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Abstract

Limb development requires the coordinated growth of several tissues and structures including long
bones, joints and tendons, but the underlying mechanisms are not wholly clear. Recently, we
identified a small drug-like molecule -we named Kartogenin (KGN)- that greatly stimulates
chondrogenesis in marrow-derived mesenchymal stem cells (MSCs) and enhances cartilage repair
in mouse osteoarthritis (OA) models. To determine whether limb developmental processes are
regulated by KGN, we tested its activity on committed preskeletal mesenchymal cells from mouse
embryo limb buds and whole limb explants. KGN did stimulate cartilage nodule formation and
more strikingly, boosted digit cartilaginous anlaga elongation, synovial joint formation and
interzone compaction, tendon maturation as monitored by ScxGFP, and interdigit invagination. To
identify mechanisms, we carried out gene expression analyses and found that several genes,
including those encoding key signaling proteins, were up-regulated by KGN. Amongst highly up-
regulated genes were those encoding hedgehog and TGFf3 superfamily members, particularly
TFGB1. The former response was verified by increases in Glil-LacZ activity and Glil mRNA
expression. Exogenous TGFB1 stimulated cartilage nodule formation to levels similar to KGN,
and KGN and TGFB1 both greatly enhanced expression of lubricin/Prg4 in articular superficial
zone cells. KGN also strongly increased the cellular levels of phospho-Smads that mediate
canonical TGFB and BMP signaling. Thus, limb development is potently and harmoniously
stimulated by KGN. The growth effects of KGN appear to result from its ability to boost several
key signaling pathways and in particular TGFp signaling, working in addition to and/or in concert
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with the filamin A/CBFB/RUNX1 pathway we identified previously to orchestrate overall limb
development. KGN may thus represent a very powerful tool not only for OA therapy, but also
limb regeneration and tissue repair strategies.
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Introduction

The developing limb has long served as a favorable experimental system to unravel the
mechanisms of skeletal development and growth, formation of synovial joints, evolution of
the skeletal primordia into complex three dimensional functional entities, and regulation of
related developmental steps and processes (Zeller et al., 2009). In the early limb, skeletal
development initiates with the formation of mesenchymal condensations at appropriate sites
and stages that prefigure the location and size of future skeletal elements, including the Y-
shaped condensation that corresponds to the future single stylopod element (humerus or
femur) and dual zeugopod elements (tibia/fibula and radius/ulna) (Pitsillides and Ashhurst,
2008). Following condensation and elimination of blood vessels (Yin and Pacifici, 2001),
the cells undergo chondrogenic differentiation and produce readily recognizable
cartilaginous primordia. The chondrocytes within each element then become organized into
growth plates and are distinguishable into typical maturation zones that include the resting,
proliferative, prehypertrophic and hypertrophic zones (Mackie et al., 2011). The
hypertrophic chondrocytes mineralize their surrounding matrix, promote invasion of blood
vessels and osteoprogenitors from neighboring perichondrial tissues, and pave the way for
formation of endochondral bone and marrow. Such skeletal developmental processes are all
intimately coordinated with concurrent processes occurring in surrounding tissues and
structures that permit formation of anatomically appropriate muscles, tendons, ligaments and
other locally specialized tissues. Given the complexity of these processes, it is not surprising
that many signaling proteins, transcription factors, hormones and extracellular matrix
macromolecules participate in their regulation (Capdevila and Belmonte, 2001). These
include members of the transforming growth factor B (TGFf), hedgehog and Wnt
superfamilies of secreted signaling proteins, members of the Sox, Runx and Ets families of
transcription factors, and a number of matrix collagens and proteoglycans (Karsenty et al.,
2009; Pacifici et al., 2005; Song et al., 2009; Zeller et al., 2009). Despite undeniable
progress, however, much remains unclear about limb skeletal development, particularly with
regard to what drives limb elongation and growth at different stages, how the development
of distinct tissues and structures is coordinated within each limb anatomical segment, and
whether and which limb developmental event(s) is/are amenable to exogenous stimulation.

An essential limb developmental process for which even less is currently understood is
synovial joint formation. The joints display remarkably distinct shapes, structure and
organization —be it an elbow or an ankle- and contain unique tissues and components
including articular cartilage, synovial capsule and lining, and a fluid rich in lubricin and
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other anti-adhesive molecules (Pitsillides and Ashhurst, 2008). Developmental studies
originally suggested that highly condensed and flat mesenchymal cells emerging at each
prospective joint site - collectively called the interzone- were important for joint formation
(Holder, 1977). However, interzone cell fate, roles and modus operandi had long remained
obscure (Khan et al., 2007). Using genetic tracing and tracking approaches in mouse, we
showed that the interzone cells are not transient, actively participate in joint formation, and
give rise to all joint tissues, including articular cartilage, synovial lining and intrajoint
ligaments (Koyama et al., 2008). The interzone cells all share expression of the growth and
differentiation factor 5 (Gdf5), a TGF superfamily member (Storm et al., 1994). Using
Gdf5Cre mice to ablate floxed target genes, we and others showed that the behavior and
function of interzone cells involve multiple mechanisms including Wnt/B-catenin signaling
and cell surface/matrix macromolecule interactions (Koyama et al., 2008; Mundy et al.,
2011). Recent studies have shown that joint formation also requires skeletal muscle function
and contraction and signaling by p-catenin (Kahn et al., 2009; Pazin et al., 2012). The
increasing research attention surrounding joint formation reflects the fact that many aspects
of it remain stubbornly unclear and difficult to decipher, and that a much better
understanding in this area could lead to the conception and creation of regenerative and
repair tools for common and currently unsolved joint pathologies, including osteoarthritis
(OA), severe joint injury, and congenital joint dysplasias (Onyekwelu et al., 2009; Sandell,
2012; Umlauf et al., 2010).

With these and other facts in mind, we recently carried out a high-throughput image-based
screen to identify drugs with possible chondrogenic and chondroprotective capacity
(Johnson et al., 2012). Amongst the over 22,000 structurally diverse, heterocyclic and drug-
like molecules screened, we identified a molecule —~we named Kartogenin (KGN)- that was
able to stimulate chondrogenic differentiation of bone marrow mesenchymal stem cells
(MSCs) in culture. The drug also displayed chondroprotective effects when injected into the
operated joint in two mouse models of surgery and non-surgery induced OA (Johnson et al.,
2012). Because of its remarkable properties, KGN attracted much attention (Marini and
Forlino, 2012; Ray, 2012; Xu et al., 2013), but its overall biological properties, its
mechanisms of action on developing skeletal cells, and its full therapeutic applications and
potentials remain to be uncovered, understood and tested. We show here that KGN is in fact
a potent stimulator of limb skeletal growth, facilitates joint formation by promoting
interzone compaction and lubricin/Prg4 expression, and stimulates the activity of key
signaling factors, including TGFB superfamily members in particular. The data provide
insights into the regulation and overall coordination of limb growth and development, also
pointing to the possibility that KGN could be a powerful tool for limb repair and
regenerative strategies.

Materials and Methods

Mouse lines, mating and genotyping

Female Gdf5-Cre transgenic mice (Rountree et al., 2004) were mated with male ROSA-
mTomato/mGFP reporter mice which express constitutive red fluorescence prior to, and
conditional green fluorescence following, Cre-mediated recombination (Muzumdar et al.,
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2007). Scleraxis-GFP (ScxGFP) mice were a kind gift from Dr. Ronen Schweitzer (Pryce et
al., 2007). Gli1*/nkacZ mice are widely used as a functional readout of hedgehog signaling
activity and range, and were obtained from Jackson laboratory (Ahn and Joyner, 2005).
PTHrP-lacZ knockin mice were generously provided by Dr. Arthur Broadus (Chen et al.,
2006). Pregnant and postnatal mice were maintained and sacrificed according to IACUC
approved protocols. Genotyping was carried out with DNA isolated from tail clips.

Generation of Prg4-mCherry reporter mice

BAC clone RP23-55N5 was obtained from the Children's Hospital Oakland Research
Institute (CHORI). The pLD53-SC2 and pSV1.RecA recombination vectors were
generously provided by Shiaoching Gong (Gong et al., 2002). Transgenic animals were
housed in a clean barrier facility and humanely treated in accordance with University of
Connecticut Health Center institutional guidelines. A 625bp homology arm was PCR
amplified from purified RP23-55N5 using the following primers: Prg4 (Sense) 5°-
CTCTGCGGCCGCGCTATATAAGACTTCCAGCACACTGGAGA and Prg4 (antisense)
5’-CTCTGGATCCGTTCTCGGATGCAACGCCCTTGCTTGAGA-3’. The PCR amplicon
was cloned into Notl and BamH1 sites of the pLD53.sc2-mCherry shuttle vector using
standard cloning methods. Recombinase A was introduced into RP23-55N5 host bacteria by
transformation with pSV1.RecA vector (100 ng) and selected for on chloramphenicol (12.5
ug/ml)/tetracycline (10 pg/ml) LB agar plates. RP23-55N5 host bacteria containing RecA
were then transformed by electroporation with 1 pg (1-2 pl) of the pLD53.sc2-mCherry
containing the Prg4 homology arm. SOC medium (1 ml) was added and transformed
bacteria were incubated with shaking at 200 rpm for one hour at 30°C. Recombinants were
first selected by adding 5 ml of LB medium containing chloramphenicol (12.5 pg/ml),
ampicillin (50 pg/ml), and tetracycline (10 pg/ml) to bacteria and grown overnight at 30°C
with shaking at 200 rpm. Further selection for recombinant clones was carried out by plating
100 pl of overnight culture on to chloramphenicol (12.5 pg/ml), ampicillin (50 pg/ml) LB
agar plates and incubated overnight at 42°C. Chloramphenicol/ampicillin resistant colonies
were screened by colony PCR using primers: Prg4 5° Recom (sense) 5°-
GGACTAATTGGTTCATCCCAGTCCA-3’” and mCherry (antisense) 5’-
GCACCTTGAAGCGCATGAACTCCTTGATGA-3’. Colony PCR-identified candidate
recombinants were further verified by diagnostic restriction enzyme digestion and field
inversion gel electrophoresis.

A verified Prg4-Cherry clone was grown and purified from 200 ml of bacterial culture using
a Maxi kit (Qiagen, Valencia, CA) with minor modifications detailed here. After alkaline
lysis 2 M potassium acetate was used in place of the standard 3 M solution. QF buffer was
heated to 65°C for elution and the column eluate was further purified with a 1:1
phenol:chloroform extraction followed by a chloroform extraction. A 10 pg aliquot of the
purified Prg4-Cherry BAC was linearized with PI-Scel and further purified on a Sepharose
CL-4B column (Sigma, St. Louis, MO ) that had been equilibrated with injection buffer (10
mM Tris pH7.5, 0.1 mM EDTA, 100 mM NaCl). Ten 200 pl fractions were collected and
the DNA was quantified using a NanoDrop spectrophotometer (Thermo Scientific, Hudson,
NH). A 30 ul aliquot of each fraction was run on a pulse field gel to assess DNA quality.
Pronuclear injection was carried out at the UCONN Health Center Gene Targeting and
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Transgenic Facility (GTTF). To visualize overlap between Prg4 and Col2al expressing
cells, Prg4-mCherry reporter mice were crossed with Col2al-ECFP Reporter mice
described previously (Maye et al., 2011).

Limb bud cell micromass cultures

Micromass cultures were prepared with mesenchymal cells isolated from E11.5 mouse
embryo limb buds as previously described (Huegel et al., 2013). Briefly, cells were isolated
by enzymatic digestion from freshly-dissected limb buds, suspended at a concentration of
5x106 cells/ml in DMEM containing 3% fetal bovine serum (FBS) and antibiotics, spotted
onto tissue culture plates, allowed to adhere for 2 hrs, and finally flooded and maintained in
the same medium. At 12 h of culture, medium was replaced and supplemented with DMSO
solution (10 pl/ml, serving as control), 10 nM to 1pM KGN, 2.5 ng/ml TGFB1 (Sigma Cat. #
T7039) and/or Cyclopamine (CPN, 5uM). KGN stock solution was maintained at 100 uM in
DMSO and diluted in culture medium as indicated. Where CPN treatment was applied, cells
were pre-treated with CPN alone for 60 minutes prior to addition of TGFB1 or KGN.
Medium was replaced daily with fresh components. It should be noted that KGN is not
stable over time and thus, new batches of KGN stock were used every 2 to 3 weeks. Cultures
were stained with Alcian blue (Huegel et al., 2013) and staining quantified (Gutiérrez et al.,
2012) as previously described.

Limb organ cultures

Whole forelimb and hindlimb buds were harvested from E12.5 or E13.5 CD1 mouse
embryos. Limbs were placed on fine Nitex nylon mesh (03-20/14, Sefar, Buffalo, NY) and
partially submerged in DMEM with 1% FBS. Limbs were maintained as matched pairs from
each embryo, whereas limbs from one side of each embryo were treated with KGN (1uM)
while limbs from the opposite side were treated with DMSO solution (10pl/mL) as controls.
Culture medium was changed daily, and limbs were photographed at 0, 24, 48, 72 and 96 hrs
with bright light and/or florescent microscopy. Digit growth was quantified with ImageJ
software (Abramoff et al., 2004) as the increase in distance from the metatarsal/proximal
phalangeal joint to the distal tip of digit 3 between 0 and 96 hrs (Figure 2, J). Whole mount
Alcian blue and p-galactosidase (LacZ) staining were completed using standard protocols.

Joint superficial cell cultures

Superficial cells were isolated from the knee joints of Prg4-mCherry reporter mice at P5 as
previously described (Yasuhara et al., 2011). After harvest, cells were expanded to 80%
confluence in monolayer culture with DMEM and 10% FBS prior to passage and seeding
into 96 well culture plates (Greiner Bio One, Cat#655090). Cells were serum-starved in
DMEM with 2% FBS overnight prior to treatment with control 10ul/mL DMSO solution,
100 nM KGN, 1ng/mL TGFp1 and/or the selective TGFf signaling inhibitor SB-431542
(10uM, Sigma Cat. #S4317). Where applicable, cells were pretreated with SB-431542 for 90
min prior addition of KGN or TGFpB1. After 18 hrs, cells were fixed with 4%
paraformaldehyde and stained with the nuclear stain DAPI. Total Prg4-mCherry reporter
and DAPI fluorescence for each well were measured using a fluorescent microplate reader
(Synergy HT, Biotek, Winooski, VT).
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In situ hybridization

In situ hybridization was carried out limb sections as described (Koyama et al., 1999Limbs
maintained in organ culture were fixed overnight in 4% paraformaldehyde before
dehydration and paraffin embedding. Sequential 5 uM sections from control and KGN-
treated limbs were mounted on the same slide so that data could be directly compared.
Sections were treated for 15 min with a freshly prepared solution of 0.25% acetic anhydride
in triethanolamine buffer and were hybridized with antisense or sense 3°S-labeled
riboprobes (approximately 1x108 DPM/section) at 50°C for 16 hrs. Whole-mount in situ
hybridization was carried out as previously described with minor modifications (Koyama et
al., 1996). After fixation in 4% paraformaldehyde, limbs were dehydrated and rehydrated in
EtOH. Limbs were then washed in PBS+1% Tween-20 prior to Proteinase K digestion
(20ug/mL) at 37°C for 1hr. Limbs were refixed in 0.2% glutaraldehyde and 4%
paraformaldehyde, bleached in 6%H,05, and prehybridized for 1 hr at 68°C. DIG-labeled
probes were synthesized according to manufacturer's instructions (Roche, Cat. #1277073)
and hybridized overnight at 68°C. Samples were washed with 50% formamide, 4x SSC, 1%
Tween, then 0.5 M NaCl, 0.1 M Tris pH 7, 0.1% Tween, and finally 50% formamide,
4xSSC. Embryos were washed with TBST (0.1 M Tris, 0.15 M NaCl, 1% Tween) and
blocked with 1.5% blocking reagent (Roche, Cat. #1099176) in TBST. Probes were detected
using an anti-DIG Fab fragment antibody conjugated to alkaline phosphatase, preabsorbed
with mouse embryonic powder. Excess antibody was washed with TBST, then NTMT (0.1
M NaCl, 0.1M Tris pH 9.5, 0.05 M MgCl,, 1% Tween), and finally NTMT with 5%
polyvinyl alcohol. Antibody was visualized with NBT/BCIP substrate (Roche). cDNA
clones used as templates for probes included: a 254 bp mouse histone 4C (H4C) (546-799;
AY158963), Gfd5 (1321-1871; NM_008109) and Fgf10 probe included 694-1216
(NM_008002)

Immunoblots

Micromass cultures were harvested in 8M urea solution, disrupted via sonication and
electrophoresed on 4-12% SDS-Bis-Tris gels (10 ug total proteins per lane). Transfer to
PVDF membranes was completed using an iBlot Dry Blotting system (Invitrogen, Carlsbad,
CA). Membranes were blocked for 30 min in 1% BSA (Sigma) and incubated overnight at
4°C with dilutions of antibodies against phospho-Smad1/5/8 (1:1000, Cat. 9511, Cell
Signaling Technology, Beverly, MA) or phospho-Smad2/3 (1:1000, Cat. 8828, Cell
Signaling Technology). Following incubation with primary antibody, membranes were
rinsed in TBST and then incubated with biotin donkey anti-rabbit IgG (1: 10,000, Cat.
RL611-7602, Rockland, Gilbertsville, PA) for 1 hr and strepavidin-HRP (1:15,000, Cat.
170-6528, BioRad, Hercules, PA) for 1 hr. An enhanced chemiluminescent immunoblotting
detection system (Thermo Fisher, Rockland, IL) was used to detect the antigen-antibody
complexes. Membranes were re-blotted with antibodies to a-tubulin (1:10000, Cat. T-5168,
Sigma) for normalization.

RNA isolation and RT-PCR

For limb organ culture experiments, tissue from the presumptive metacarpophalangeal joint
regions of digits 2-4 was isolated after 48 or 96 hrs of culture. Pooled tissue from 4 limbs
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was used for each replicate sample (3 replicates, 12 limbs total) and disrupted using
microcentrifuge grinder pestles (Bel-Art Products, Wayne, NJ). Total RNA was extracted
using the RNeasy Micro Kit protocol (Qiagen). For micromass culture experiments, total
RNA was extracted from cells using TRIzol reagent (Invitrogen) according to
manufacturer's protocols. RNA samples were reverse transcribed using the Quantiscript
Reverse transcription system (Qiagen) according to manufacturer's protocol. For the RT?
Profiler BMP/TGFf signaling array (Qiagen), 0.5 pg of cDNA from each pool of 4 limbs
was used per plate. Primer sets used for RT-PCR are outlined in Supplemental Table 1.

Bright and dark-field images of in situ hybridization were taken with a SPOT insight camera
(Diagnostic Instruments, Inc.) operated with SPOT 5.1 software. Live cell images were
taken at room temperature using an inverted ECLIPSE TE2000-U Nikon microscope with
Image-Pro Plus 7.0 software (Media Cybernetics, Inc.). RT-PCR gels and immunoblot
membranes were photographed using a GE Imagequant Luminescent Image Analysis system
with accompanying Control Software version 1.2. Live fluorescent and bright field limb
organ culture images were obtained at room temperature using an Olympus MV X10
MacroView microscope and Olympus cellSense Standard imaging software versionl1.3. A
Leica TCS LSI confocal microscope with accompanying software was used for imaging of
fluorescently labeled frozen tissue sections.

Chondrogenesis and limb skeletal growth

In our recent study we used human bone marrow-derived MSCs to identify KGN and test its
chondrogenic capacity (Johnson et al., 2012). To extend these studies, we asked whether the
drug would also stimulate chondrogenesis in committed preskeletal mesenchymal cells
isolated from the E11.5 mouse embryo limb buds. After isolation, the cells were seeded in
micromass culture, a widely used system that allows the cells to reestablish condensation
and resume their chondrogenic differentiation (Ahrens et al., 1977). As expected, control
micromass cultures displayed several cartilaginous cell nodules by day 5 that strongly
stained with alcian blue (Fig. 1A). Treatment of companion cultures with KGN did in fact
stimulate chondrogenesis and nodule formation (Fig. 1B) in a dose-dependent manner (Fig.
1D), with over a 100% increase in Alcian blue staining at a 1 UM concentration (Fig.1C).

When limb buds are isolated from the embryo and placed as intact explants in organ culture,
they remain viable for several days, but grow and develop slowly (Neubert et al., 1974;
Smith et al., 2013). We exploited this explant culture system to further interrogate the
developmental properties and action of KGN. Forelimb bud pairs were isolated from the left
and right sides of E12.5 mouse embryos. To minimize possible developmental variability
from embryo to embryo, one limb bud was reared in control conditions and the contralateral
limb bud from the same embryo was reared in KGN-containing medium. At the moment of
isolation, the limb buds displayed a typical round morphology at their distal end, with
minimal visible skeletal development, limited Alcian blue staining along the digital rays,
and minimal tissue invagination at each prospective interdigit location (Fig. 2A-B,
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arrowheads). By 96 hrs in organ culture, the control forelimb buds had grown moderately
and their metacarpal (MC) and middle phalangeal (MP) cartilaginous elements were now
appreciable by microscopy on live specimens (Fig. 2C); however, interdigit invagination
was still minimal (Fig. 2C, arrowheads). In sharp contrast, the digits of companion limb
buds treated with KGN had elongated considerably, with well-defined phalangeal elements
identifiable by Alcian blue staining (Supplemental Fig. 1). The interdigit invagination
process had also advanced (Fig. 2D, arrowheads), easily revealing each digit under live
microscopy (Fig. 2D). Imaging-assisted quantification of digit/phalangeal size (Fig. 2E-F)
showed that the total digit length of KGN-treated limbs at 96 hrs was significantly greater
than that of control limbs (Fig. 2G, p<0.05).

To verify that similar responses would occur posteriorly hindlimb pairs were harvested from
E13.5 embryos, which correspond to the E12.5 forelimbs used above given the approximate
half-day developmental delay in hindlimbs versus forelimbs (Towers and Tickle, 2009).
E13.5 hindlimb buds were maintained in organ culture for 96 hrs and were whole mount-
stained with Alcian blue. In controls, the cartilaginous metatarsal (mt) elements were well
developed and strongly stained, but the proximal phalanges (pp) were still rudimentary (Fig.
2G, arrows). Indeed, KGN treatment of companion specimens greatly stimulated overall
growth, and this was clearly revealed by the presence of conspicuous Alcian blue-stainable
proximal phalanges (pp) (Fig. 2H, arrows). It should be noted that limb buds harvested at
younger or later developmental stages were less responsive to KGN.

Development of the most distal forelimb phalanges was further assessed by Safranin-O
staining. A loosely-organized mesenchymal cell population was found distal to the middle
phalange (mp) in control forelimbs after 96h in organ culture (Supplemental Fig.2A,C). In
striking contrast, chondrocytes had condensed to form rudimentary distal phalange in KGN
treated digits (Supplemental Fig.2 B, D. Development of the penultimate phalange and digit
tip is mediated in part by Fgf signaling (Sanz-Ezquerro and Tickle, 2003). We performed
whole-mount in situ hybridization to evaluate Fgf10 mRNA expression in limb explants.
After 96h, enhanced staining of KGN treated limbs indicated elevated Fgf signaling as
compared to controls (Supplemental Fig. 2E-F).

Skeletal elongation and overall limb outgrowth at different stages are propelled by a number
of processes that include cell proliferation. Thus, we examined whether KGN would
promote limb cell proliferation by evaluating mRNA expression of proliferation marker
histone 4 C (H4C). In control forelimb bud specimens at 96 hrs, there was clear HAC
expression in several cell types including perichondrial cells, but expression was lower
within the cartilaginous elements themselves (Fig. 21). HAC expression was, however, much
stronger in the chondrocytes of KGN-treated companions (Fig. 2J).

Limb skeletal growth and elongation are coordinated with multiple differentiation, growth
and maturation processes that lead to formation of muscles, tendons and other surrounding
structures. To test whether KGN stimulatory effects would extend to such processes and
structures, we examined tendon development as a representative example. Tendons and
ligaments arise from progenitor cell populations expressing the transcription factor Scleraxis
(Scx) (Schweitzer et al., 2001). Studies with transgenic ScXGFP reporter mice have revealed
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that changes in Scx expression patterns coincide with distinct phases of tendon
morphogenesis, including initial Scx expression in the superficial proximomedial domain of
limb buds at E10.5 and proceeding to development of more distinct tendon fibers by E14.5
(Schweitzer et al., 2001, Pryce et al., 2007). In control E12.5 forelimb buds after 96 hrs of
organ culture, ScxGFP expression remained poorly defined and limited to superficial
fibrous-like structures along each digit (Fig. 2K). These patterns had much advanced in
companion limb buds reared in KGN-containing medium (Fig. 2L). ScxGFP expression was
not only strong in the well-defined and elongated tendon structures along the digits, but also
at the sites of the metacarpophalangeal and proximal phalangeal joints (Fig. 2L,
arrowheads), confirming an increase in localized ScxGFP expression surrounding joint
digits as reported by others (Li et al., 2010).

Limb joint development

We previously showed that Gdf5-expressing mesenchymal interzone cells emerge at
presumptive limb joint sites and eventually give rise to most joint tissues over time,
including articular cartilage, ligaments and synovial lining (Koyama et al., 2008). To
determine whether KGN would affect these processes, forelimb bud pairs were isolated from
E12.5 compound transgenic Gdf5-Cre; ROSA-mTomato/mGFP reporter mice. As shown
previously, Gdf5 transcripts first appear at putative metacarpophalangeal joint sites along the
digital rays of E12.5 limbs and appear at more distal sites over developmental time (Storm
and Kingsley, 1996). The ROSA-mTomato/mGFP reporter mice express constitutive Red
Tomato fluorescence prior to Cre-mediated recombination and conditional mGFP
fluorescence following recombination (Muzumdar et al., 2007). Accordingly, compound
transgenic limb buds reared in organ culture were examined live by fluorescence
microscopy over time. Strong Gdf5-Cre driven mGFP reporter signal was appreciable in all
5 incipient metacarpal and phalangeal joints in controls (Fig. 3A, white arrows). Similar
overall patterns were seen in companion specimens reared in KGN (Fig. 3B, white arrows),
though the digits had elongated considerably and the proximal phalanges (pp) were now
clearly appreciable (Fig. 3B). To examine the joint formation process more closely, we
prepared histological sections from 96 hr specimens and focused on the incipient joint
between metacarpal (mc) and proximal phalange (pp). In controls, the joint was barely
visible histologically (Figs. 3C, arrow) and the prospective mGFP-positive interzone cells
were scattered and not well compacted (Figs. 3E, 3G). In the KGN-treated companions,
however, the joint was clear and exhibited an obvious interzone between the flanking
cartilaginous elements and, most importantly, its interzone cells were now compacted, flat-
shaped and all transversely oriented with respect to the digit long axis (Fig. 3F, 3H, arrow).
KGN also appreciably stimulated Gdf5 expression at the mRNA level as revealed by in situ
hybridization (Figs. 31-3J).

As interzone formation progresses, local gene expression patterns change as well (Koyama
et al., 2008), and one gene expressed in late and more mature interzones is parathyroid
hormone-related protein (PTHrP) as shown recently in PTHrP-LacZ knock-in reporter mice
(Chen et al., 2008). In control E12.5 PTHrP-LacZ forelimb explants, PTHrP-LacZ activity
became clear in metacarpophalangeal joints by 96 hrs (Fig. 3K, arrows), but remained barely
visible in the more distal proximal phalangeal joints (Fig. 3K, arrowheads). KGN treatment
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of companion limbs increased overall reporter signal that was also strong in more distal
joints (Fig. 3L, arrowheads), reiterating KGN's ability to advance joint formation and
maturation.

By the end of embryogenesis the joints begin to cavitate, forming two distinct articular
surfaces separated by a synovial fluid that contains lubricin/Prg4 and other anti-adhesive
macromolecules produced by surface lining cells (Koyama et al., 2008). Cavitation occurs in
a proximal to distal fashion as limb joints develop, with the most distal phalangeal joints
initiating cavitation by late embryogenesis, and is completed in early postnatal life
(Mitrovic, 1978). While the well organized, compacted appearance of KGN treated joints
indicated that they had progressed further towards cavitation than controls, there was no
evidence that joints had yet formed two distinct articular surfaces. When we assessed
cavitation by onset of lubricin/Prg4 expression, we did not observe overt signs of it in
control or KGN-treated explants even after prolonged culture. This is likely due to the very
young age of the initial E12.5 limb buds and as importantly, the absence of muscle-driven
movement needed to drive cavitation (Kahn et al., 2009). To test whether KGN could
enhance any aspect of that process, we isolated superficial articular cells from the knee
joints of neonatal transgenic Prg4-mCherry reporter mice and reared them in control or
KGN-containing medium. We would like to emphasize that Prg4-mCherry is a novel
transgenic mouse line. Its construction is described in Materials and Methods, and detailed
overall phenotypic characteristics will be detailed elsewhere. Briefly, whole mount
fluorescence analysis at P2 showed that there was very strong mCherry reporter activity in
limb joints (Fig. 4B-D, Supplemental Fig. 3), and frozen serial sections showed that reporter
activity did in fact characterize surface cells of the knee at postnatal stages (Fig. 4E-G).
Surface cell populations were isolated from the knee joints of P5 Prg4-mCherry mice by
sequential enzymatic digestion as we described previously (Yasuhara et al., 2011) and
seeded in monolayer culture. The cells exhibited the expected flat and fibroblastic
cytoarchitecture soon after plating (Fig. 4H), and about 10% of them displayed strong Prg4-
mCherry reporter activity at later days (Fig. 41). Treatment of parallel cultures with KGN for
18hr led to a significant increase in the fraction of reporter positive cells, more than
doubling it at 1 pM concentration (Fig. 4J and 4L, p<0.05) compared to control (Fig 4l).

Mechanisms of action

Several signaling pathways and complex interplays amongst them participate in, and
promote, skeletal growth and elongation and joint formation, maturation and postnatal
consolidation. Thus, we sought to clarify whether and which pathway(s) may account for the
strong stimulatory bioactivity of KGN on those processes uncovered by our data above.

Indian hedgehog (1hh) is a key signaling protein secreted by prehypertrophic chondrocytes
in the growth plate that is needed to sustain chondrocyte proliferation, long bone elongation
and bone formation; its genetic ablation also prevents formation of synovial joints, leading
to fusion of adjacent cartilaginous anlaga (Koyama et al., 2008; St-Jacques et al., 1999). To
monitor hedgehog signaling, we used Gli */"-acZ knock-in reporter mice that have been
widely used as an effective read-out of hedgehog protein distribution and activity on target
cells in a variety of developmental systems and processes (Bai et al., 2002). Thus, we
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isolated forelimb bud pairs from E12.5 Gli */M-2¢Z mouse embryos and reared them in
absence or presence of 1 uyM KGN in organ culture. Whole mount staining at 48 hrs of
culture showed that LacZ activity was readily appreciable in the developing cartilaginous
phalangeal elements in control limbs (Fig. 5A) and was much lower and nearly absent in
incipient joints as expected (Fig. 5A, arrowhead). These patterns were more obvious after
tissue sectioning (Fig. 5C). Treatment with KGN boosted LacZ activity dramatically, and
this was quite clear by both whole mount and section staining (Fig. 5B, 5D). Interestingly,
stimulation of Ihh signaling has previously been shown to increase chondrocyte proliferation
within putative hypertrophic zones of developing limbs (Long et. al., 2001). As described
above, KGN treatment greatly stimulated mRNA expression of the cell proliferation marker
H4C within these regions (Fig. 2 I-J), suggesting a link between increased digit length and
upregulation of Ihh signaling by KGN. To verify these observations at the gene expression
level, we isolated preskeletal limb bud cells from E11.5 embryos and reared them in
micromass culture in control or KGN-containing medium as above. Whole cell RNAs were
isolated at 24 hrs of culture so that immediate early responses could be measured. Semi-
quantitative RT-PCR analysis showed that KGN treatment had induced expression of Ihh as
well as hedgehog target genes Gli-1 and Ptchl (Fig. 5E), whose expression was barely
appreciable in controls (Fig. 5E). This stimulation did depend on active hedgehog signaling
since it was wholly prevented by co-treatment of KGN and cyclopamine (CPN), a powerful
hedgehog chemical inhibitor (Supplemental Fig. 4, lane 4).

Members of the TGFf signaling protein superfamily are also important regulators of
skeletogenesis and joint development (Seo and Serra, 2007; Spagnoli et al., 2007) and
TGFB1 in particular is a stimulator of chondrogenesis and lubricin expression (Chimal-
Monroy and Diaz de Leon, 1997). To obtain a global view of their possible involvement, we
isolated total RNAs from the metacarpophalangeal region of E12.5 limb bud pairs reared in
control or KGN-containing medium for 96 hrs, a region responsive to KGN treatment as
shown above. RNAs were processed for quantitative evaluation using TGFp/BMP Signaling
Pathway RT?2 Profiler PCR Arrays, which allow simultaneous analysis of 84 genes involved
in TGFB/BMP action and signal transduction. Using Gapdh expression set at value 1, we
found that while several genes were minimally affected by KGN treatment, 16 genes were
up-regulated by more than 2 fold (Fig. 6A; Supplemental Table 1). Of these, TGFS1
expression was up-regulated by more than 10 fold, and Gdf5 and 1gf1 expression was up-
regulated more than 4 fold (Fig. 6A). The latter increases as well as concurrent decreases in
Bglap expression were validated by RT-PCR (Fig. 6B).

The dramatic increase in TGFf1 expression led us to ask whether exogenous TGFp1 would
stimulate chondrogenesis in limb bud cell micromasses similar to KGN. A 24h treatment
with 2.5 ng/ml recombinant human TGFB1 or 100nM KGN did in fact elicit comparable
stimulations in: (i) Alcian blue-positive nodule formation (Fig. 6C-E); (ii) expression of the
master chondrogenic gene Sox9 and of TGF-target genes MSX2 and Tgfbi, including
TGFpL itself (Fig. 6F); and (iii) hedgehog signaling associated genes Ihh, Glil, Ptch and
Pthrl (Fig 5). The Glil increase was prevented by co-treatment with cyclopamine
(Supplemental Fig. 4, lane 6). In a similar fashion, TGFB1 treatment stimulated Prg4/
lubricin expression as did KGN (Fig. 4K). Notably, these effects were attenuated by
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pretreatment of joint superficial cells with the TGFp signaling inhibitor SB-431542
(P<0.001, Fig. 4L).

Lastly, we assessed activation of the TGF[ signaling cascade in micromass cultures after
24h of KGN treatment. Consistent with up-regulated TGFp expression, KGN increased the
phosphorylation and thus activation of Smad2 and Smad3, the putative TGFf downstream
transcription factors, to a comparable extent as did TGFp (Fig. 6G). The phosphorylation of
other Smad family members (Smad 1/5/8) downstream of BMP signaling cascade was also
increased upon TGFp stimulation, in agreement with previously demonstrated crosstalk
between the two signaling pathways (Keller et al., 2011). Interestingly, KGN treatment
exhibited no major effect on Smad 1/5/8 phosphorylation, implying potential difference
between KGN and TGFp in determining cell fate in developmental and adult tissues. The
differential effects of KGN on Smad 2/3 and suppression of Smad 1/5/8 by KGN were
further confirmed in MSCs by gene expression and Ingenuity pathway analyses
(Supplemental Fig 5).

Discussion

These data provide clear evidence that multiple and diverse limb developmental processes
are harmoniously stimulated by KGN, including interzone and synovial joint formation,
limb skeletal growth and elongation, interdigit invagination, and tendon maturation. Each of
these processes is rather complex, requires programming, differentiation, migration and
morphogenetic action of distinct cell types and progenitors, and proceeds through distinct
spatio-temporal steps (Zeller et al., 2009b). The data indicate that KGN acted through
central, comprehensive mechanisms that normally dictate, promote and orchestrate overall
limb development. In particular, the interzone was originally recognized as the first
discernible trait of location and impending formation of synovial joints in the developing
limb (Holder, 1977). Early experiments found that microsurgical removal of the interzone in
the developing chick limb prevented joint formation, establishing the interzone as an
essential requirement for joint development (Holder, 1977). Our Gdf5-driven genetic cell
tracking data have reiterated its importance and demonstrated the participation of its cells in
joint tissue formation (Koyama et al., 2008). What has remained unclear is how the
interzone forms to begin with, and how it acquires its compacted, avascular structure
composed of flat cells. The future joint sites in the limb are initially cartilaginous and
contiguous with the flanking long bone anlaga; in the autopod region, these uninterrupted
cartilaginous rods are referred to as digit rays (Hamrick, 2001). The cartilaginous cells are
all descendants of early Sox9-expressing progenitors (Akiyama et al., 2005) and it is
possible that the interzone cells could be part of this lineage or may also include cells from
adjacent perichondrial tissues (Soeda et al., 2010). Our data now provide further insights
into the behavior of incipient Gdf5-expressing interzone cells (schematically summarized in
Fig. 7). The cells initially appear dispersed and somewhat scattered though still restricted to
the joint site, becoming compacted, flattened and oriented perpendicularly upon KGN
treatment of the limb explants. How could KGN elicit such a striking and joint promoting
response? It is possible that KGN acted on the interzone cells via its strong stimulation of
hedgehog and TGFp signaling pathways and PTHrP expression, all of which are required
for joint formation (Koyama et al., 2007; Seo and Serra, 2007; Spagnoli et al., 2007). Thus,
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signaling could have stimulated interzone cell migration, cell-cell adhesion and cell
flattening and compaction (Fig. 7). Alternatively, it could have stimulated growth of the
flanking cartilaginous elements, narrowing the interzone space and aiding interzone
compaction indirectly. Whatever scenario turns out to be true, the data raise the thorny issue
of how these and other KGN-stimulated pathways could promote a mesenchymal character
and a flat morphology in interzone cells, while they would promote a cartilaginous character
and a round cell morphology in flanking cartilaginous cells. In our previous study we
excluded the possibility that KGN stimulates chondrogenesis -and its dependence on a round
cell shape (Benya and Shaffer, 1982)- by affecting G- or F-actin and thus cytoskeletal
rearrangements (Johnson et al., 2012). These conundrums are not new, and one likely
explanation is that a number of additional mechanisms operate within the interzone itself to
create and maintain its mesenchymal character, including local expression of potent anti-
chondrogenic Wnt proteins and hedgehog inhibitors such as Hip (Koyama et al., 2007; Gao
et al., 2009). Thus, the multiple and distinct effects elicited by KGN would reflect not only
its extraordinary biological potency, but also intervention of distinct local mechanisms
operating in, and instructing, different limb cell populations.

The positive influence KGN exerts on these multiple events and cell types indicates that it
acts directly or indirectly on a number of central mechanisms that normally coordinate limb
development and growth and would also mediate KGN's comprehensive and multi-faceted
effects. Our previous gene array analyses and gain- and loss-of-function studies on bone
marrow MSCs suggested that KGN stimulates chondrogenesis by inducing the release of
core binding factor § (CBFp) from filamin A (FLNA) in cytoplasm, and subsequent CBFj
translocation to the nucleus and interaction with RUNX1 (Johnson et al., 2012). This
mechanism also likely applies to the developmental processes described here given that
these genes are expressed in limb preskeletal mesenchymal cells (Wang et al., 2005;
Yoshida et al., 2002), and RUNX1 has been shown to stimulate their differentiation (Wang
et al., 2005) (Supplemental Table 2). Our current data suggest that KGN enhances
chondrogenesis, skeletal growth and other processes by also stimulating several signaling
pathways, including those involving members of the hedgehog, FGF and IGF families, and
the TGFp superfamily. Indeed, hedgehog (Murtaugh et al., 1999), IGF-I (Coxam et al.,
1995) and TGFp1 (Guerne et al., 1994) stimulate chondrogenesis, with both hedgehog
(Vortkamp et al., 1996) and TGFp (Serra et al., 1999) stimulating chondrocyte proliferation
via crosstalk with PTHrP. Likewise, TGFp signaling is a major regulator and stimulator of
tendon formation and maturation (Pryce et al., 2007).

The significant stimulation of TGF expression and signaling by KGN is in line with the
fact that treatment of limb bud mesenchymal cells with KGN or TGFB1 activates
overlapping downstream pathways and effectors, including hedgehog signaling, Smad 2/3
phosphorylation and Sox9 expression. Recent studies have also shown that excess TGF
signaling can cause impairment of joint function and early onset OA in mouse models, likely
due to its deleterious effects on both subchondral bone and joint mechanical support (Zhen
et al., 2013). When mesenchymal cells were treated with exogenous TGFp1, the
phosphorylation of Smad 1/5/8 (BMP Smads) increased in addition to the phosphorylation
of Smad 2/3 (TGFB Smads). Phosphorylation and subsequent activation of Smad 1/5/8 have
been shown act upstream of RUNX2 (Kempf et al., 2007; Drissi et al., 2003), which is
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believed to be largely responsible for chondrocyte hypertrophy and terminal differentiation.
Interestingly, and distinct from the effects of TGFB1, KGN treatment specifically increases
Smad 2/3 phosphorylation without affecting Smad 1/5/8 phosphorylation significantly. The
concerted activation of Smad2/3 and suppression of Smad 1/5/8 have been proposed to
inhibit chondrocyte terminal differentiation (van der Kraan et al., 2009), which is consistent
with the chondroprotective effects of KGN and with gene expression data showing that
KGN suppresses Smad 1/5/8 and RUNX2 expression in MSCs. These data indicate that
KGN may promote embryonic joint development and adult chondrogenesis through RUNX1
mediated transcriptional effects, and partially through the activation of the TGFf as well as
hedgehog signaling pathway. The effects on other parallel pathways by KGN, for example
down-regulation of BMP family growth factors, may concomitantly regulate the magnitude
and duration of TGFp signaling to suppress potential deleterious activities. Clearly, the
detailed mechanisms underlying KGN's effects involving its direct target pathway (FLNA,
CBFp and RUNX1) and downstream effectors (TGFj3, BMPs and hedgehogs) and the
potential interplays amongst these pathways warrant further investigation under both
developmental and regenerative chondrogenesis conditions.

Finally, we also show that KGN stimulates lubricin/Prg4 expression in joint surface cells
(Fig. 4). Lubricin is an essential component of the synovial fluid and its deficiency or
mutations are associated with joint disease in patients (Marcelino et al., 1999). This mucin-
rich protein is produced by the superficial layer of articular cartilage as well as cells that line
the synovial tissue facing the synovial cavity (Jay et al., 2001). Cells from both sites were
likely present in the populations we isolated from the P5 joints. The data are in line with our
previous findings that KGN stimulated lubricin expression in bone marrow MSCs (Johnson
etal., 2012), and indicate that KGN can promote not only early steps in joint formation, but
also traits needed for long term joint function and friction-less movement. In conclusion the
studies described here support the notion that KGN may provide a promising new approach
to the treatment of developmental and degenerative joint disease, but also suggest that the
detailed mechanism of action of KGN may involve a complex combination of effects on
transcriptional and signaling pathways. The data also suggest that KGN could be a potent
tool for limb regeneration and tissue repair strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Digfferentiation of preskeletal mesenchymal cells is stimulated by KGN. Cells were isolated
from E11.5 mouse embryo limb buds, spotted in micromass cultures and reared in: (A)
control medium containing vehicle solution (DMSO, 10ul/mL); or (B) medium containing 1
UM KGN for 5 days. Cultures were stained with Alcian blue to reveal cartilage nodule
formation. (C-D) Similar cultures were treated with different concentrations of KGN (D),
and ImageJ was used to calculate fraction of positive Alcian blue staining. Data are shown
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as averages of four independent experiments + SEM. * p<0.05, as determined by one-way
ANOVA.
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KGN promotes multiple limb developmental processes. E12.5 Forelimb (FL) and E13.5
hindlimb (HL) pairs isolated from mouse embryos were maintained in explant culture in
control medium containing DMSO solution (10ul/mL) or 1 uM KGN. (A-D) Microscopic
images of limbs at time of isolation (A-B) and at 96 hrs of culture in control (C) or KGN (D)
medium. Note that KGN markedly increased overall limb growth, phalangeal elongation and

interdigit mesenchymal invagination (arrowheads). Extent of growth stimulation was

calculated by measuring length of each phalangeal element (E) and summation (F) using
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ImageJ software. Data are shown as average total digit length (pixels) + S.E.M. of 5 limbs at
96h (*p<0.05). (A, G-H) Images of E13.5 hindlimb explants at time of isolation (A) and
maintained in control (G) or KGN (H) medium for 96 hrs and stained with Alcian blue. Note
the significant growth of proximal phalanges (pp, arrows) caused by KGN. (I-J) Bright and
dark field images of sections from 96 hrs forelimb specimens processed for analysis of
proliferation marker H4C by in situ hybridization. Note the clearly higher hybridization
signal over chondrocytes in KGN sample (J) versus control (). (K-L) Fluorescence images
of live forelimbs from E12.5 ScxGFP embryos at 96 hrs in control (K) or KGN (L)
conditions. Tendon development and maturation were stimulated by KGN as indicated by
stronger and sharper fluorescence signal and intense concentrated signal at joint locations
(arrowheads). Bar for panels I-J, 100 um. mc, metacarpal; mt, matarsal; pp, proximal
phalange; and mp, medial phalange.
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Fig. 3.
Synovial joint development and interzone compaction are promoted by KGN. (A-D)

Forelimb bud pairs from E12.5 Gdf5Cre; ROSA-mTomato/mGFP mouse embryos were
maintained in control and KGN medium for 96 hrs. (A-B)Whole mount and (C-D) tissue
section fluorescence images showing strong mGFP signal at joint sites (arrowheads) in both
control (A, C) and treated (B, D) specimens. (E-J) Higher magnification images of serial
sections of metacarpal-phalangeal joints (white arrowhead) showing that the interzone had
undergone compaction and maturation (F, H) and expressed higher Gdf5 (J) after KGN
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treatment compared to control specimens (E, G, 1). E-F are fluorescence images of mGFP
signal; G-H are bright field images of sections after Safranin O/fast green (Saf O/FG)
staining; and I-J are bright and dark field images of Gdf5 in situ hybridization. (K-L) Whole
mount images of E12.5 PTHrP-LacZ forelimbs pairs that were reared for 96 hrs in control
(K) and KGN (L) explant conditions and processed for B-galactosidase detection. Note that
the PTHrP-LacZ signal was much stronger in KGN specimens and was also visible in more
distal joints (arrowheads) including the metacarpal-phalangeal joint (yellow arrowhead). Bar
for panels E-H, 100 pm; bar for panels I-J, 200 pm. mc, metacarpal; pp, proximal phalange;
and mp, medial phalange.
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Fig. 4.
Analysis of Prg4/lubricin expression. (A) Schematic showing the region of homology used

to insert a mCherry encoding transgene into mouse Prg4 locus. (C-D) Whole mount
fluorescent images of Prg4/mCherry (red signal) x Col2al/CFP (blue signal) at postnatal
day 2. White squares shown in B are presented at higher magnification in C and D. Note the
strong intensity of the signal and its restricted presence at the knee and ankle joint sites. (E-
F) Sections of the knee joint harvested (E) P5, (F) P14 and (G) P28 showing that positive
signal was restricted to articular cartilage surface of the femur (fe) and patella (pa) and
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increased with age. (G) By P28, the Prg4/mCherry signal was present and still strong on the
joint surface. Prg4 expression is also seen in the underlying bone (*) as reported previously
(Ikegawa 2000). (H-K) Fluorescent images of live surface cells isolated from P5 Prg4/
mCherry knee joints and viewed immediately after plating (H) or 18 hr treatment with
100nM KGN (J) or 1 ng/ml TGFpB1 (K). Note the increased Prg4/mCherry positive cells
after either treatment in comparison to control (I). (L) Percentage Prg4/mCherry
fluorescence as compared to DAPI for cultures treated with KGN, TGFB1 and/or the TGF}
signaling inhibitor SB-431542 plotted versus control. KGN and TGFp1 Prg4/mCherry
fluorescence as compared to DMSO (*p<0.05). Pretreatment with SB-431542 prevented this
response in KGN (**p<0.001) and TGFB1 (***p<0.001) treated samples. Data are expressed
as averages of twelve independent wells + S.E.M.
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Hedgehog signaling is stimulated by KGN. (A-D) Forelimb pairs from E12.5 Gli 1*/nLacZ
mouse embryos were kept for 96 hrs in control or KGN-containing medium and processed
for whole mount (A-B) or tissue section (C-D) detection of 3-galactosidase activity. Note
that KGN increased GlilnLacZ activity in the cartilaginous phalangeal elements (B and D)
but remained low at joint sites as expected (A and C, arrowhead). However, the signal-free
space had considerably narrowed after treatment (D). (E) RT-PCR analysis of hedgehog
signaling and maturation related molecules in E12.5 limb bud mesenchymal cells

Fig. 5.
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maintained in micromass culture and treated with 200nM KGN or 2.5 ng/ml TGF1 for 24h.
Note that similar responses were achieved by treatment with either KGN or TGFp1.
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Fig. 6.
Modulation of signaling protein activities and growth factor expression by KGN. (A-B)

E12.5 limbs were maintained ex vivo in control conditions or medium containing 1 uM KGN
or 10uL/mL DMSO as control. (A) Graphic representation of genes regulated more than two
fold by KGN treatment in putative joint sites after 96h. Note the multi-fold induction of
TGFpA1, Gdf5 and IGF1 expression with Gapdh set at 1; also included are two genes (Amhr2
and Bglap) that were down-regulated. (B) Image of RT-PCR analysis verifying the changes
in expression of indicated genes by KGN. (C-G) E11.5 limbs bud mesenchymal cells were
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maintained in micromass cultures in control conditions or medium containing 100nM KGN
or 2.5 ng/ml TGFB1 for 24h (C-G). Bright field images of micromass cultures stained with
alcian blue. Note that both KGN and TGFB1 stimulated cartilage nodule formation. (F) RT-
PCR analysis of changes in gene expression of TGFp target genes in micromass cultures
treated with KGN or TGFB1 compared to control cultures (DMSO). (G) Immunoblot
analysis of levels of phosphorylated Smads in control, KGN-treated and TGFf1-treated
micromass cultures. Both KGN and TGFp1 strongly up-regulated pSmad2/3 levels, but only
TGFp1 increased pSmad1/5/8 levels. Protein content per lane was verified by immunoblot
with a-Tubulin antibodies.
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Schematic depicting the multiple and concerted processes regulating the early phases of
digit skeletal element growth and joint formation. Cartilaginous digit formation and growth
involve condensation of mesenchymal cells at the distal end and chondrogenic
differentiation. These processes were clearly stimulated by KGN. In the prospective joint
site, the incipient interzone cells were initially dispersed and there was minimal cell
condensation, compaction and alignment perpendicular to the limb long axis. KGN
coordinately promoted these processes that led to interzone compaction and cell alignment,
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increases in PTHrP and lubricin expression, and consolidation of Scx expression. These
complex processes as well the formation of an incipient synovial cavity, were likely
promoted by the harmonious and multifaceted action of KGN on TGFf} and hedgehog
signaling pathways.
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