myosin provides force to 

pull the cadherin interface periphery rightward. As cadherin interface expands, integrin 

adhesions are broken, and myosin is briefly sent to the junction before recycling back to 

the cortical surface. Later, new integrin adhesion sites may form. C) Three-way fork 

between separating chondrocytes and newly secreted ECM. Myosin-rich integrin 

surfaces overtake the shortening cadherin junction.  Similar dynamics may be involved 

involving cortical, junctional, and medial pools that flow as tension is produced.  

 

 

 

 

 

 

 



 159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Branching  
polymerization 

Anchored 
Contractility 

BREAK ITG NEW ITG 

CDH 

ARP2/3 Cortical 

Medial 

MYO2 

Integrin 
anchor 

ECM 

 NEW ECM 
NEW ITG 

BREAK CDH 

 Cortical 

Junctional 

Medial 

MYO2 

Daughter Cell Interface Rotation 

Chondrocyte Separation 

A 

B 

C 



 160 

Hypothetical model of cytoskeletal dynamics during chondrocyte column formation 

If the cytoskeleton plays an important role in chondrocyte column formation, it probably 

does not exactly mirror the epithelial situation. However, it is a useful starting paradigm 

that can be applied to cartilage to envision possible traits of the mechanisms underlying 

cell behaviors.  For example, In addition to medial and junctional pools, our studies of 

actomyosin localization and activity suggest an alternative active pool in chondrocytes: 

the cortex where actin physically associates with the integrin adhesome to connect cells 

to the ECM. Loss of junctional myosin, and high levels of cortical myosin were highly 

correlated with cell rearrangement. Non-column forming cells such as integrin-inhibited 

and Wnt5a/Ror2 mutant cartilage displayed a preference for junctional myosin. However, 

minority populations were observed in all conditions that defied this pattern (e.g. small 

number of proliferative chondrocytes mid-rotation with adherens-junctional myosin). One 

interpretation of this result invokes epithelial morphogenesis by envisioning cytoskeletal 

flows downstream of myosin activity and/or actin polymerization, resulting in highly 

dynamic movement of network components throughout the cell cycle. In this hypothetical 

model, the initial state of the contractile apparatus is junctional, as cytokinesis-

associated tension concurs with cadherin zippering. Afterwards, advection due to motor 

activity exchanges actomyosin across multiple pools, where differential affinity for each 

cell surface determines relative workload at the cortical (versus junctional/medial) pool to 

control the rate of cell rearrangement. Live cell imaging of growth plate explants labeled 

with LifeAct probes and/or fluorescently tagged myosin could be one way to begin to 

visualize the predicted cytoskeletal dynamics. One expectation is that in the resting 

zone, concurrent expression of junctional, cortical, and medial pools would create a 

force balance that does not favor movement. The use of molecular tension sensors 

during the live imaging experiments would be an important experiment to confirm this 
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prediction (Wang 2011c). Conversely, each pair of rearranging daughter cells in the 

proliferative zone would be biased towards cortical myosin to a level that matches the 

observed population levels that were measured by immunofluorescence (70%, which in 

this model would correspond to 3.5 out of 5 total hours). This metric, taken across a field 

of chondrocytes, could finely map cytoskeletal workload as a function of position in the 

cartilage. Such a map could be used to locate inflection points for calculating the slope 

of graded intermediates. Using this method to study cytoskeletal management profiles at 

the single-cell level could then identify a specific population between the resting and 

proliferative zones that is transitioning towards a column-forming phenotype.  

 

Single-cell sequencing identifies candidate transition zone:  

Within the zonal array of the growth plate, a predicted “transition zone” might display 

some characteristics of resting cells, but activate cytoskeletal regulatory mechanisms 

that resemble column-forming chondrocytes. The early live imaging studies that 

characterized chondrocyte rotation did in fact report a population of chondrocytes in 

between resting and proliferative chondrocytes that would begin to rotate, but halt early 

in the process before completely rearranging into columns (Romereim 2014b). 

Additionally, these experiments demonstrated that some late resting chondrocytes were 

capable of complete, oriented cell rotation independent of prior cell geometry, but that 

mother cell shape was maintained by daughter cell cortex throughout the entire 

rearrangement process. From this, it was concluded that an ECM remodeling phase 

would be necessary to achieve the flattened and elongated cell form observed in the 

proliferative zone. Transcriptional profiling of chondrocyte subpopulations in alginate 

revealed two clusters that largely match a resting zone identity, but are defined by 

alternative genes that may act as paracrine signaling outputs, PTHrP versus BMP3. 

PTHrP-expressing chondrocytes reside near the epiphyses in the most distal 
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compartment of the resting zone (Ahrens 2009), whereas BMP3 expression has been 

observed by in situ hybridization in resting cells proximal to the proliferative zone 

columns (Nilsson 2007). Comparing gene expression signatures across these clusters, if 

they end up being comparable to the in vivo context, reveal major differences in ECM 

metabolism and adhesion. Decreased TIMP1 and TIMP4 expression indicates that 

BMP3-expressing chondrocytes lift inhibition of matrix metalloproteinases, while 

beginning to secrete new ECM molecules such as Osteopontin, the calcium-binding 

EFEMP1, and the fibronectin-fibrin cross-linker F13a1. Single-cell RNAseq needs to be 

repeated using native growth plate cartilage tissue in future studies, because these 

processes could account for the matrix-remodeling process predicted to be a crucial step 

towards column formation. Secondly, increased expression of many calcium-sensitive 

actin regulators in the BMP3-high cluster versus the PTHrP cluster is consistent with a 

model where position-dependent cytoskeletal reorganization gradually prepares 

chondrocytes to form columns. Together, these results suggest BMP3 could be a marker 

of the predicted “transition” zone.  

 

Could there be a novel role for calcium signaling?  

Our alginate culture system was analyzed by transcriptomics methods to investigate the 

actions of the IHH/PTHrP signaling loop. Both bulk- and single-cell RNA sequencing 

datasets hint that it may be fruitful to revisit the role of calcium signaling in the growth 

plate as a possible driver of actin dynamics. Calcium/Calmodulin-dependent kinases 

(CAMK), which are predominant effectors of calcium signaling, have been studied in the 

growth plate (Li 2011). These proteins contain numerous phosphorylation sites that 

promote self-assembly into multimeric holoenzyme structures with diverse kinase 

activities. In cartilage, CAMKII is primarily phosphorylated in the prehypertrophic zone 



 163 

and regulates chondrocyte proliferative potential by promoting hypertrophic 

differentiation, and both PTHrP and WNT5a negatively regulate activity of CAMKII. 

However, CAMKII phosphorylation can be visualized in some resting and proliferative 

chondrocytes using high-sensitivity methods, and in situ hybridization studies of cartilage 

maturation in the presence of CAMKII inhibitor KN93 shows disruption of PRELP and 

COL9A1 expression in the resting/proliferative regions of cultured metatarsals. Further, 

CAMKII overexpression in chick growth plate results in loss of cortical actin in 

proliferative chondrocytes, which can be countered by treatment with PTHrP. It is worth 

investigating whether junctional/cortical myosin residencies depend on sensitivity to 

calcium signaling. This connection would provide an alternative interpretation of the live 

imaging studies that initially established the importance of the daughter cell cadherin 

junction (Romereim 2014). These experiments involved manipulation of free calcium and 

cadmium concentrations, which could directly disrupt actomyosin dynamics 

independently of cadherin function.  

 

Does feedback among integrin and cadherin cell surfaces control cell organization? 

If cadherins are a necessary part of the mechanism that drives column formation, 

but do not directly drive chondrocyte rearrangement, there may be important feedback 

between cell surfaces. Generally, biological systems that contain multiple adhesion 

surfaces usually feature crosstalk among them, and particularly cell-cell junctions have 

several ways of regulating cell-ECM interactions. During Xenopus and zebrafish 

convergence extension, cadherin-mediated actomyosin tension activates fibronectin-

bound integrins (Dohn 2013, Dzamba 2009), inducing a conformational change in 

fibronectin to expose cryptic residues that promote fibril assembly and alter cell-ECM 

adhesion dynamics. In these systems, cell cohesion-driven matrix organization is 
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needed to power the cell intercalation underlying tissue extension. Cadherins can also 

stabilize integrin-integrin homodimers that sequester integrins in an inactive 

conformation, restricting fibronectin assembly to cell surfaces depleted of cadherins 

(Julich 2015). These examples are mostly taken from systems where the functioning 

forces are cumulatively derived from many adherens junctions across a field of cells, 

whereas chondrocytes are limited to pairs. Because myosin is not enriched at the cell-

cell interface during rotation, it is unlikely that tension produced via cadherin adhesion 

could drive cell movement. However, the observation that daughter cell interface length 

significantly increases throughout rotation intuitively suggests that this process involves 

locally remodeling the cell-ECM boundary at three-way forks where peripheral junction of 

both daughters meets the pericellular matrix (one possible configuration is shown in 

Figure 5.1). Within this nanoscale domain, each cell on either side of the junction could, 

in theory, cooperate to produce directional movement using distinct physical 

mechanisms: the protruding forces of ARP2/3-mediated branched actin polymerization 

on one daughter, and actomyosin contractility on the other daughter, pulling the interface 

in the same direction. While polymerization is inherently polarized towards barbed end of 

actin filament, contractility need not be unless an anchor is present (Huber 2011). Either 

way, this coordination would break integrin-ECM bonds and lengthen the cadherin 

junction; as a consequence, cortical actomyosin would be redistributed to junctional or 

medial pools. Because these chondrocyte protrusions are only visible at the 

ultrastructural level, live imaging and standard immunofluorescence both are not 

sufficient to examine this specific relationship. Advanced electron microscopy methods 

utilizing ascorbate peroxidase (APEX) to detect protein localization with nanometer 

resolution will be very beneficial to understand the cytoskeletal and adhesion dynamics 

occurring at the extreme junction periphery (Martell 2012). For example, it is difficult to 

predict whether the protruding daughter would form new integrin adhesion sites in the 
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same position immediately after procession, and if so, whether replacement cell-matrix 

associations are identical or distinct from their precursor. Using EM-resolution 

microscopy, tags of specific integrin binding interactions, combined with selective 

binding inhibition may be able to resolve whether rearrangement endows cell surfaces 

with access to novel microenvironmental cues, and may provide a clue towards 

characterizing the specific functions of ECM domains that surround daughter 

chondrocytes. Similarly, whether cadherin concentration at the membrane is diluted, or 

held constant during lengthening is unknown but the latter would imply an active 

trafficking or recruitment mechanism that would be manifested by homodimer-resolution 

microscopy. In the above scenario, cadherins and integrins are either directly competing 

for access to the actin filaments, or passively antagonistic, both passengers in a 

mechanism driven by cytoskeletal interplay.  

 

Do chondrocytes embed anisotropic signals in the cartilage matrix? 

Following chondrocyte rearrangement, daughter cells begin to detach from one another 

and secrete interstitial pericellular matrix. At this moment, the point between the 

shortening cadherin junction and the newly assembled ECM becomes yet another three-

way fork that illustrates cadherin/integrin feedback on the cell surface (Figure 5.1c). 

Cortical myosin is highly activated at the site of disengagement. It is unclear whether 

force is required to pull apart the cadherin surface, which would suggest that myosin 

may be directly involved in cell separation, or if ECM secretion sufficiently signals 

towards cadherin internalization for dismantling the junction. One interpretation is that 

the shortening cadherin junction is being replaced with sites of active integrin adhesion 

marked by cortical actomyosin. If myosin simply marks integrin adhesion sites, the 

observation that myosin lingers interstitially after total separation before relocating to 
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lateral arcs would indicate that chondrocytes execute a specific order of ECM 

composition that depends on the final position of the cell-cell junction following rotation. 

Aside from the previously discussed and numerous examples of anisotropic ECM 

patterning in cartilage in vivo, analysis of ECM development in alginate beads 

demonstrates that chondrocytes are capable of building specialized and specifically 

localized ECM structures tabula rasa: single chondrocytes cultured in alginate build 

concentric rings of collagen 6 that would at first suggest a radially symmetrical matrix, 

but after cell divisions new collagen 6 is secreted in a way that strikingly resembles the 

myosin distribution at separating chondrocytes in vivo (Figure 5.2). Further, while 

collagen 6 patterning is symmetrical across the daughter cell interface, the fibronectin 

matrix develops anisotropically, nearly always being secreted by a single daughter cell 

into an arc-like structure that points away from the paired daughter (Figure 5.2, e-g). 

These observations, in connection with what we are learning from live imaging studies 

and the myosin staining experiments, suggest that cell division is tightly linked with 

chondrocyte polarity, possibly bestowing asymmetry to each pair of daughter cells, and 

this asymmetry inherent to chondrocytes eventually manifest through ECM production. 

Testing how the interstitial compartment forms might first depend on whether disrupting 

cadherin adhesion would restore complete radial isotropy. Alternatively, the final position 

of mitotic spindle could be the information used to assign unique network construction to 

medial versus lateral cell surfaces. However, an additional symmetry-breaking 

mechanism is needed to account for differential fibronectin deposition between daughter 

cells. A parsimonious hypothesis is that daughter cells become stochastically  
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Figure 5.2: Anisotropic ECM patterning in alginate bead culture. Images shown are 

representative of hundreds of cells observed across 3 independent experiments. 

Although quantitative statistics are unavailable because the complexity of matrix 

deposition and formation of cell clusters are not amenable to standard image analysis 

programs, these are major and noteworthy patterns among the total ECM-depositing 

behaviors of alginate-encapsulated chondrocytes. A-D) Immunofluorescence showing 

Collagen 6 deposition (red) in daughter cells appears reminiscent of myosin localization 

patterns. Nuclei are shown in blue and actin is shown in green. A) Multinucleated 

chondrocyte preparing to divide. Collagen 6 has been deposited in a radially symmetric 

ring around the cell body as previously shown. Scale bar = 3 um. B-C) Daughter 

chondrocytes in the process of cell separation. Collagen 6 is deposited strictly at the new 

separations. D) Completely separated daughter cells share a Collagen 6 – rich interface, 

breaking radial symmetry. Scale bar = 5 um. E-G) Immunofluorescence staining showing 

fibronectin (yellow) deposition builds up in a single direction over time. E) Day 1 beads 

show little to no fibronectin deposition. Scale bar = 8 um. F) Day 4 beads exhibit 

daughter cell pairs where one cell has built a fibronectin matrix laterally (arrowheads). G) 

This accumulation of fibronectin continues to increase for many days in culture. Here, 

the fibronectin matrix at day 14 is shown.  
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distinguished by inheritance of the midbody, which is the densely compacted tubule-

based organelle representing the vestiges of the contractile ring after cytokinesis. 

Possession versus absence of the midbody could generate “leader” and “follower” cells 

whose relative position would determine the clockwise or counterclockwise direction of 

rotation, which seems to occur stochastically (Romereim 2014b). Crosstalk between the 

midbody remnant and cortical myosin flows has been documented to participate in 

dorsal-ventral axis formation in early C. elegans embryos (Singh 2014) and adherens 

junction formation in the Drosophila dorsal thorax pupal epithelium (Herszterg 2013). 

Interestingly, daughter cells in monolayer chondrocyte cultures have been observed to 

produce starkly asymmetric levels of myosin activity (Appendix 5.1). Because fibronectin 

among other ECM proteins requires mechanical stimulation by the cytoskeleton for 

proper construction of the supramolecular network, cortical myosin activity might well be 

a critical step in assembling daughter-cell specific structures in the cartilage matrix. Cell 

cycle synchronization of alginate-cultured chondrocytes, in conjunction with cytoskeletal 

inhibitors such as blebbistatin, could be used to ask whether cell contractility affects 

ECM production routines in newly divided daughter cells.  

What could be the role of such ECM patterning? Why would chondrocytes spend 

the effort to create an anisotropic matrix? The answer may lie in understanding the roles 

of each ECM component within the context of the overall biomechanical landscape of a 

chondrocyte, and their ability to support short-range mechanical signaling. One major 

thrust to identify the importance of outside-in mechanotransduction for tissue 

organization has utilized the basal surface of epithelial sheets as a model system. 

Studies of epithelial cell pairs showed that cell-ECM traction force controls the 

orientation of the division plane to specify the position of daughter cell interface (Thery 

2005), and can modulate endogenous tension at cell–cell contacts to promote cell shape 

changes (Maruthamuthu 2011, Ng 2014). Other studies show that integrin-dependent 
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adhesion to fibronectin or collagen can negatively or positively impact cadherin cell 

adhesion depending on the context (Robinson 2002, Robinson 2004, Al-Kilani 2010). 

Recently, it was shown that populations of collectively migrating epithelial cells could be 

induced into various “tissue-scale” organizational regimes in vitro by varying substrate 

stiffness (Ng 2012, Ravasio 2015). In these studies, tuning cell shape change and 

lamellopodia-driven motility at the edges of colonies caused by cell-ECM 

mechanotransduction produced a direct effect on emergent morphogenetic cell behavior. 

Interestingly, softer substrates induced higher-scale actin organization in the form of 

multicellular cables, while stiffer substrates actually allowed propagation of polarity by a 

front-back Myosin II gradient dependent on intercellular force transmission. This 

suggests that the mechanical environment integrates with cell contractility and cell-cell 

adhesion in a feedback loop, producing a “tug of war” between cell-cell and cell-ECM 

tensile forces to regulate collective migration, and causing qualitative differences in the 

pattern-forming properties among these cells. In essence, the ECM patterning of 

chondrocytes, based on precise positioning of adhesion strengths and differential 

engagement with cytoskeletal components like myosin and ARP2/3, could influence 

where the division plane begins, whether and how fast it rotates, and where the rotation 

will cease.  

 

How do growth plate chondrocytes respond to physical cues? 

One implication of the above information is that rearranging chondrocytes may have 

multiple sensory mechanisms to read positional cues. In addition to sensing 

concentration gradients of diffusible ligands, haptic perception of the solid-state 

environment could result in local mechanical responses, which may be modulated by 

extrinsic and globally acting cartilage-intrinsic forces. Mediators of this system may 
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directly observe mechanical properties of the environment, or require membrane 

deformation to become active. To investigate whether growth plate chondrocytes are 

capable of responding to compressive stimuli, the alginate culture system was used as a 

basis for engineering a microfluidics-based pneumatic cell compression device 

(manuscript in preparation). This device functions by encapsulating chondrocytes in 

cylindrical pillars of alginate attached between parallel glass plates. Compressive force 

is delivered by controlling airflow through five parallel channels to inflate PDMS balloons 

that compress each pillar according to balloon height. Confocal microscopy-based 

visualization of compressed chondrocytes confirmed balloon height-dependent cell 

deformation ranging from 7% to 19% strain. Single-cell mechanical profiling of 

chondrocytes using atomic force microscopy (AFM) was employed to ask about the 

relationships between environment, mechanical stimuli, and cell stiffness (for detailed 

methods, see Lee 2017). In these experiment, Poly-L-Lysine was used as a default 

substrate for AFM testing, and was compared to other ECM coatings to detect substrate-

dependent effects on cell mechanical properties. The role of compression was tested by 

culturing chondrocytes in alginate with or without dynamic compression (1 hour, 1 Hz, 

19% strain) before seeding onto Poly-L-Lysine for AFM measurements. Chondrocytes 

simply cultured on standard poly-L-Lysine coated plates exhibit Young’s Modulus (E) 

distribution peaking around 0.3 kPa  (n=70 cells, Figure 5.3a). The adhesive 

environment was tested using chondrocytes cultured on gelatin, Collagen 2, and 

Fibronectin-coated surface. Gelatin and Fibronectin cultured cells display a slightly 

different mechanical profile with smaller range, increased average, and only single 

peaks centered at 0.5 kPa, while Collagen 2 seems to lead to cell stiffening, although 

this may be due to the additional hour of culture time prior to AFM testing in this sample. 

Effect of culture dimensionality was controlled using cells cultured in alginate 

compression device (without compression) prior to AFM testing. These cultures display 
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an increase in overall cell stiffness (mean of 0.78 +/- 0.5 kPa, range from 0.1-2 kPa, 

peaks centered at 0.3 and 1.3 kPa, n=76 cells), opening up the possibility that the 

alginate environment mechanically stimulate chondrocyte subpopulations. However, 

cells that are compressed to 19% strain in the chip are much softer than uncompressed 

controls (average E = 0.56 +/- 0.33 kPa, distribution ranging from 0.1-1.6 kPa with only a 

single peak at 0.3 kPa, n=65 cells). Interestingly, repeated AFM indentation generates 

local mechanical response in single cells, causing them to stiffen further with each 

measurement. This observation has been noted before in chondrocytes but not other cell 

types (personal communication, Donghee Lee). One way to interpret this seemingly 

paradoxical data is the possibility of dual mechanosensory systems that allow 

chondrocytes to differentiate between local versus globally applied forces. How could 

such contradictory responses beget from nearly similar induced strain rates? One 

explanation takes into account the high osmotic pressure of cartilage due to the water-

absorbing actions of the proteoglycan matrix. If cartilage ECM constantly pressures 

chondrocytes by physical control of cell shape, the default cytoskeletal stiffness in vivo 

would be expected to remain low. In this case, such a mechanism may sensitize 

chondrocytes to mechanical stimuli that locally exceeds baseline compression levels, 

allowing appropriate activation of local cytoskeletal stiffness responses against a 

deactivated background. For instance, strain caused by ARP2/3 mediated protrusions 

(causing a local indentation) may contribute to the mobilization of actomyosin on the 

opposing daughter cell (stiffening response) during column formation. The complexity of 

these responses, given heterogeneity of different zones, also highlights the need to 

assess individual responses of subpopulations at the single cell level, possibly by FACS 

prescreening on zonal markers, or comparing stiffness profiles to cell sizes and 

geometries. 
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Figure 5.3: AFM testing reveals subtle mechanical response of chondrocytes to 

adhesive substrate. Chondrocytes were seeded on Poly-L-Lysine (A), Gelatin (B), 

Fibronectin (C), and Collagen 2 (D) coated culture dishes for one hour to adhere before 

AFM testing was commenced (Collagen 2 cells were seeded two hours, being tested 

after Gelatin in a single AFM run). Poly-L-lysine and Fibronectin were both tested on 

independent days. The histograms depict the distribution of cell stiffness upon sampling 

the chondrocyte population by AFM indentation.  
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Figure 5.4: AFM testing suggests differential chondrocyte response to global 

versus local mechanical stimulation. Chondrocytes cultured in alginate for 1 hour 

without compression (A) or with dynamic compression (B, 19% strain, 1Hz) and then 

seeded onto poly-L-lysine for one hour prior to AFM testing. The histograms depict the 

distribution of cell stiffness upon sampling the chondrocyte population by AFM 

indentation. Data is pooled from n=2 devices per condition. C) Cells were seeded onto 

Poly-L-lysine for 1 hour prior to AFM indentation measurements. The plot shows 

stiffness of a single chondrocyte after repeated indentation at a single position by AFM. 

Similar strain and frequency was generated by the AFM pulsing regime compared to the 

dynamic compression device. This plot is representative of experiments done on n=5 

cells. 
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Cell migration: complex interplay between ECM, adhesion, and cytoskeleton.  

The observed responses to force probably depend on a suite of mechanosensitive 

proteins, and it is a crucial task to identify them. How do these results fit into the context 

what is known about coupling among various cell mechanical modules during individual 

or collective cell migration? Classically, migrating cells use integrin adhesion to gain 

traction against a substrate (Haeger 2015, Collins 2015). Integrin activation occurs 

through a conformational change mediated by binding of B-tails with intracellular 

cytoskeletal proteins (Liu 2000, Calderwood 2004). Therefore, the cytoskeleton, along 

with scaffolding and signaling molecules can be linked to the extracellular matrix through 

the activated integrins to convey mechanical signals in and out of the cell via 

actomyosin-generated force (Clark 2014). The known major molecular connections 

occur through talin, filamin, actinin, tensin, vinculin, paxillin, FAK and Src family kinases 

(Lee 2007, Sawada 2006, Liu 2000, Mitra 2006, Zaidel-Bar 2007, Garvalov 2003, 

Goksoy 2008, Demali 2002). The activation of focal adhesions and integrin clustering 

functions by a LALI mechanism whereby positive feedback promotes the clustering of 

integrins nearest the growing adhesion (local activation) to cause oppressive membrane 

tension that inhibits the formation of focal adhesions at distal sites in the cell, for 

example the rear (lateral inhibition, Goehring 2012). As a result during migration, integrin 

adhesions form at the leading edge allowing traction forces to mediate motility, while 

adhesions at the rear break (Scarpa 2016). This dynamic adhesion cycle directly 

activates Rho-GTPases that promote force-generating activities such as actin 

polymerization and actomyosin contractility (Ren 2000, Parsons 2010, Provenzano 

2011, Alfandari 2010). Downstream of Rho, myosin II promotes adhesion stability and 

maturity through activation of cryptic integrin sites by mechanisms that include actin 
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bundling and generation of tension, often sending mechanical signals to the leading 

edge from contractility produced in the rear (Parsons 2010). Thus, in both migratory and 

intercalating cells, cytoskeletal tension applied to an integrin or cadherin adhesion 

surface stimulates Rho-GTPases to perpetuate polarized adhesion dynamics.  

Different types of adhesions (eg. focal adhesion complexes, fibrillar adhesion) 

are associated with distinct strength of adhesive forces. Furthermore, the length and 

duration of adhesions depend critically on the stiffness, dimensionality, organization, and 

composition of the extracellular matrix. Even simple mechanical deformability of the 

matrix can control adhesion, migration and differentiation of various cell types (Pelham 

1997, Kim 2013, Sun 2016). Differences in the stiffness of substrate determine the 

amount of actomyosin-dependent force cells produce on that substrate, and the size of 

focal adhesions present (Ng 2012, Murrell 2015, Friedland 2009, Von Wichert 2003). 

ECM stiffness is interpreted by integrins, because inducing integrin clustering can mimic 

the effects of stiffness, and RGD-driven integrin activation promotes focal adhesion 

growth regardless of substrate stiffness (Taubenberger 2007, Paszek 2009, Yang 2015). 

This applies to both integrin and cadherin adhesions, since cadherins and cytoskeletal 

organization respond to differential stiffness of cadherin-coated substrates, producing 

more traction force on stiffer cadherin substrates in a myosin II and cadherin dependent 

manner (Ladoux 2010). Interestingly, substrate rigidity, porosity, and crosslinking also 

determines lifetime of actin filaments, and can synergistically signal to cells to affect 

migratory and morphogenetic cell behavior (Hu 2007, Lo 2000, Gupta 2015, DeMali 

2014). Migrating cells first sense the substrate composition before sensing substrate 

stiffness by adapting their rheology, adhesive surfaces, and actin organization (Murrell, 

2015, Gupta 2015). Thus, a plausible mechanism that could underlie the chondrocyte 

force and substrate response could have roots in the ECM-integrin-actin signaling axis. 
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RELATIONSHIPS BETWEEN GLOBAL SIGNALING AND MECHANICAL 

EFFECTORS OF CELL ORGANIZATION 

Dynamic daughter cell rearrangements promote column formation and allometric tissue 

elongation in the proliferative zone of growing cartilage. In the previous discussion, it is 

hypothesized that with the proper symmetry-breaking mechanism, interactions among 

adhesion, cytoskeletal, and ECM proteins could potentially assemble into self-regulating 

mechanical loops. However, the specific signaling mechanisms upstream of these short-

range behaviors are still unknown. Next we will discuss a scenario in which a global 

signaling network, in this case the planar cell polarity (PCP) pathway, can sculpt the cell- 

and tissue- scale biomechanical environment in various ways to effect morphological 

change. Here we ask: Wnt5a signaling gradients might be present during the initials 

stages of chondrogenesis, but how would chondrocytes remain polarized throughout an 

individual’s lifespan?  Perhaps by examining some putative signaling targets of this 

pathway, we may get a better understanding of the mechanisms that translate these 

global signaling cues into cartilage architecture. We propose that one possible role of 

Wnt/PCP signaling is rallying the cellular biomechanical effectors such as adhesion, 

matrix, and cytoskeletal proteins into determined positions, and in parallel, modifying the 

signaling environment that produces zonal architecture. 

 

Planar cell polarity often utilizes cell adhesion:  

PCP was first discovered by examining Drosophila mutants with altered polarity of hair 

and cilia-bearing cells on the epithelium of the wing (Axelrod 2001, Strutt 2001, Winter 

2001). In these initial experiments a number of genes were identified to be crucial for 

proper polarization along the plane of the epithelium (not apical-basal polarity) in hair 

cells of the wing, bristles, and ommatidia of the drosophila eye. Several of these genes 
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were observed to localize to cell junctions to establish polarized domains at the cell 

surface, and these molecules became known as the “core” PCP proteins (Vangl, Prickle, 

Frizzled, Dishevelled, Ror2, and Celsr) (Peng 2012). However, a mechanism for 

translating asymmetrical cell localization into cell polarity began to manifest when it was 

found that atypical cadherins Fat and Ds cooperate with core PCP effectors to polarize 

hair cells in the wing (Peng 2012), and that DE- and DN- cadherins cooperate with 

Frizzled to regulate ommatidia morphogenesis in the eye (Mirkovic 2006). In both of 

these systems, polarized domains utilized not only cell-autonomous feedback 

mechanisms to stabilize membrane occupancy, but also cooperated with cell-cell 

adhesion pathways to strengthen the polarity of neighboring cells (Axelrod 2011). The 

theme of “intracellular inhibition, intercellular adhesion” has been repeatedly shown in 

studies of planar polarity including the drosophila SOP cell, vertebrate hair follicles, 

multi-ciliated epithelium, and the inner ear of mammals (Simons 2008, Vladar 2009, 

Yang 2015).  

Even in polarized systems in which lateral stabilization – local destabilization has 

not yet been definitively proven, there are abundant examples of PCP components 

interacting with cell adhesion molecules to control tissue morphogenesis. Cadherins 

seem to be a particularly conserved target of PCP intermediaries, but regulatory 

mechanisms are context dependent. For example, in the developing chick limb 

mesenchyme, Fzd7 controls N-cadherin expression specifically at the initial precartilage 

condensations to regulate the initiation of chondrogenesis (Tufan 2002), whereas during 

synapse development, Vangl2 and Prickle compete with beta-catenin to bind and 

regulate the cell surface expression of N-cadherin (Nagaoka 2014). Similar Vangl2-

dependent mechanisms promote E-cadherin endocytosis in the developing kidney 

(Nagaoka 2013) and inhibit VE-cadherin-based adherens junctions to enable 
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rearrangement of endothelial cells during intraluminal valve formation in lymphatic 

vessels (Tatin 2013).  

Applied to the problem of cartilage column formation, these data would seem to 

suggest polarity signaling could influence the daughter cell adhesion surface, despite a 

few constraints that ought to be placed on this model. First, the observation of similar 

cadherin-rich daughter cell adhesion surfaces in all resting zone, proliferative zone, 

polarity-deficient, and cultured chondrocytes, leads to the requirement that small 

quantitative differences in cadherin levels would need to be sufficient to promote or 

inhibit rotation. Second, that the daughter cell interface is transient requires signaling to 

cadherins to reactivate after each cell division to elongate the column. This point is 

particularly important because in cartilage, the effects of deregulated Wnt/PCP signaling 

are cell-autonomous, in sharp contrast to most PCP-dependent systems that exhibit 

domineering non-autonomous effects of mutant cells on neighboring wild-type cells in a 

mosaic mutant (Li 2009, Axelrod 2011). This divergence is somewhat expected because 

cell-cell adhesion is only present between isogenic daughter chondrocytes for a short 

duration relative to the 24-hour doubling time. Furthermore, cell frequency and 

morphology of the daughter cell cadherin adhesion interface is not obviously disrupted in 

Wnt5a or Ror2 mutants. Thus, the “intracellular inhibition, intercellular stabilization” 

paradigm cannot exclusively utilize daughter cell interaction to stabilize the location of 

transmembrane polarity protein complexes, but could conceivably rely on additional 

factors such as cell-matrix adhesion, ECM remodeling, and/or cell tension. 
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Figure 5.5: Mechanochemical feedback could underlie tissue architecture 

Simplified schematic illustrating a model that polarity signaling and mechanotransduction 

contains a high degree of feedback. Different types of positional cues can result in the 

formation of new positional cues. Many of the molecular outputs of polarity signaling are 

mechanically active. Force-generation in cells often results in complex interplay among 

different parts of each cell, among cells, and throughout the extracellular environment. 

Mechanical behavior of cells can result in new types of cellular and molecular 

organization. A) Typical scenario of epithelial PCP maintained by cell junctions. B) Two 

daughter cells embedded in a complex extracellular matrix environment (black). Cells 

are connected to the matrix by integrin adhesions (blue), and connected to each other by 

a cadherin-based adhesion surface (red). On the top cell, yellow and grey boxes indicate 

membrane domains where planar cell polarity proteins are enriched. On the middle, 

active mechanical components of the cell including the actin cortex, integrins, and 

cadherins, are labeled in two daughter chondrocytes. As the chondrocytes rotate, PCP 

proteins may be interacting with adhesion or cytoskeletal proteins to regain their former 

position after cell separation. C) The arrows indicate regulatory relationships between 

different molecules that are known to occur in other systems to promote polarized tissue 

growth. Thus, complex, context-dependent interactions between cell polarity and forces 

could produce adaptive systems-level behavior in chondrocytes. 
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Does Wnt / PCP regulate adhesive interactions to promote ECM organization?  

Planar cell polarity signaling protein modules are capable of coordinately regulating 

several cellular processes that become mechanically coupled during development. In the 

case of zebrafish gastrulation, convergence-extension cell movements are achieved by 

both noncanonical Wnt11 signaling, cadherin adhesion, integrin adhesion to the 

fibronectin matrix, and planar cell polarity. In this system, the cell-surface proteoglycan 

Gpc4 (also known as Knypek) and Fzd7 cooperate to regulate E-cadherin-based 

intercellular adhesion and tissue-wide tension propagated by the actomyosin 

cytoskeleton (Dohn 2013, Puech 2005). The tension produced at these cadherin 

interactions instigates cell-matrix mechanotransduction at integrin-fibronectin binding 

sites, which promote ECM fibril assembly (Dohn 2013). The actions of Fzd7/Gpc4 on 

ECM formation are counterbalanced by a dynamic intracellular distribution of Vangl2, 

which regulates retrograde trafficking of MMP14 to control its cell-surface expression, 

leading to ECM catabolism and polarized disassembly of integrin-ECM contacts (Roszko 

2015, Williams 2012, Page-McCaw 2007). Together, these studies showed that 

Vangl2/Prickle and Glypican/Frizzled signaling exert mutually antagonistic influences on 

cell adhesion and ECM organization to effect mediolateral cell alignment and tissue 

elongation. A similar mechanism downstream of Wnt11 in Xenopus controls cellular 

rearrangements that drive epiboly and axial extension in the cells of the blastocoel roof 

(BCR, Dzamba 2009). Here, stimulation of noncanonical Wnt/PCP signaling promoted 

C-cadherin adhesion in BCR cells, resulting in increased traction forces through myosin 

II contractility and Rac. Wnt-induced, cadherin-dependent mechanical tension in the 

BCR was shown to be necessary for formation of the FN fibril meshwork that promotes 

tissue extension (Dzamba 2009, Mardsen 2003). These studies highlighted that 

Wnt/PCP signal transduction results in propagation of a mechanical signal to orchestrate 

various types of cell adhesion, both intercellular and to the extracellular matrix.  
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 In both examples, cell polarity acts upstream of ECM metabolism and 

organization to drive tissue growth, and depends on cytoskeletal mediators for efficient 

mechanotransduction. Several studies suggest that cartilage may also employ 

noncanonical Wnt/PCP signaling to affect ECM structure, possibly as a means to 

maintain cell shape/polarity. For example, the PCP-interacting proteoglycan Gpc4, (also 

known as knypek in zebrafish) is required for convergent extension movements in the 

gastrulating embryo, and later for chondrocyte stacking in the zebrafish craniofacial 

cartilage (Dohn 2013, Sisson 2015). Failure of cell intercalation by loss of Gpc4 is 

associated with loss of the collagen network organization, resulting in shorter, thicker 

cartilage (Sisson 2015). Since Gpc4 is a glycosylphosphatidylinositol- (GPI) anchored 

protein, loss of Gpc4 cell surface expression could be one explanation for the polarity-

defective phenotype in limb lineage mutants that truncate the GPI biosynthetic pathway 

(Romereim 2011, Ahrens 2009). As a member of the heparan sulfate proteoglycan 

family, Gpc4 could have several functions, but in the context of convergent extension 

appears to specifically interact with non-canonical Wnt signaling, potentially by binding 

Wnt ligands or receptors to potentiate signaling (Topczewski 2001, Marlow 1998). In 

vitro studies support this possibility, as in micromass cultures from chicken mandibular 

cartilage, Wnt5a-conditioned medium greatly stimulated expression of Aggrecanase and 

matrix metalloproteinase (MMP) 1 and 13, leading to subsequent degradation of 

Collagen II and Aggrecan (Hosseini-Farahabadi 2013). The matrix-degrading effect of 

WNT5a occurred through JNK signaling in these chondrocyte cultures, similar to what 

has been shown in osteosarcoma cell lines. Conversely, silencing of Wnt5a expression 

in rat articular chondrocytes prevents interleukin 1B-induced collagen degradation (Shi 

2016). Thus, much like the highly context dependent mechanisms underlying PCP 

regulation of cell adhesion, noncanonical Wnt signaling can alter cartilage ECM 

metabolism in multiple ways, so whether and how Wnt5a signals could shape ECM 
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patterns in the growth plate should be a top priority towards identifying its contributions 

in column formation. For example, by studying the matrix development over time in 

Wnt5a mutant compared to wild type, both in vivo and in alginate beads, we may learn 

which components of the extracellular environment would require Wnt5a signaling for 

their proper assembly. Future experiments might also ask, would conditional deletion of 

Wnt5a in mature growth plates still produce growth defects, or is the Wnt5a allele 

dispensable for column formation given the correct extracellular environment? 

Conditional Ror2 deletion at E14.5 does produce subtle defects in columnar clonal 

arrangement (data not shown), but whether this affected column elongation and/or new 

recruitment from resting to proliferative zone is unknown. Further, whether Ror2 function 

would depend on Wnt5a ligand binding in this context is unclear, because the extensive 

feedback reported among transmembrane PCP molecules may maintain cell polarity 

even in the absence of Wnt5a, and because the proximal-distal expression gradient of 

Wnt5a observed in limb bud mesenchyme does not appear to last for the entirety of 

growth. Since the current work suggests either Wnt5a or integrin binding can influence 

myosin localization, a crucial question is to identify the direct versus indirect 

consequences of PCP deregulation in early cartilage.  

 

Does PCP signaling dynamically couple cytoskeletal organization and tension?  

The literature provides ample reason to suspect there may be a direct connection 

between disrupted Wnt5a signaling and the observed defects in myosin positioning in 

Wnt5a null cartilage. Mass tissue movements based on mediolateral intercalation are 

conserved across many phyla, including cartilage column formation and limb bud 

outgrowth. In many systems that exhibit these phenomena, Wnt/PCP signaling controls 

cell organization by directly controlling the production of actin-based force, utilizing Rho-

GTPase-mediated actomyosin contractility, as well as JNK signaling-mediated actin 
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polymerization. For example, in the cnidarian Hydra (the most basic metazoan), 

noncanonical and canonical Wnt signaling pathways cooperate to control tissue 

evagination by controlling polarity of actin-cytoskeletal force via JNK signaling activity 

(Phillip 2009). In Drosophila, Frizzled/Dishevelled function upstream of Rho-GTPase and 

Rho-associated kinase (Rok, homolog of mammalian ROCK) to stimulate myosin II 

phosphorylation, thus precisely controlling the location of actin bundles in each cell 

(Winter 2001). The same signaling hierarchy was demonstrated during planar 

polarization the drosophila wing epithelium (Chung 2007). Additionally, JNK signaling 

operates within the WNT5a pathway to control mesoderm convergence-extension in 

Xenopus gastrulation (Yamanaka 2001). Wnt5a is capable of acting as a positional cue 

to directly polarize the cytoskeletal reorganization necessary for asymmetric cell 

divisions needed to form the early endoderm in C. elegans (Goldstein 2006). 

Interestingly, it was also recently shown that myosin activity regulates localization of 

Vangl2, strongly indicating a fundamental feedback mechanism among force-generating 

molecules and polarity proteins in actively organizing cells (Ossipova 2015). This kind of 

feedback could occur in response to engagement of integrin or cadherin adhesion 

surfaces, and could play an important role in maintaining cell polarity to enable the 

process of chondrocyte rotation. Thus, activation of planar cell polarity by Wnt5a 

gradients could involve direct regulation of actin architecture. However, Wnt5a does not 

always act in a gradient, but sometimes signals in a permissive manner, exemplified by 

the finding that Wnt5a permissively acts during cell migration in the presence of pre-

existing chemokine gradients by mobilization of adhesion molecules, myosin2b, actin 

into a contractility complex (Witze 2008). This Wnt-induced receptor actin-myosin 

polarity promotes directional cell migration along the chemokine gradient.  

If Wnt5a is simply acting to modulate an alternative system of positional cues, 

one potential candidate is the IHH/PTHrP circuit. Chondrocytes lacking Wnt5a signals 
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are delayed in early stages of chondrocyte differentiation, demonstrated by the loss of 

early IHH expression in Wnt5a null chondrocytes (Yang 2003). By our current 

understanding based on the literature and our scRNAseq results, lack of early IHH 

signaling will disrupt the timely formation of PTHrP-expressing resting domains as well 

as hypertrophic differentiation (Kronenberg 2006). However at later developmental 

stages, Wnt5a null cartilage clearly displays hypertrophic and prehypertrophic zones 

(personal observation by FISH), suggesting chondrocyte maturation is not completely 

abolished. Additionally, treatment with thyroxine, as well as overexpression of Wnt/PCP 

signaling components, has been reported to cause column formation in long-term (three 

weeks) chondrocyte pellet cultures (Ballock 1994, Randall 2012). If IHH expression is an 

outcome of both conditions, those results are consistent with a model in which polarizing 

gradients of IHH/PTHrP signaling drive column formation. Thus, a simple explanation 

would view disrupted columnar architecture in Wnt5a mutants as a consequence of 

defective zonal arrangement. However, this interpretation is problematic for two reasons. 

First, strong genetic evidence points against a role for PTHrP and IHH gradients in 

column formation, namely the partial rescue of column formation phenotypes in a PTHrP 

null growth plate by constitutive activation of PTH1R, and in IHH null growth plates by 

deletion of Gli3 (Koziel 2005, Soegiarto 2001). So even if gradients of IHH/PTHrP may 

be important for patterning zones, the same gradients might be dispensable for the 

specific process of column formation, leaving the actual identity of the polarizing signals 

unknown. The second problem is the argument that Wnt5a null chondrocytes simply fail 

to differentiate into proliferative cells based on aberrant IHH/PTHrP environment, does 

not quite fit with the data showing differential myosin localization in wild-type resting 

daughter cells (ubiquitous membrane localization) versus Wnt5a and Ror2 mutant 

daughter cells (highly cell-cell junctional), suggesting instead that resting cells and 

Wnt5a null chondrocytes do not form columns for slightly different reasons.  Because of 
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these results, the contributions of a Wnt5a gradient may not be wholly accounted for by 

its potential actions on IHH/PTHrP signaling.  

 

Transforming tissue-wide spatial information into a template for cell arrangement. 

However, the impacts of Wnt5a signaling on early cartilage differentiation cannot be 

simply discarded. Instead, a hypothetical model is proposed that depends on a dual 

nature of Wnt5a signaling (Figure 5.6). One function is the inducing IHH expression 

leading to a functional IHH/PTHrP negative feedback loop that results in the 

establishment of cartilage zones. The second function involves mobilization of the actin 

cytoskeleton and/or ECM deposition, resulting in positive feedback between cortical 

actomyosin-based forces and integrin adhesions. As chondrocytes exit the resting zone 

and gradually transition towards a proliferative zone, further modifications of the 

cytoskeleton and/or ECM would occur that could depend on PTH1R activation, but not 

necessarily rely on a PTHrP gradient. This two-step process would poise chondrocytes 

to form columns once pro-proliferative signals are received. In this way, the relationship 

between zonal and columnar polarity may feature a limited set of signaling molecules 

that interact with local chondrocyte biomechanics to drive daughter cell arrangement and 

linear tissue elongation.  

The results of our alginate cultures, and our mapping of chondrocyte cytoskeletal 

dynamics, suggest the possibility that chondrocyte properties could be tuned towards 

large-scale organization with minimal instruction. Future advances towards engineering 

columnar cartilage architecture will involve investigating how delivery of Wnt5a gradients 

in alginate culture impact patterns of cytoskeletal and matrix proteins in single and 

doublet chondrocytes, as well as patterns of zonal maturation. If Wnt5a is required but 

not sufficient to induce IHH expression, co-treatment of Wnt5a gradients combined with 



 190 

thyroxine or even simply using IHH protein may provide the dual mechanisms to set up 

features of the growth plate. However, in a model where positional cues become 

translated from the signaling environment into the local solid-state environment, later 

experiments in alginate may demonstrate that the signaling mechanisms that appear to 

be crucial for polarized rearrangements would ultimately be dispensable as long as local 

surroundings are correctly arranged. This means that chondrocyte behavior could prove 

to be flexible enough to generate tissue architecture in the absence of long-range 

communication. Thus, for tissue engineers, finding either a suitable cocktail to create an 

impetus for chondrocyte remodeling the mechanical environment may be an equally 

valid solution compared to specifically providing the detailed nanoscale ECM 

surroundings that would otherwise be produced by the chondrocyte itself during 

differentiation. Hopefully, the culture system presented in this dissertation will be applied 

in synchrony with future in vivo and computational systems, to cross-validate predictions 

and results generated by individual models. Ideally, using this strategy in future studies 

can hasten progress towards the kind of predictive control over chondrocyte biology that 

will be required to design self-organizing cartilage tissues with customizable growth 

properties.  
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Figure 5.6: Hypothetical model describing the relationship between the 

global signaling networks that create zonal architecture and local process that 

effect column formation. This schematic is simplified to highlight the hypothesis that 

Wnt5a signaling is predicted to initiate both local and global mechanisms, but feedback 

among the individual components maintains anisotropy at their respective length scales. 

This model views Wnt5a as an early messenger of positional information from the limb 

bud mesenchyme, but also recognizes contributions of IHH/PTHrP signaling loop as 

affecting both differentiation as well as chondrocyte cell dynamics. Correct 

transcriptional, cytoskeletal, and ECM architectures are all required for columnar 

arrangement of chondrocytes to emerge.  
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Appendix 2.1: Chondrocytes undergoing rotation exhibit protrusions at the 

periphery of the daughter cell junction (from Romereim 2014b). 

A) Electron micrograph of rotating daughter chondrocytes in cranial base cartilage. B) 

Magnified region from the boxed region. Nanoscale protrusions are evident at the 

daughter cell junction periphery that resembles leading edge of migrating cells.  
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Appendix 2.2: ARP2/3 inhibition disrupts column formation and blunts protrusions 

at the daughter cell junction (from Romereim 2014b). 

(A-E) Treatment with 1.5µM ARP2/3 inhibitor caused inhibition chondrocyte rotation. 

During this treatment, cell division was not disrupted (B) but morphology at daughter cell 

interface was disorganized (C). After 6 hours, when untreated cells would have 

completed rotation, treated cells did not finish rotating (D). However, slowly over the 

course of several hours, most of these cells continued to rotate until they were in line 

with the local columns (E). (F-I) Using TEM, there were a variety of previously 

unobserved phenotypes at the junction periphery. These blunted (F, I) and collapsed (G, 

H) protrusive elements are consistent with an inhibition of actin branching. (J-M) A 

higher dose of the ARP2/3 inhibitor, 2µM, was sufficient to cause premature rotation 

termination where chondrocytes did not complete rearrangement for the course of the 

experiment. (N-P) TEM at the 2µM dose also reveals blunted and collapsed protrusions. 
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Appendix 2.3: Beta catenin is reliable readout for the dynamic cellular events that 

occur during chondrocyte column formation. A schematic illustrates the process of 

column formation from cytokinesis (A), active rotation (E), completing rotation (I), early 

separation (M) and late separation (N). Dotted green lines represent the path used to 

quantify membrane-targeted GFP and beta catenin immunofluorescence intensity as a 

function of position. Immunolocalization of GFP (B, F, J, N, R, shown in green) and beta 

catenin (C, G, K, O, S, shown in red) during each stage is shown for the same double-

labeled daughter chondrocyte pairs in tamoxifen-injected Col2CreER-TDTomato mice. 

Fluorescent pixel intensity of both membrane-targeted GFP (green line) and beta catenin 

(red line) quantified as a function of position along the path of the daughter cell adhesion 

interface shown in (D, H, L, P, T). Nuclear staining by DAPI is shown in blue. Scale bar = 

5 um. 
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Stage  TD Tomato / GFP         
GFP /                  
path pixel intensity

A          B                   C       D           

E          F                 G             H      

I          J                K            L      

 

M          N                    O                 P

Q          R                    S                  T
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Appendix 2.4: Myosin protein localizes to nascent cell separations. 

Immunolocalization of Myosin 2B (Myo2B, yellow arrowheads) in proliferative zone (D-F) 

and resting zone (J-L) daughter cells that are disengaging, detected by apparent 

shortening (A, G) and eventual loss (E, H) of the beta-catenin-rich adhesion interface 

(red arrows). Myosin localization for actively separating cell pairs is summed over the 

entire population and represented as a stacked bar chart. As chondrocytes become 

more distant from sister cells, myosin activity becomes redistributed away from the prior 

cadherin interface (F, L). Nuclear staining by DAPI is shown in blue. Scale bar = 5 um. 
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Appendix 2.5. Myosin protein is mislocalized in planar cell polarity signaling 

deficient cartilage. Immunolocalization of myosin 2B (Myo2B, yellow arrowheads) in 

daughter cell pairs during cytokinesis (E, I) after the cell-cell adhesion interface has 

matured (F, J), during separation (G, K) and after complete separation (H, L) in 

embryonic growth plate cartilage from Wnt5a (E-H) and Ror2 (I-L) mutant mice. 

Cadherin adhesions are labeled using antibody specific to beta catenin (red arrows). 

Percentage of cells observed expressing myosin activity at cell-matrix associations 

versus cell-cell associations is tabulated in the stacked bar chart below. Nuclear staining 

by DAPI is shown in blue. Scale bar = 5 um. 
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Appendix 3.1: Two distinct populations of chondrocytes isolated from growth 

plate cartilage and cultured alginate beads. (A-B) Example scatterplots generated in 

ModFit LTE software showing distributions of cell area with respect to cell width (left) 

and forward scatter with respect to side scatter (right) of Propidium iodide stained 

chondrocytes isolated from alginate bead culture. Rectangles show the gating strategy 

used to separate FACS data pertaining to smaller (A) versus larger (B) chondrocytes.  
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Appendix 3.2.  Cell size distribution modulated by exogenously activating IHH 

signaling. For all panels, counts of large, small, and total cell populations derived from 

Propidium iodide S-phase analysis and used to calculate the fraction of total cells that 

were in the larger cell population. (A) Large cell fraction of chondrocytes cultured for 1 

(left) and 4 (days) in the presence or absence of PTH1-34 or IHH (n=3). (B-C) Large cell 

fraction of chondrocytes cultured in the presence or absence of IHH-stimulating factors 

for 1 day (B) and 4 days (C) in culture.  
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Appendix: 3.3: Supplemental ImageJ macro  
 
title = getTitle; 
dotIndex = indexOf(title, ".");  
Name = substring(title, 0, dotIndex); 
run("Stack to Images"); 
 
selectWindow(Name+"-0001"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
selectWindow(Name+"-0002"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
selectWindow(Name+"-0003"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
selectWindow(Name+"-0004"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
selectWindow(Name+"-0005"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
selectWindow(Name+"-0006"); 
setOption("BlackBackground", false); 
run("Make Binary", "thresholded remaining black"); 
run("Analyze Particles...", "size=50-1000 clear summarize"); 
 
close("*") 
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Time 

point 

Live 

count 

Dead 

count 

Total cells Live / total Percent 

Viability 

Day 0 100 9 109 0.917431193 91.74311927 

Day 1 143 11 154 0.928571429 92.85714286 

Day 4 314 10 324 0.969135802 96.91358025 

Day 7 258 13 271 0.95202952 95.20295203 

 

 

 

Appendix Table 3.1. Quantification of the live-dead stains from Figure 1A. 

Fluorescence images resulting from our viability assay were input to our automated 

ImageJ object-counting macro. Results from all time points analyzed are shown in each 

row. Counts in the green channel (live cells), and red channel (dead cells) were summed 

to calculate total cells. The ratio of living and total cells was multiplied by 100 in order to 

calculate percent viability (rightmost column).  
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Sequence of primers used for ddPCR amplification. 
Gene          Forward Sequence              Reverse Sequence 
Actin NM_007393.3 [42-44] AAATCGTGCGTGACATCAAAGA    GCCATCTCCTGCTCGAAGTC 

HPRT NM_013556.2 [42-44] GACCTCTCGAAGTGTTGGATAC TCAACAGGACTCGTATTTG 

RPL13-a NM_009438.4 [45] ATCCCTCCACCCTATGACAA GCCCCAGGTAAGCAAACTT 

Col1 NM_007742.4 [46] GCAACAGTCGCTTCACCTAC              GTGGGAGGGAACCAGATTG 

Col2 NM_031163 [47] CGAGTGGAAGAGCGGAGACTAC  CCAGTTTTTCCGAGGGACAGT 

ColX NM_009925 [46] TTCTGCTGCTAATGTTCTTGACC     GGGATGAAGTATTGTGTCTTGGG 

PTHrP NM_008970 GAAACGCAGAGAACAGGAGAA    AATTTCAATGCGTCCTTAAGCTG 

IHH NM_010544 [48] CCCCAACTACAATCCCGACA TCATGAGGCGGTCGG 

 
 
Appendix Table 3.2. Primers used for ddPCR gene expression analysis. The above 

table lists the name of all genes analyzed by ddPCR in the current study, the gene 

accession numbers that were used to generate each set of primers, and the publications 

that guided the selection of primers, where applicable (left column). Full sequences for 

each primer used in the current study (forward and reverse) are shown to the right.  
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Appendix Table 4.1: Differentially expressed genes in PTH(1-34) treated alginate 
cultures.  
 
Genes are condensed into multiple columns to conserve space, and are ordered by  
 
L(FC), or log2 fold change value. Significance is shown as the Benjamini-Hochberg- 
  
corrected p-value (BH-p). 
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Appendix Table 4.1 cont’d 
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Appendix Table 4.2: Principal component genes of IHH- and untreated samples. 
 
SHARED PC GENES   UNIQUE TO NT UNIQUE TO IHH    

Tspan13 Abi3bp Il17b Lgals3 Nfib Gna12 Fbn1 Mef2c 

Wnt4 Boc Mllt4 Psmb3 Frzb Saa3 Glul Cdc42ep3 

Cxcl1 Clu Smoc1 Thbs3 Nim1k Chchd10 Igfbp4 Lpar4 

Ddit3 Col12a1 Tgfbr3 Cdca3 Plac1 Casc5 Phlda1 Nav2 

Aspm Col3a1 Tspan7 Cenpe Serpine2 Ccnb1 Slc20a1 Sema6a 

Birc5 Col5a2 Scd1 Cenpf Hp Cdc20 Mfap2 Aen 

Ccna2 Dlk1 Chrdl2 Nuf2 Angptl4 Ckap2 Timp1 Dnaja1 

Ckap2l Efemp1 Cytl1 Prc1 Glmp Fam64a C1qtnf3 Syce2 

Depdc1a Grem1 Map2 Spc25 Lcn2 Neil3 Lum Txnrd1 

Hmmr Igfbp5 Timp4 Tk1 Clic3 Sesn3 M1ap Runx3 

Kif23 Omd Cldn11 Tpx2 Fam213b Ero1l Scrg1 Mgst2 

Mki67 Penk Sh2b2 Tmsb4x Rps12-ps3 Hspa1a Papss2 Dnajb1 

Nusap1 Ptgis Col6a3 Cited2 C4b Plet1 Serpine1 Nrk 

Pbk Pthlh Prkg2 Psma7 Agt F3 Rpl22l1   

Top2a Rbp4 Sgms2 Rasl11b Asns Hspb1 C4b   

Barx1 Sfrp5 Tgm2 Rps26 Fxyd3 Atf3 Gapdh   

Gas1 Slc40a1 Fxyd5 Rps26-ps1 Htatip2 Cxcl14 Stbd1   

Mest Spp1 H2-D1 Rps10 Lgmn Cdsn Espn   

Pcp4 Slc6a6 Col10a1 Zfos1 Naga Mmp13 Gbe1   

Ramp1 Cgref1 Slc44a2 Srxn1 P4ha2 Tmem140 Gja1   

Tmem213 Tshz2 Slpi Dhcr24 Ldlr Aurkb Plaur   

Tnni2 Cpm Smpd3 Ibsp Phgdh Mxd3 Slc2a1   

Bmp3 Serpina3n Unc5b Pcolce Psmc4 Nek2 Uck2   

Calml3 Arsi Fxyd2 Pdia4 Ctsl Fxyd6 Egln1   

Anxa8 Comp Hmox1 Psmc2 Socs2 Apoe Tnfrsf12a   

Cxcl2 Ihh Ccdc80 Sqstm1 Vdr Chil1 Trib3   

Ddit4l Ppa1             
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Appendix Table 4.3: PC genes that separate BMP3 from PTHrP-expressing resting 
cells. 
 
GENE                 FOLD CHANGE 
Bmp3 1.98 

Spp1 1.86 

Tspan13 1.72 

Angptl4 1.42 

F13a1 1.36 

Mef2c 1.28 

Slc40a1 1.28 

Tmsb4x 1.23 

Tnni2 1.21 

Agl 1.2 

Penk 1.15 

Cdkn1c 1.12 

Pcp4 1.11 

Ube2e3 1.07 

Kctd4 1.05 

Fam46a 1.05 

Map2 1.02 

Efemp1 0.99 

Bhlhe41 0.99 

Marcks 0.94 

Dhx58os -0.75 

Mt2 -0.78 

Trim47 -0.79 

Timp4 -0.84 

Crip1 -0.85 

Klf3 -0.88 

Cxcl14 -0.88 

Emp1 -0.9 

Timp1 -0.91 

Klf2 -0.97 

Pthlh -1.03 

Insig1 -1.05 

Lcn2 -1.12 

Chrdl2 -1.22 

Crip2 -1.26 

S100a6 -1.35 

Calml3 -1.57 

Cytl1 -1.62 

Tgm2 -1.76 
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Appendix Table 4.4: PC genes of proliferative chondrocytes with gene expression 
outputs that match a response to PTHrP signaling 
 
 
GENE 
Vdr 
Tnni2 
Efemp1 
Col12a1 
Ramp1 
Nim1k 
Omd 
Ptgis 
Frzb 
Col10a1 
Tk1 
Nusap1 
Tpx2 
Cdca3 
Ccna2 
Top2a 
Smpd3 
Unc5b 
Ibsp 
Anxa8 
Comp 
Ccdc80 
Col5a2 
Pthlh 
Nuf2 
Ckap2l 
Prc1 
Hmmr 
Mki67 
 
 
 
 
 
 
 
 
 



 248 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4.1: Analysis of PTHrP/IHH signaling mediator gene expression in t-SNE 

space. Expression of single genes in each single cell is displayed as a heat map where 

darker color indicates higher levels of expression. Ligands PTHrP/IHH, receptors 

Smo/PTH1R, and collagens Col2a1/Col10a1 are shown below in untreated and IHH-

treated populations. Cells expressing PTHrP ligand also express Smoothened. Cells 

expressing IHH also express PTH1r, indicating the potential for long-range signaling. 

Analysis of collagen 2 shows uniform gene expression across all clusters, confirming 

chondrocyte identity. Sox9 shows similar patterns as Col2a1 (data not shown). 
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Appendix 4.2: MATLAB Script for ISH pattern analysis 
 
%% Quantifying the number and the location of cells in the gel sphere 
%% Written by Donghee Lee, Jan 2018 
%% Clear unnecessary items 
clear all 
close all 
clc 
%% Initial input 
% Image scale 
length_um=3137.71; % um 
length_pixel=6836; % pixel 
dxy=length_um/length_pixel; % x- and y-resolution of image (in um/pixel) 
%% Load image stacks 
imdata = 'type the file name.tif'; % input the file name 
information=imfinfo(imdata); % file information 
final=size(information,1); % the number of image 
k=0; 
for i=1:2 
%     for i=1:final 
data.image{1,i}=imread(imdata, 'index', i); 
%% Image processing 
Image = imadjust(data.image{1,i});                  % Level adjust 
Image_filtered = wiener2(Image, [5,5]);  % Use Wiener filter to reduce noise 
level=graythresh(Image_filtered);      % Otsu's thresholding method 
BW = im2bw(Image_filtered,level); 
  
%% Counting cells 
[data.centers{1,i}, data.radii{1,i}] = imfindcircles(data.image{1,i},[9 25],'ObjectPolarity','bright', ... 
    'Sensitivity',0.85); % best 
data.number{1,i}=length(data.radii{1,i}) 
%% Finding the center of a bead 
% B = bwboundaries(Open_BW, 'noholes'); 
[xvals_1, xindex_1] = sort(data.centers{1,i}(:,1), 'descend'); % x-coordinate: H -> L 
[xvals_2, xindex_2] = sort(data.centers{1,i}(:,1), 'ascend'); % x-coordinate: L -> H 
[yvals_1, yindex_1] = sort(data.centers{1,i}(:,2), 'descend'); % y-coordinate: H -> L 
[yvals_2, yindex_2] = sort(data.centers{1,i}(:,2), 'ascend'); % y-coordinate: L -> H 
x_largest5 = xvals_1(1:5); % 5 largest x values 
x_smallest5 = xvals_2(1:5); % 5 smallest x values 
y_largest5 = yvals_1(1:5); % 5 largest y values 
y_smallest5 = yvals_2(1:5); % 5 smallest y values 
x_index_of_largest5 = xindex_1(1:5); 
x_index_of_smallest5 = xindex_2(1:5); 
y_index_of_largest5 = yindex_1(1:5); 
y_index_of_smallest5 = yindex_2(1:5); 
data.B_center_x{1,i}=mean((x_largest5+x_smallest5)/2); % center of bead - x coordinate 
data.B_center_y{1,i}=mean((y_largest5+y_smallest5)/2); % center of bead - y coordinate 
end 
  
%% Calculating the distance between the cell and the bead center 
data.distance{1,1} = sqrt((data.centers{1,1}(:,1)-data.B_center_x{1,2}).^2+((data.centers{1,1}(:,2)-
data.B_center_y{1,2}).^2)); 
data.distance_um{1,1} = sqrt((data.centers{1,1}(:,1)-
data.B_center_x{1,2}).^2+((data.centers{1,1}(:,2)-data.B_center_y{1,2}).^2))*dxy; 
data.distance{1,2} = sqrt((data.centers{1,2}(:,1)-data.B_center_x{1,2}).^2+((data.centers{1,2}(:,2)-
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data.B_center_y{1,2}).^2)); 
data.distance_um{1,2} = sqrt((data.centers{1,2}(:,1)-
data.B_center_x{1,2}).^2+((data.centers{1,2}(:,2)-data.B_center_y{1,2}).^2))*dxy; 
[dist_vals, dist_index] = sort(data.distance{1,2}, 'descend'); % distance: H -> L 
dist_largest10 = dist_vals(1:10); 
data.B_radius{1,1}=mean(dist_largest10); 
data.B_radius_um{1,1}=mean(dist_largest10)*dxy; 
data.B_radius{1,2}=mean(dist_largest10); 
data.B_radius_um{1,2}=mean(dist_largest10)*dxy; 
Cell_number1=data.number{1,1} 
Cell_number2=data.number{1,2} 
Ratio=Cell_number1/Cell_number2 
Radius_of_the_bead=data.B_radius{1,2}; 
Radius_of_the_bead_um=data.B_radius{1,2}*dxy 
Average_distance = mean(data.distance_um{1,1}) 
Std_distance=std(data.distance_um{1,1}) 
  
%% Plot 
figure 
imshow(data.image{1,1}) 
title('Raw image') 
h1 = viscircles(data.centers{1,1},data.radii{1,1}); 
hold on 
plot(data.B_center_x{1,2},data.B_center_y{1,2},'c*', 'markersize', 10) 
viscircles([data.B_center_x{1,2},data.B_center_y{1,2}],data.B_radius{1,2},'color', 'c'); 
hold off 
figure 
imshow(data.image{1,2}) 
title('Raw image') 
h2 = viscircles(data.centers{1,2},data.radii{1,2}); 
hold on 
plot(data.B_center_x{1,2},data.B_center_y{1,2},'c*', 'markersize', 10) 
viscircles([data.B_center_x{1,2},data.B_center_y{1,2}],data.B_radius{1,2}, 'color','c'); 
hold off 
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Appendix 5.1: Observed asymmetries in myosin phosphorylation among daughter 
chondrocytes in culture. N=1 experiment. Primary chondrocytes were fixed and 
immunostained for DAPI, myosin, and β–catenin after 1 day of monolayer culture. All cell 
pairs (100% of 10 observed daughter cell pairs) that stained positive for both β-catenin 
(green) and pMLC (magenta) only labeled one of the two daughter cells.  
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