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ii. 
 

ABSTRACT OF THE DISSERTATION 

 

Roles of Inhibitory Smads in Endochondral Bone Formation 

by 

Kristine David Estrada 

Doctor of Philosophy in Molecular, Cell, and Developmental Biology 

University of California, Los Angeles, 2012 

Professor Karen M. Lyons, Chair 

 

Endochondral ossification involves a highly coordinated program of chondrocyte 

differentiation, proliferation, maturation, and hypertrophy.  The bone morphogenetic protein 

(BMP) and transforming growth factor beta (TGF)/activin pathways are important regulators of 

these processes.  The importance of extracellular antagonists as regulators of the duration, 

intensity and extent of BMP and TGF/activin signaling has been defined.  For example, mice 

lacking the BMP receptor antagonist Noggin exhibit cartilage overgrowth concurrent with excess 

BMP activity.  However, very little is known about the roles of intracellular inhibitors of BMP 

and TGF/activin pathways, such as the inhibitory Smad (I-Smad) proteins, Smad6 and Smad7.   

In vitro studies reveal that I-Smads 6 and 7 can regulate BMP- and TGF-mediated effects on 

chondrocytes.  Although in vivo studies in which I-Smads were overexpressed in cartilage have 

shown that I-Smads have the potential to limit BMP signaling in vivo, the physiological 

relevance of I-Smad activity in skeletal tissues remains unknown.  Furthermore, whether I-

Smads impact TGF signaling in cartilage during development is unclear. 



iii. 
 

This thesis includes two reviews (both have been published) and two original articles 

(one of which has been published).  First, the known mechanisms by which BMP signaling 

regulate chondrogenesis, osteogenesis, and adipogenesis will be highlighted Chapter One, “BMP 

signaling in Skeletogenesis.”  Then, the roles of Smad proteins, which are the mediators of the 

canonical BMP/TGF pathways, in regulating skeletal development will be highlighted in 

Chapter Two, “Smad signaling in skeletal development and regeneration.”  Finally, the roles of 

Smad6 and Smad7 in endochondral bone formation will be described in Chapters Three (“Smad6 

is essential to limit BMP signaling in cartilage development”) and Four (“Smad7 regulates 

terminal maturation of chondrocytes during cartilage development in mice”).  The last chapter 

will discuss the overall conclusions and future directions of my thesis project. 
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CHAPTER THREE:   

Smad6 is essential to limit BMP Signaling during cartilage development 

 

Preface 

In vitro studies have shown that Smad6 is a key intracellular inhibitor of BMP signaling 

in many different cell types, including chondrocytes.  Prior to our work, in vivo studies in which 

Smad6 was overexpressed in chondrocytes have shown that Smad6 inhibits BMP signaling 

during cartilage development, as Smad6 transgenic mice exhibit postnatal dwarfism and 

osteopenia associated with an inhibition of BMP signaling in chondrocytes (Horiki et al., 2004).  

In these overexpression studies, however, Smad6 is expressed in all chondrocyte subpopulations, 

and thus it does not recapitulate the physiological expression pattern and consequently the 

physiological function of Smad6 in developing cartilage.  Thus, although Horiki and colleagues 

have shown that Smad6 has the potential to inhibit BMP signaling during cartilage development, 

it is unknown whether it is actually required.  Therefore, our work provides the first evidence 

that Smad6 is required for normal cartilage development, and that Smad6 regulates endochondral 

bone formation by limiting BMP signaling in chondrocytes.  

Preliminary phenotypic analyses via histological staining were performed by Kelsey 

Retting, a previous graduate student in the lab.  I continued the phenotypic analyses and 

performed all of the in vitro experiments, with the help of two wonderful undergraduate 

researchers, Alana Chin and Christina Hong.  I prepared all of the figures and wrote the initial 

draft of the manuscript.  Karen Lyons and Alana Chin provided critical comments, after which I 

revised and then prepared the manuscript for submission to the Journal of Bone and Mineral 
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Research.  This paper was accepted with minor revisions and a figure from the paper was chosen 

as cover art (see below) for the October 2011 issue (Volume 26, Issue 10). 
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Supplemental Data 

 

Supplemental Figure 1. Analysis of proliferation rates via phospho-histone H3 staining. 
Immunofluorescence staining of E15.0 proximal tibiae for phospho-histone H3. No detectable 
staining was observed in negative controls, from which primary antibodies were omitted. R, 
reserve zone; P, proliferative zone. 
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CHAPTER 4: 

Smad7 regulates terminal maturation of chondrocytes during cartilage development 

 

Preface 

 In vivo studies in which Smad7 was overexpressed have shown that Smad7 can regulate 

multiple stages of endochondral bone formation, in part, by inhibiting BMP-activated p38 

mitogen-activated protein kinase pathways (Iwai et al., 2008).  However, in these studies, Smad7 

was expressed in regions of the growth plate that do not normally express Smad7.  Moreover, 

overexpression results in non-physiological expression levels.  Thus, it is still unknown whether 

Smad7 is required for endochondral bone formation.  Additionally, whether Smad7 inhibits 

TGFβ signaling during cartilage development remains unclear.  Hence, our work provides the 

first in vivo evidence that Smad7 inhibits both canonical and noncanonical BMP and TGFβ 

pathways in cartilage during development.   

 Preliminary phenotypic analyses of the growth plate were performed by Kelsey Retting.  

Additional histological and immunohistochemical stains were performed (with my guidance) by 

several undergraduate researchers, Fuad Elkhoury, Christina Hong, Alana Chin and Tony Chien.  

Another undergraduate researcher, Mathew Hilton, helped generate images of the whole-mount 

skeletal preparations.  I extended the study by determining whether the development of the 

hypocellular core in Smad7-/- growth plates could result from an impaired response to hypoxic 

stress.  I prepared all of the figures and wrote the initial draft of the manuscript.  This manuscript 

is in preparation for submission to Developmental Biology.   
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Abstract 

Bone morphogenetic protein (BMP) signaling pathways play critical roles in regulating multiple 

aspects of endochondral bone formation.  On the other hand, transforming growth factor-beta 

(TGFβ) pathways promote chondrocyte proliferation, but inhibit chondrocyte maturation.  In 

vivo studies in which Smad7 was overexpressed in chondrocytes at various stages of 

endochondral bone formation have demonstrated that Smad7 has the potential to regulate these 

processes, in part, by inhibiting BMP-activated p38 mitogen-activated protein kinase pathways.  

However, whether Smad7 is actually required for endochondral bone formation remains unclear.  

Moreover, whether Smad7 regulates TGFβ signaling during cartilage development is still 

unknown.  In this study, we found that Smad7 is required for both axial and appendicular skeletal 

development.  Smad7-/- mice exhibit posterior transformation of the seventh cervical and sixth 

lumbar vertebrae.  In appendicular bones, loss of Smad7 leads to defects in terminal maturation 

of chondrocytes owing to the retention of cells in a prehypertrophic state.  These defects 

correlated with aberrant type X collagen expression and secretion, likely due to upregulation of 

both BMP and TGFβ signaling in Smad7 mutant growth plates.  Moreover, Smad7-/- mice 

develop hypocellular cores in the medial growth plates, associated with elevated HIF1α levels, 

ER stress, and cell death.  Thus, Smad7 may also be required to mediate cell stress responses in 

the growth plate during development.  

Highlights:   Smad7 regulates anterior/posterior patterning of the axial skeleton.   

 Upregulation of BMP and TGFβ signaling in Smad7-/- growth plates leads to defects in 

terminal maturation of chondrocytes in appendicular bones.   Cellular responses to hypoxic 

stress are mediated by Smad7. 

Key words:  BMP; TGFβ; Smad; Mice; chondrocytes; hypoxia; ER stress  



42 
 

Introduction 

Endochondral ossification is the process by which the majority of the vertebrate skeleton, 

including the vertebral column of the axial skeleton and the long bones of the appendicular 

skeleton, is formed.  This multi-step process begins with the condensation of mesenchymal cells, 

which then differentiate into chondrocytes that rapidly proliferate and actively secrete 

extracellular matrix proteins (e.g. collagen, fibronectin and aggrecan) to form cartilage 

primordia.  The proliferating chondrocytes in the center of the cartilage primordium exit the cell 

cycle and consequently mature into prehypertrophic and hypertrophic chondrocytes.  Terminally 

hypertrophic chondrocytes undergo apoptosis, and the surrounding cartilaginous matrix is 

invaded by blood vessels, osteoblasts and osteoclasts that degrade and replace cartilage with 

bone. 

Endochondral ossification is tightly regulated by local paracrine factors, including bone 

morphogenetic proteins (BMPs) and transforming growth factor β (TGFβ).  Cellular responses to 

BMPs and TGFβ are mediated by canonical (Smad) and noncanonical (non-Smad) pathways 

(Derynck and Zhang, 2003; Massague, 1998).  Both pathways are initiated upon ligand binding 

via activation of the type I receptors by type II receptors.  In the canonical pathway, activated 

type I receptors phosphorylate receptor-regulated Smads (R-Smads 1/5/8 for BMP signaling; R-

Smads 2/3 for TGFβ signaling), which then form complexes with the common-partner Smad4.  

R-Smad/Smad4 complexes translocate into the nucleus to regulate the expression of target genes.  

In the noncanonical pathways, BMPs and TGFβs transduce their signals via the mitogen-

activated protein (MAP) kinases (ERK, JNK, p38) by activating TGFβ-activating kinase (TAK1) 

(Moriguchi et al., 1996; Yamaguchi et al., 1995).  Other non-Smad pathways include activation 

of PI3K and Src kinase (Heldin et al., 2009).   
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Downregulation of BMP and TGFβ signaling is mediated extracellularly through binding 

of ligand antagonists, such as chordin and noggin, and intracellularly through attenuation of R-

Smad activity by inhibitory Smads (I-Smad) 6 and 7.  I-Smads antagonize BMP/TGFβ signaling 

by recruiting E3 ubiquitin ligases to type I receptors, causing degradation of type I receptors via 

the ubiquitin-proteasome pathway (Inoue and Imamura, 2008; Murakami et al., 2003).  In 

addition, I-Smads interfere with R-Smad phosphorylation by competitively binding to activated 

type I receptors (Hayashi et al., 1997; Imamura et al., 1997; Nakao et al., 1997). While Smad6 

specifically inhibits the BMP pathway, Smad7 can inhibit both the BMP and TGFβ pathways 

(reviewed in (Massague et al., 2005)).  I-Smad expression is induced directly by BMP and 

TGFβ, thus forming an auto-inhibitory feedback mechanism. 

Genetic analyses in mice demonstrate that the majority of BMP signaling in cartilage 

during development occurs via the canonical pathway, as evidenced by severe chondrodysplasia 

in mice with a combined loss of either the two major type I BMP receptors (Yoon et al., 2005) or 

R-Smads (Retting et al., 2009) in chondrocytes.  The precise role of TGFβ signaling in 

endochondral ossification is less clear, as variable phenotypes have been reported in mice with 

targeted inactivation of TGFβ signaling components.  For example, mice with conditional 

deletion of the type II TGFβ receptor (TGFβRII) in chondrocytes exhibit defects in axial but not 

in appendicular development (Baffi et al., 2004).  In addition, appendicular bones were normal in 

mice deficient in Smad3 at one month after birth (Yang et al., 2001), suggesting that canonical 

TGFβ signaling may not be required for appendicular development.  On the other hand, both 

axial and appendicular skeletal development was impaired in mice with conditional deletion of 

the type I TGFβ receptor (ALK5) in skeletal progenitor cells (Matsunobu et al., 2009), 

demonstrating that TGFβ is indispensable for endochondral ossification.   
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Gain- and loss-of function studies in vivo (Estrada et al.; Horiki et al., 2004) and in vitro 

(Li et al., 2003; Scharstuhl et al., 2003) reveal important roles for Smad6 in regulating 

chondrocyte function during development.  Although in vivo studies in which Smad7 was 

overexpressed in chondrocytes at various steps of differentiation show that Smad7 has the 

capacity to limit BMP signaling during cartilage development (Iwai et al., 2008), these 

observations do not define the actual physiological roles of Smad7 in regulating BMP signaling 

in developing cartilage.  Moreover, whether Smad7 regulates TGFβ signaling in chondrocytes 

during cartilage development remains unclear.  Here, we show that loss of Smad7 in mice leads 

to axial and appendicular skeletal defects resulting, in part, from increased BMP and TGFβ 

responsiveness in chondrocytes.  Hence, Smad7 is required for proper regulation of BMP and 

TGFβ signaling during cartilage development. 

 

Materials and Methods 

Generation of Smad7 knockout mice.  Smad7 knockout (Smad7-/-) mice were generated as 

previously described (Li et al., 2006a).  Briefly, targeted disruption of the first exon of Smad7 

was generated via insertion of a neomycin resistance cassette.  Embryos and mice were 

genotyped by PCR using the sense primer 5’- CCCTCCTGCTGTGCAAAGTGTTC -3’ and 

anti-sense primer 5’- GCATGTCTATTCAGTAGAAGGATAAG -3’ to detect the wild-type 

allele, and the sense primer 5’- GCTTCCTCGTGCTTTACGGTATC -3’ and anti-sense primer 

as above to detect the mutant allele.  Embryos and mice were on a mixed C57BL/6J/CD1 

background.  To obtain Smad7-deficient embryos, Smad7 heterozygous male and female mice 

were mated and wild-type littermates were used as controls. 
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Skeletal preparation and histology.  Skeletal preparations were performed as in (Estrada et al.).  

In brief, embryos were eviscerated and fixed in 95 % EtOH overnight at 4 °C, followed by 

Alcian Blue staining (0.01 % Alcian Blue 8GX (Sigma-Aldrich, A5268) (w/v) in 95 % EtOH) 

overnight at room temperature.  Samples were then stained for Alizarin Red (0.006 % Alizarin 

Red S (Sigma-Aldrich, A5533) (w/v) in 1 % KOH) for 3-4 hours and cleared in a series of 

graded KOH in glycerol.   

For histology, embryos were fixed with 10 % buffered formalin (Fisher Scientific, 

SF100) overnight at 4 °C, decalcified with Immunocal (Decal Chemical Corp., Tallman, NY, 

USA) overnight at 4 °C, embedded in paraffin, and cut at a thickness of 5-7 µm.  For Alcian blue 

staining, sections were stained with Alcian Blue (Sigma-Aldrich, A5268) and Nuclear Fast Red 

(Sigma-Aldrich, N8002) as in (Estrada et al.).  For Safranin-O staining, sections were stained 

according to standard protocols (Rosenberg, 1971). 

Immunohistochemical and immunoflourescence staining.  Antigen retrieval was performed by 

either boiling in citrate buffer pH 6.0 for 15 min at 95 °C or incubating in 1 mg/ml hyaluronidase 

(Sigma-Aldrich, H3506)  in Dulbecco’s PBS (Mediatech, Inc., Manassas, VA, USA) for 1 hour 

at 37 °C.   

For detection using the following primary antibodies: GRP78/BiP (Cell Signaling, 

#3177), HIF1α (Santa Cruz Biotechnologies, sc10790), Ihh (Santa Cruz Biotechnologies, 

sc1196), MMP-13 (Abcam, ab84594), osteopontin (Thermo Scientific, RB-9097-P0), phospho-

Smad1/5/8 (Cell Signaling, #9511), phospho-Smad2 (Cell Signaling, #3108), phospho-TAK1 

(Cell Signaling, #4508) and Ptc1(Novus Biologicals, NB100-91923), sections were quenched in 

3 % H2O2 in methanol, blocked with 0.5 % blocking reagent (TSATM Biotin System, Perkin 

Elmer, NEL700A) in TBS (100 mM Tris pH 7.5, 150 mM NaCl), and incubated with primary 
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antibody overnight at 4 °C.  Detection of binding was performed using the TSATM Biotin System 

according to the manufacturer’s protocol.  Fluorescent detection was conducted by using the 

Streptavidin-AlexaFluor -555 (Invitrogen) secondary antibodies; sections were counterstained 

with DAPI (Invitrogen, D1306). 

For detection of Type II Collagen (Abcam, ab21291) and Type X Collagen (Abcam, 

ab58632), sections were blocked and incubated with primary antibody, as described above, 

incubated with either the AlexaFluor-488 or -555 (Invitrogen) secondary antibodies for 30 min at 

room temperature, and then counterstained with DAPI.  For detection of Smad7 (Thermo 

Scientific, PA1-41506), sections were blocked, incubated with primary antibody, and quenched 

in 3 % H2O2 in methanol, as described above.  Sections were then incubated with biotin-XX anti-

rabbit (Invitrogen, B2770) and Streptavidin-HRP (Perkin Elmer) secondary antibodies.  

Chromogenic detection was performed with the DAB Peroxidase Substrate Kit (Vector 

Laboratories, SK-4100) following the manufacturer’s instructions; sections were counterstained 

with Hematoxylin QS (Vector Laboratories, H-3404). 

Cell proliferation and TUNEL labeling.  For detection of cell proliferation in vivo, 

immunofluorescence staining was performed using either anti-PCNA primary antibody (Zymed, 

#13-3900) or phospho-histone H3 (Ser10) antibody (Cell Signaling, #9701), and biotin-XX anti-

mouse (Invitrogen) and Streptavidin-AlexaFluor-555 (Invitrogen) secondary antibodies.  For 

TUNEL labeling, the fluorescein In Situ Cell Death Detection Kit (Roche Applied Sciences) was 

used according to the manufacturer’s instructions. 

Cell culture.  Primary chondrocytes were isolated from costal cartilage, as previously described 

(Estrada et al.), and were seeded at 3 x 106 cells/well in 12-well plates.  For quantitative real-time 

PCR, cells were maintained for 2-8.5 days in chondrogenic media (DMEM supplemented with 
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10% FBS, 1% antibiotic-antimycotic (Invitrogen) and 50 µg/mL ascorbic acid).  Each 

experiment was repeated twice (i.e. from two different cell isolations).  For Western blot 

analyses, cells were maintained for 3 days in chondrogenic media.  Cells were serum starved 

overnight with DMEM supplemented with 1% antibiotic-antimycotic, then stimulated the next 

day with either 50 ng/ml BMP2 (R & D Systems, 355-BM) or 5 ng/ml TGFβ1 (R & D Systems, 

240-B) for 2, 4, 8, 12 or 24 hours or with equal volume of DMSO for untreated cells (0 hour).  

Each experiment was repeated in triplicate (i.e. from three different cell isolations). 

Quantitative real-time PCR and Western blot analyses.  RNA was extracted using the RNeasy 

Kit (Qiagen, Valencia, CA, USA).  Synthesis of cDNA was performed with the First Strand 

cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA).  Quantitative real-time PCR reactions 

were performed with a SYBR Green Real-time PCR Master Mix (Fermentas) by using a 

Mx3005P QPCR System (Stratagene, Santa Clara, CA, USA). The primer sequences were as 

follows: β-actin: forward 5'-CTGAACCCTAAGGCCAACCG-3', reverse 5'-

GTCACGCACGATTTCCCTCTC-3'; MMP-13 (from (Li et al., 2006b)): forward 5'- TTT GAG 

AAC ACG GGG AAG AC -3’, reverse 5’- ACT TTG TTG CCA ATT CCA GG -3’; 

 type II collagen (from (Clark et al., 2009)): forward 5'-ACTGGTAAGTGGGGCAAGAC-3', 

reverse 5'-CCACACCAAATTCCTGTTCA-3'; and type X collagen (from (Li et al., 2006b)): 

forward 5'- ACCCCAAGGACCTAAAGGAA -3’, reverse 5'- CCCCAGGATACCCTGTTTTT -

3’. 

For Western blot analysis, cells were lysed in RIPA buffer (25 mM Tris pH 7.4, 150 mM 

NaCl, 1% NP-40, 1% Na-deoxycholate, 0.1% SDS) supplemented with protease inhibitors 

(complete Mini Tablets, Roche Applied Science) and phosphatase inhibitors (Sigma-Aldrich, 

P5726). Whole cell lysates (3-5 µg) were run on 10% SDS-polyacrylamide gels and transferred 
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semidry onto PVDF membranes. The membranes were blocked with 5% milk in TBS-tween 

(30 mM Tris pH 7.4, 300 mM NaCl, 0.2% tween-20), incubated with primary antibody (from 

Cell Signaling: phospho-p38 [#9215], p38 [#9212], phospho-Smad1/5/8 [#9511], phospho-

Smad2 [#3108], Smad2 [#3122] or Smad5 [#9517]; Sigma-Aldrich: β-actin [A5316] or tubulin 

[T6793]) diluted in blocking buffer overnight at 4°C, and then incubated with appropriate 

secondary antibody diluted in blocking buffer for 1 hour at room temperature. Binding was 

detected via enhanced chemiluminescence using the Amersham ECL Plus kit (GE Healthcare, 

Piscataway, NJ, USA). 

 

Results 

Smad7 localization in the growth plate during development.  Immunohistochemical staining 

was performed to evaluate the spatial and temporal expression of Smad7 in developing 

appendicular bones.  Smad7 was expressed at high levels in prehypertrophic and hypertrophic 

cells at both E15.0 and P0 (Fig 1A,B), while low levels were observed in the reserve and 

proliferative zones (Fig. 1B).  At both stages, Smad7 was localized in the cytoplasm.  These 

results suggest that Smad7 may play a role in regulating the onset of hypertrophic differentiation, 

as well as terminal maturation of chondrocytes in vivo. 



49 
 

 

Skeletal defects in Smad7-/- mice.  Smad7-/- embryos were recovered at the expected Mendelian 

ratios up to E18.5.  By the time of weaning (21 days after birth), Smad7-/- mice were represented 

only 5 % of heterozygous intercross progeny (n = 134).  As early as E12.5, Smad7-/- embryos 

appeared smaller compared to wild-type littermates (data not shown) and moderate dwarfism in 

mutant mice was maintained postnatally (Fig. 2A).  In addition to growth defects, the Smad7-/- 

mice that survived to weaning were severely dehydrated and malnourished.  Thus, these mice 

were euthanized in accordance with the policies of UCLA’s Animal Research Committee.  The 

observations that Smad7-/- embryos and mice were underrepresented and smaller are consistent 

with the reported findings of Li and colleagues (Li et al., 2006a), who demonstrated that   

Smad7-/- mice exhibit defective immune response.  The difference between the percentage of 

underrepresented homozygous mice reported by Li and colleagues (15 %) and our findings (5 %) 

may reflect differences in background strain or vivarium conditions. 

Examination of whole-mount skeletal preparations at postnatal day 0 (P0) revealed 

several skeletal abnormalities in Smad7-/- mice.  In particular, defects in the ossification of the 

Figure 1.  Localization of Smad7 in wild-type growth 
plates.  Immunohistochemical staining for Smad7 
(brown color) in (A) wild-type femurs at E15.0 and (B) 
tibial growth plates at P0 demonstrates expression in 
prehypertrophic and hypertrophic chondrocytes. Higher 
magnification of the prehypertrophic and hypertrophic 
zones at (A’) E15.0 and (B’) P0 shows that Smad7 is 
localized in the cytoplasm of hypertrophic cells.   

(B’’) Higher magnification of the 
reserve and proliferative zones at 
P0. R, reserve zone; P, proliferative 
zone; PH, prehypertrophic zone; H, 
hypertrophic zone. 
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frontal and parietal calvarial bones were observed in mutant mice, likely contributing to the 

widened frontal and sagittal sutures in mutants (Fig. 2B).  No defects in the development and 

ossification of the chondrocranium were detected (data not shown).   

Loss of Smad7 in mice led to defects in the axial skeleton.  At P0, six ossified sternebrae 

separated by cartilaginous intersternebrae were found in wild-type mice.  In contrast, Smad7-/- 

mice exhibited a fusion of the fourth (ST4) and fifth (ST5) sternebrae (Fig. 2C).  Smad7-/- mice 

also developed a posterior transformation of the seventh cervical vertebra (C7), as evidenced by 

the presence of a small rib rudiment at C7 (Fig. 2D).   

While patterning and development of thoracic vertebrae were normal (Fig. 2E), defects in 

patterning of lumbar vertebrae were observed.  Particularly, posterior transformation of the sixth 

lumbar vertebra (L6) was evident in mutants (Fig. 2F), as evidenced by the formation of sacro-

iliac joints, normally found in the first sacral vertebra (S1), at L6 in Smad7-/- mice (Fig. 2F, 

arrowheads). 
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Figure 2. Skeletal defects in Smad7-/- mice at P0.  (A) Whole mount skeletal preparations of wild-type 
(WT) and Smad7-/- mice at P0.  Cartilage is stained by Alcian Blue; bone is stained by Alizarin Red S.  
(B) Anterior view of the skull.  Red brackets highlight wider frontal and sagittal sutures in mutants.  (C) 
Ventral view of the sternum shows fused ST4 and ST5 in mutants.  (D) Lateral view of cervical vertebrae.  
Red asterisk highlights rib anlagen indicative of posterior transformation of the seventh cervical vertebra 
(C7) in mutants.  (E) Lateral view of thoracic vertebrae.  (F) Dorsal view of lumbar vertebrae.  Red arrow 
heads highlight sacro-iliac joints at L6 in mutants. f, frontal bone; p, parietal bone. 

  



52 
 

Hypocellularity and shortened hypertrophic zones in Smad7-/- growth plates.  Histological 

analyses of hindlimbs throughout development were performed to further examine the 

development of appendicular bones.  Alcian blue staining revealed no differences between the 

growth plates of wild-type and Smad7-/- embryos at E15.5 (Fig. 3A).  By this stage of 

development, vessels from the perichondrium invade the hypertrophic zone to facilitate the 

replacement of cartilage by bone.  While vascular invasion was evident in wild-type embryos by 

E15.5, delayed vascular invasion was observed in Smad7-/- embryos at this stage (Fig. 3B).  By 

E17.5, however, ossification of mutant long bones was observed (Fig. 3C).  Thus, the delay in 

vascular invasion may reflect an overall delay in development of mutant embryos. 

Chondrocytes in the proliferative zone normally appear flattened and are organized into 

well-defined columns.  Safranin-O staining at E17.5 revealed enlarged, atypical proliferating 

cells in the medial growth plates of Smad7-/- embryos (Fig. 3C).  The aberrant morphology of 

proliferating chondrocytes persisted through P0, resulting in hypocellularity in the medial growth 

plates of mutants (Fig. 3D).  Moreover, the hypertrophic zones were much shorter in Smad7-/- 

growth plates (Fig. 3D’, D”). 

Given that some Smad7-/- mice can survive up to three weeks after birth, alcian blue 

staining was performed on postnatal growth plates to see whether additional defects develop 

postnatally.  By P7, the hypocellular core diminished, but the shorter hypertrophic zones 

persisted in Smad7-/- growth plates (Fig. 3E).  By P17, the prehypertrophic zones were expanded 

at the expense of the hypertrophic zones in mutants (Fig. 3F).  Overall, these results show that 

loss of Smad7 significantly impacts chondrogenesis during development.  Furthermore, the effect 

of loss of Smad7 on chondrocyte hypertrophy during development persists after birth, and this 

defect in hypertrophy is not a consequence of a generalized growth delay. 
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Figure 3.  Hypocellularity and shortened hypertrophic zones in Smad7-/- growth plates.  (A, B) 
Alcian blue and nuclear fast red staining of WT and Smad7-/- tibiae at E15.5.  Red arrows highlight 
delayed vascular invasion in mutant growth plates.  (C) Safranin-O, Fast Green, and hematoxylin staining 
of WT and Smad7-/- tibial growth plates at E17.5.  Higher magnification of (C’) WT and (C’’) Smad7-/- 
growth plates at E17.5.  White arrow highlights enlarged proliferating cells in mutant growth plates.  (D) 
Alcian blue and nuclear fast red staining of WT and Smad7-/- tibiae at P0.  Higher magnification of (D’) 
WT and (D’’) Smad7-/- growth plates at P0, highlighting shortened hypertrophic zones in mutant growth 
plates.  White arrow highlights enlarged proliferating cells in mutant growth plates.  (E) Alcian blue and 
nuclear fast red staining of WT and Smad7-/- tibiae at P7.  (F) Safranin-O, Fast Green, and hematoxylin 
staining of WT and Smad7-/- tibial growth plates at P17, highlighting expanded prehypertrophic and 
shortened hypertrophic zones in mutant growth plates. PH, prehypertrophic zone; H, hypertrophic zone. 
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Smad7 deficiency leads to impaired cell cycle progression, as well as increased cell death in 

the medial growth plate.  The shorter hypertrophic zones in Smad7-/- mice may reflect defects in 

chondrocyte proliferation.  We assessed this possibility via immunofluorescence staining for 

proliferation markers.  Immunofluorescence staining for phospho-histone H3, a marker for M-

phase of the cell cycle, revealed no differences between the numbers of cells entering the cell 

cycle in wild-type and Smad7-/- growth plates at E16.5 (Fig. 4A, B).  However, 

immunofluorescence staining for PCNA, a marker for cells in the late G1 through S-phases of 

the cell cycle, revealed increased levels in mutant growth plates at E17.5 (Fig. 4C-E).  In 

particular, increased levels were evident in the prehypertrophic zones of   Smad7-/- growth 

plates.  Hence, loss of Smad7 leads to a decreased number of cells exiting the cell cycle, thereby 

retaining chondrocytes in a prehypertrophic state.   

Apoptosis is normally detected in the lower hypertrophic zone, which consists of 

terminally differentiating chondrocytes.  TUNEL labeling was performed to detect any defects in 

apoptosis in mutant chondrocytes at P0.  Apoptotic cells were found in the medial region of the 

proliferative zone in Smad7-/- growth plates (Fig. 4F, G), correlating with the region in which 

the hypocellular core developed in mutants.  Moreover, a decrease in the number of apoptotic 

cells were found in the lower hypertrophic zones of mutant growth plates (Fig. 4F’, G’). 
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Figure 4.  Impaired cell cycle progression and increased cell death in medial growth plates of 
Smad7-/- mice.  (A, B) Immunofluorescence staining of E16.5 tibial growth plates for Phospho-histone 
H3.  (C, D) Immunofluorescence staining of E17.5 tibial growth plates for the proliferation marker, 
PCNA.  Higher magnification of PCNA staining in (C’) WT and (D’) Smad7-/- growth plates at E17.5.  
(E) Quantification of the number of cells positive for PCNA.  Values are expressed as fraction of labeled 
cells in field of view shown in (C’, D’).  Student's t-test; *p < 0.05.  (F, G) TUNEL staining of P0 
proximal tibiae.  Higher magnification of TUNEL staining in (F’) WT and (G’) Smad7-/- growth plates.   
Arrow highlights increased cell death in medial growth plates of mutant mice.  P, proliferative zone; PH, 
prehypertrophic zone; H, hypertrophic zone. 
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Loss of Smad7 leads to defects in terminal chondrocyte maturation.  Alterations in chondrocyte 

maturation (i.e. from proliferation to terminal hypertrophic differentiation) were assessed to 

determine whether loss of Smad7 regulates these processes.  First, immunofluorescence staining 

for type II collagen, normally expressed by proliferating chondrocytes, was performed to 

investigate whether the development of the hypocellular core in mutant growth plates (Fig. 5A, 

B) was attributed to defects in the activity of proliferating chondrocytes.  Increased intracellular 

retention of type II collagen, co-localizing with the regions of hypocellularity and increased cell 

death, was observed in the medial growth plates of mutants at P0 (Fig. 5C, D).   

Type X collagen is normally expressed by chondrocytes in the early phase of 

hypertrophic differentiation.  We found that the domain of type X collagen expression was 

shorter and was limited to the upper hypertrophic zone in Smad7-/- growth plates at P0 (Fig. 5 E, 

F).  No expression was evident in the lower part of the hypertrophic zone of mutants.  Moreover, 

type X collagen was localized intracellularly in Smad7-/- growth plates.  These results suggest 

that mutant chondrocytes are able to enter the hypertrophic differentiation process, but the 

chondrocytes that enter this process are defective in their ability to secrete type X collagen.   

Given that Smad7-/- mice are global knockouts, impaired secretion of types II and X 

collagen may be secondary to other defects.  For example, impaired cellular response to hypoxia 

could lead to abnormal collagen synthesis and secretion (Pfander et al., 2004; Thoms and 

Murphy, 2010).  Thus, the direct effects of loss of Smad7 on Col2a1 and Col10a1 expression 

were investigated via quantitative real-time PCR analyses of mRNA isolated from primary 

chondrocytes cultured in chondrogenic media for an 8.5-day time course.  Col2a1 and Col10a1 

mRNA levels were elevated Smad7-deficient chondrocytes relative to controls at all of the time 

points (Fig. 5G, H).  This increase in mRNA levels most likely represents a compensatory 
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response to the impaired secretion of types II and X collagen.  These results also demonstrate 

that Smad7 acts directly on chondrocytes to control the expression and secretion of types II and 

X collagen.  Overall, the in vivo and in vitro results suggest that mutant chondrocytes undergo 

accelerated onset of hypertrophic differentiation, but the chondrocytes that enter this process are 

impaired in their ability to undergo terminal maturation. 

Alternatively, the shortened hypertrophic zone in mutants (Fig. 5J, L) could be due to 

accelerated maturation.  If this was the case, reduced expression of type X collagen would be 

associated with increased expression of the terminal maturation markers, osteopontin (OPN) and 

MMP-13.  However, immunofluorescence staining for OPN at P0 revealed reduced levels in the 

hypertrophic zones of Smad7-/- mice (Fig. 5M, N).  In addition, MMP-13 levels were decreased 

at the ossification front of Smad7-/- growth plates (Fig. 5O, P).  Real-time PCR analyses of 

MMP-13 levels in isolated primary chondrocytes cultured in chondrogenic media for an 8.5-day 

time course revealed reduced levels at 8.5 days in mutant chondrocytes relative to controls (Fig. 

5Q).  Taken together, the data indicate that loss of Smad7 leads to retention of chondrocytes in a 

prehypertrophic state, as well as to an inability of chondrocytes to undergo terminal maturation, 

ultimately leading to enlarged prehypertrophic and shortened hypertrophic zones in Smad7-/- 

growth plates. 
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Figure 5.  Defects in terminal maturation of chondrocytes in Smad7-/- growth plates at P0.  (A, B, I, 
J) Alcian blue and nuclear fast red staining of P0 proximal tibiae.  (C, D) Immunofluorescence staining of 
tibial growth plates for type II collagen (Col2).  Higher magnification of Col2 staining in (C’) WT and 
(D’) Smad7-/- growth plates.  (E, F) Immunofluorescence staining of tibial growth plates for type X 
collagen (ColX).  Real-time PCR analysis of (G) Col2 and (H) ColX mRNA levels in WT and Smad7-/- 
primary chondrocytes cultured in chondrogenic media for 2, 4, or 8.5 days.  The data represent averages 

from triplicate reactions and are expressed as fold change ± s.d.  Student's t-test;*p < 0.05.  (K, L) 
Safranin-O, Fast Green, and hematoxylin staining of of P0 proximal tibiae.  Immunofluorescence staining 
of tibial growth plates for late terminal markers: (M, N)  osteopontin (Opn) and (O, P) MMP-13.  (Q) 
Real-time PCR analysis of MMP-13 mRNA levels in WT and Smad7-/- primary chondrocytes cultured in 
chondrogenic media for 2, 4, or 8.5 days.  The data represent averages from triplicate reactions and are 

expressed as fold change ± s.d.  Student's t-test;*p < 0.05. 
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Smad7 deficiency does not severely impact Ihh signaling in P0 growth plates.  It is well 

established that the Ihh and PTHrP pathways interact to form a negative feedback loop to limit 

the number of chondrocytes that undergo hypertrophic differentiation (Kronenberg, 2003).  We 

thus assessed the effects of loss of Smad7 on Ihh signaling to determine whether the enlarged 

prehypertrophic zones in Smad7-/- growth plates result from aberrant Ihh signaling.  

Immunofluorescence staining for Ihh revealed that the domain of Ihh localization spanned the 

proliferative, prehypertrophic, and hypertrophic zones of wild-type and Smad7-/- growth plates 

at P0, and that the domain of Ihh localization was similar in both genotypes (Fig. 6A).  Ihh 

pathway activity was evaluated via immunofluorescence staining for its downstream target, 

Patched 1 (Ptc1).  Ptc1 was expressed at low levels in the proliferative zone and at higher levels 

in the prehypertrophic/hypertrophic zones and periarticular regions of wild-type growth plates at 

P0 (Fig. 6B).  Similar expression patterns were observed in mutant growth plates (Fig. 6B).  As 

expected, based on the shorter hypertrophic zones in Smad7 mutants, a shorter domain of Ptc1 

expression was observed in the hypertrophic zones of Smad7-/- mice.  These results indicate that 

loss of Smad7 does not severely impact Ihh signaling, and that the retention of prehypertrophic 

chondrocytes in Smad7-deficient mice is most likely not due to impaired Ihh signaling. 
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TGFβ and BMP pathways are elevated in Smad7-/- growth plates and isolated primary 

chondrocytes.   Smad7 is known to be a key intracellular antagonist of both the BMP and TGFβ 

pathways (Hanyu et al., 2001; Ishisaki et al., 1999; Mochizuki et al., 2004).  Thus, we examined 

the effect of loss of Smad7 on the activation of both the canonical and noncanonical BMP and 

TGFβ pathways in cartilage.  At E17.5, immunofluorescence staining for the activated canonical 

TGFβ  mediator, phospho-Smad2, revealed increased levels in the proliferative zones of   

Smad7-/- growth plates (Fig. 7A).  Similarly, immunofluorescence staining for the activated 

canonical BMP mediators, phospho-Smad1/5/8, revealed increased in levels in the proliferative 

zones, as well as in the prehypertrophic and hypertrophic zones of mutant growth plates (Fig. 

7C).   

By P17, the phospho-Smad2 expression domain was expanded in mutant growth plates, 

coinciding with the enlarged prehypertrophic zone (Fig. 7B).  Moreover, phospho-Smad2 levels 

appeared to be increased on a per cell basis in mutants.  The phospho-Smad1/5/8 expression 

Figure 6.  Smad7-deficiency does not 
severely impact Ihh signaling in P0 growth 
plates.  Immunofluorescence staining of tibial 
growth plates for (A) Ihh and its downstream 
target, (B) Ptc1.  Higher magnification of Ihh 
staining in (A’) WT and (A’’) Smad7-/- 
growth plates.  R, reserve zone; P, 
proliferative zone; PH, prehypertrophic zone; 
H, hypertrophic zone. 
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domain was expanded throughout both the prehypertrophic and hypertrophic zones (Fig. 7D).  

Thus, loss of Smad7 leads to activation of both BMP and TGFβ canonical pathways.   

The most upstream regulator of noncanonical BMP and TGFβ signaling, TAK1, is 

widely expressed in developing cartilage and then becomes restricted to the prehypertrophic and 

hypertrophic zones postnatally (Shim et al., 2009).  By P0, we found that activated TAK1, 

phospho-TAK1, was localized primarily in the prehypertrophic zones of wild-type growth plates 

(Fig. 7E).  We also found that the expression domain of phospho-TAK1 was expanded in 

Smad7-/- growth plates (Fig. 7E).  Taken together, these results indicate that both canonical and 

noncanonical BMP and TGFβ signaling are elevated in Smad7-/- growth plates. 

Primary chondrocytes were isolated to examine the direct effects of loss of Smad7 on 

BMP and TGFβ responsiveness in vitro.  First, Smad7 deficiency was confirmed via real-time 

PCR analysis for Smad7 levels in wild-type and mutant isolated chondrocytes (Fig. 7F).  The 

extent and duration of canonical and noncanonical TGFβ signaling were evaluated via treatment 

of primary chondrocytes with TGFβ1.  Levels of phospho-Smad2 were greater at 2 hours post-

stimulation, and increased levels were maintained up to 24 hours post-stimulation in Smad7-

deficient chondrocytes compared to levels in wild-type controls (Fig. 7G).  Likewise, phospho-

p38 levels were elevated under basal conditions and for up to 24 hours post-stimulation in 

mutant chondrocytes (Fig. 7G).  The extent and duration of canonical BMP signaling was then 

evaluated with treatment of primary chondrocytes with BMP2.  Basal levels of phosphor-

Smad1/5/8 were elevated in mutant chondrocytes.  In addition, levels of phospho-Smad1/5/8 

were greater at 2 hours post-stimulation and increased levels were maintained up to 12 hours 

post-stimulation in Smad7-deficient chondrocytes (Fig. 7H).  Overall, these results show that loss 
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of Smad7 leads to increased basal levels of canonical and noncanonical BMP signaling, as well 

as increased responsiveness to exogenous TGFβ and BMP in mutant chondrocytes. 

 

Figure 7.  TGFβ and BMP pathways are elevated in Smad7-/- growth plates and isolated primary 
chondrocytes.  Immunofluorescence staining of tibial growth plates for phospho-Smad2 (pSmad2) at (A) 
E17.5 and (B) P17.  Immunofluorescence staining of tibial growth plates for phospho-Smad1/5/8 
(pSmad1/5/8) at (C) E17.5 and (D) P17.  (E) Immunofluorescence staining of P0 tibial growth plates for 
phospho-TAK1 (pTAK1).  (F) Real-time PCR analysis of RNA isolated from WT and Smad7-/- primary 

chondrocytes cultured in chondrogenic media.  Expression levels for Smad7 were normalized to β-actin 
and are shown as fold change relative to WT mRNA levels.  The data represent averages from three 
independent samples with the indicated s.d. and significant differences (Student's t-test; *p < 0.05).  (G) 
Western blot analysis shows elevated levels of pSmad2 and phosphor-p38 in lysates isolated from WT and 

Smad7-/- primary chondrocytes treated with TGFβ1 (5 ng/ml) for 0, 2, 4, 8, 12 hours.  (H) Western blot 
analysis shows elevated levels of pSmad1/5/8 in lysates isolated from WT and Smad7-/- primary 
chondrocytes treated with BMP2 (50 ng/ml) for 0, 4, 8, 12 hours.   
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Loss of Smad7 leads to increased cell stress responses in the growth plate.  The growth plate 

functions at lower oxygen tension than most tissues.  Schipani and colleagues have shown that 

the hypoxic regions of the growth plate are localized to the medial regions of the reserve and 

proliferative zones (Schipani et al., 2001).  Of note, hypocellularity and increased cell death in 

Smad7-/- growth plates occurred in the hypoxic core of the proliferative zone.  Thus, this 

particular phenotype may result from the inability of mutant chondrocytes to properly adapt to 

the hypoxic environment.  Immunofluorescence staining for HIF1α, the main activator of the 

hypoxic stress response, was performed at E17.5 to determine whether loss of Smad7 impacts the 

hypoxic stress response at the stage of development in which hypocellularity arises in mutant 

embryos.  Increased levels of HIF1α were found throughout the proliferative zones of Smad7-/- 

embryos, with the highest levels in the lower proliferative/upper prehypertrophic zones (Fig. 

8A).  These results indicate Smad7 mediates the hypoxic stress response via HIF1α, and that loss 

of Smad7 leads to upregulation of HIF1α in developing cartilage. 

Hypoxia can also activate the unfolded protein response as a consequence of endoplasmic 

reticulum (ER) stress (Wouters and Koritzinsky, 2008).  To evaluate whether loss of Smad7 

impacts the ER stress response, we performed immunofluorescence staining for the master 

regulator of ER stress, GRP78/BiP, at P0.  While GRP78/BiP was found at low levels in the 

prehypertrophic and hypertrophic zones, and at higher levels in the ossification front in wild-type 

growth plates, increased GRP78/BiP levels were evident in the medial region of the proliferative 

zones in mutants (Fig. 8B).  Taken together, hypocellularity and increased cell death may be 

attributed to abnormal stress responses in mutant growth plates. 
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Figure 8.  Loss of Smad7 leads to increased cell stress responses in the growth plate.  (A) 

Immunofluorescence staining of tibial growth plates for HIF1α at E17.5.  Higher magnification of HIF1α 
staining in (A’) WT and (A’’) Smad7-/- growth plates.  (B) Immunofluorescence staining of tibial growth 
plates for the ER stress marker, GRP78/BiP, at P0.  Higher magnification of GRP78/BiP staining in (B’) 
WT and (B’’) Smad7-/- growth plates.  White arrow highlights increased levels in the medial region of the 
proliferative zones in mutant growth plates. 
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Discussion 

Overexpression of Smad7 in murine chondrocytes at various stages of development has 

been shown to adversely affect all stages of endochondral bone formation, in part by attenuating 

noncanonical BMP signaling (Iwai et al., 2008).  These studies demonstrate that Smad7 has the 

potential to regulate BMP signaling in cartilage during development.  However, given that 

overexpression studies result in non-physiological expression levels and often do not recapitulate 

actual expression patterns, it is still unknown whether Smad7 is actually required for 

endochondral bone formation.  In this study, we show that Smad7 regulates both axial and 

appendicular skeletal development.  In particular, mice deficient in Smad7 exhibit defects in 

anterior/posterior (A/P) patterning, as evidenced by posterior transformation of cervical and 

lumbar vertebrae.  In appendicular bones, loss of Smad7 results in the retention of chondrocytes 

in a prehypertrophic state, leading to an expanded prehypertrophic zone at the expense of the 

hypertrophic zone in mutant growth plates.  These defects were attributed, in part, to elevated 

BMP and TGFβ signaling in Smad7-deficient chondrocytes.  Thus, our results provide the first in 

vivo evidence that Smad7 plays a role in limiting both BMP and TGFβ signaling during 

endochondral bone formation. 

Smad7 and Smad6 have overlapping functions in anterior/posterior patterning.  Mice 

deficient in Smad7 exhibit posterior transformation of the seventh cervical vertebrae and of the 

sixth lumbar vertebrae.  These results demonstrate a role for Smad7 in regulating A/P patterning 

of the axial skeleton.  Similarly, mice deficient in Smad6 exhibit posterior transformation of the 

seventh cervical vertebrae (Estrada et al., 2011); lumbar patterning, however, was normal in 

Smad6-/- mice.  Thus, Smad7 and Smad6 appear to have similar functions in A/P patterning, 

although Smad7 has plays a wider role.   
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BMP and TGFβ signaling have been shown to differentially affect the expression pattern, 

as well as the activity of members of the Hox family of transcription factors, which are known to 

regulate vertebral axial patterning.   For example, mice deficient in the type I TGFβ receptor, 

ALK5, exhibit normal levels of Hoxc8 (expressed in the paraxial mesoderm) as compared to 

wild-type littermates, while the expression of the posterior determinant, Hoxc10, was absent in 

ALK5  mutants (Andersson et al., 2006).  Smad1, which transduces BMP signals, has been 

shown to interact with Hoxc8 to regulate osteopontin gene expression (Shi et al., 1999).  The 

difference in the regulation of A/P patterning of the axial skeleton between Smad6-/- and Smad7-

/- mice may be due to differences in the signaling pathways mediated by either Smad6 or Smad7.  

That is, Smad6-/- mice may exhibit A/P patterning defects attributed to alterations in BMP 

signaling, while defects in Smad7-/- mice may reflect alterations in both BMP and TGFβ 

signaling.  Alternatively, Smad7 may be a more potent inhibitor of BMP signaling than Smad6.  

For example, Smad6 inhibits signaling from the BMP receptors ALK3 and ALK6 in preference 

to ALK2 (Goto et al., 2007).  In contrast, Smad7 inhibits signaling induced by all of these three 

ALK receptors (Goto et al., 2007), as well as ALK1 (Valdimarsdottir et al., 2006).  Further 

studies are required to determine the mechanisms by which Smad6 and Smad7 regulates the 

expression and activity of Hox transcription factors. 

Smad7 limits BMP and TGFβ signaling during cartilage development.  We found that loss 

of Smad7 led to the retention of chondrocytes in a prehypertrophic state, consequently resulting 

in an expanded prehypertrophic zone at the expense of the hypertrophic zone.  These findings are 

consistent with in vivo studies showing that TGFβ signaling prevents hypertrophic 

differentiation.  Loss of responsiveness to TGFβ  in mice due to either the expression of a 

kinase-dead TGFβ type II receptor (Serra et al., 1997) or deficiency in Smad3 results in 
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accelerated hypertrophic differentiation (Yang et al., 2001) associated with expanded domains of 

type X expression.  Moreover, in vitro studies have shown that Smad3 plays important roles in 

suppressing chondrocyte maturation (Li et al., 2006b).   

However, increased Col10a1 expression in isolated Smad7-/- chondrocytes suggests that 

TGFβ signaling is not the only pathway that is contributing to the mutant phenotype.  It is well 

established that BMP signaling promotes hypertrophic differentiation partly by stimulating 

Col10a1 expression.  In particular, in vitro studies utilizing mouse and chick chondrocytes have 

shown that BMP2 and BMP6 induce Col10a1 and Ihh expression (Grimsrud et al., 1999; 

Grimsrud et al., 2001; Valcourt et al., 2002).  Similarly, treatment of limb explants with BMP2 

results in expanded expression domains of type X collagen (Minina et al., 2001).  Noncanonical 

signaling via TAK1 and p38 MAPK pathways has also been shown to promote hypertrophic 

differentiation of chondrocytes (Gunnell et al., 2010; Shim et al., 2009; Stanton et al., 2004).  

Given that Smad7-deficient chondrocytes were found to be more responsive to BMP and TGFβ, 

the growth plate phenotype of Smad7-/- mice likely results from upregulation of both canonical 

and noncanonical BMP and TGFβ pathways in chondrocytes. 

Smad7 mediates cell stress responses in the growth plate.  A striking aspect of the Smad7-/-

growth plate phenotype is the manifestation of a hypocellular core in the medial growth plate at 

mid-gestation.   This finding was accompanied by impaired secretion of type II collagen by 

chondrocytes, as well as increased cell death.  Interestingly, these observations were specifically 

localized to the most hypoxic region of the growth plate, as previously reported by Schipani and 

colleagues (Schipani et al., 2001).  Impaired adaptation of cells to a hypoxic environment has 

been shown to be detrimental to chondrocyte survival.  Specifically, cartilage-specific deletion of 

HIF1α , the main mediator of the hypoxic response, results in cell death in the center of the 
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growth plate (Schipani et al., 2001).  Thus, we examined whether loss of Smad7 leads to an 

impaired response to hypoxia by analyzing levels of HIF1α in the growth plate at the stage in 

which the hypocellular core became apparent.  Contrary to our hypothesis, we found increased 

levels of HIF1α in Smad7-/- growth plates.   

Chondrocytes are highly synthetic cells and are required to constantly synthesize 

extracellular matrix.  HIF1α has been shown to be essential in regulating extracellular matrix 

synthesis in chondrocytes (Pfander et al., 2003).  Moreover, increased matrix deposition 

associated with severe hypocellularity throughout the growth plate was observed in mice with 

elevated HIF1α due to von Hippel Landau (VHL) deficiency in chondrocytes (Pfander et al., 

2004).  Thus, increased HIF1α levels may also contribute to the development of the hypocellular 

core, as increased HIF1α can lead to enhanced matrix synthesis, rendering chondrocytes more 

susceptible to ER stress.  In fact, hypocellularity owing to increased activation of HIF1α 

signaling and ER stress was found in mice cartilage-specific deletion of the tumor suppressor 

PTEN (Yang et al., 2008).  ER stress in these mice was characterized by the presence of 

engorged ER, as well as upregulation BiP mRNA and protein levels preceded by increased 

stabilization of HIF1α.  The authors concluded that overactivation of HIF1α signaling was 

responsible for the emergence of ER stress in PTEN-deficient chondrocytes.  Given that we 

found increased levels of the ER stress marker, BiP, in Smad7-/- medial growth plates, it is 

possible that the observed hypocellular phenotype may result from ER stress, in part, due to 

elevated HIF1α levels.   
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Conclusions 

 In summary, we have determined that Smad7 plays an important role the development of 

the axial and appendicular skeleton.  Loss of Smad7 leads to defects in anterior/posterior pattern 

specification, as well as in terminal maturation of chondrocytes.  We also show that Smad7 

regulates these processes by inhibiting both BMP and TGFβ signaling.  Finally, we show for the 

first time that Smad7 regulates stress pathways in the growth plate.  Additional studies are 

required to determine which signaling pathways impacted by Smad7 are responsible for elevated 

HIF1α levels in chondrocytes. 
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CHAPTER 5: 

Conclusions and Future Directions 

 

Summary 

 The studies presented in this dissertation describe the first investigations into the 

physiological roles of inhibitory Smads 6 and 7 in endochondral bone formation.  Prior to our 

investigations, in vivo analyses were limited to overexpression studies, which showed that 

inhibitory Smads 6 and 7 have the potential to limit BMP-mediated canonical and noncanonical 

pathways (Horiki et al., 2004; Iwai et al., 2008).  However, these overexpression studies have 

obvious limitations, namely I-Smads are expressed in all chondrocyte subpopulations at non-

physiological levels.  The results presented in this dissertation show that I-Smads are required for 

normal endochondral bone formation.  While both Smad6 and Smad7 are essential in limiting 

BMP signaling during cartilage development, Smad7 has additional functions as it can also limit 

TGFβ signaling.  Understanding the mechanisms underlying endochondral bone formation is 

important as these processes are recapitulated in pathological conditions, such as osteoarthritis.  

Thus, our findings may have important implications for understanding the mechanisms 

underlying the pathogenesis of osteoarthritis.  Detailed conclusions, as well as future studies, are 

presented below. 

 

I-Smads have similar functions in regulating anterior-posterior (A/P) patterning of the 

axial skeleton.  Analyses of skeletal preparations at P0 revealed that both Smad6-/- and    

Smad7-/- mice exhibit defects in A/P patterning.  In particular, posterior transformation of the 

seventh cervical (C7) vertebrae was evident in both mouse lines.  Moreover, preliminary skeletal 
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preparations from compound Smad6 and Smad7 mutant embryos at E18.5 revealed that 

compound mutants also exhibit posterior transformation at C7.  In fact, the rib anlagen found in 

Smad6-/-; Smad7+/- embryos was much longer and extended further towards the sternum than 

that found in single mutants, and a complete joint was formed between the ribs at C7 and T1 in 

Smad6+/-;Smad7-/- embryos.  Additional defects, however, were found in Smad7-/- mice.   

Specifically, Smad7-/- mice exhibit posterior transformation of the sixth lumbar vertebrae.  

These results indicate that I-Smads have similar functions in regulating A/P patterning, and that 

Smad7 plays a wider role.   

BMP and TGFβ signaling have been shown to regulate A/P patterning.  For example, 

mice carrying a hypomorphic type II BMP receptor exhibit anterior transformation of thoracic 

vertebrae (Delot et al., 2003).  In vitro studies have shown that Smad6 preferentially inhibits 

BMP signaling, while Smad7 can inhibit both BMP and TGFβ pathways (reviewed in Chapters 1 

and 2).  Hence, additional defects in A/P patterning evident in Smad7-/- mice may reflect 

alterations in both BMP and TGFβ signaling, while A/P patterning defects in Smad6-/- mice 

reflect alterations only in BMP signaling.  Alternatively, Smad7 may be a more potent inhibitor 

of BMP signaling than Smad6.  For example, Smad7 can inhibit signaling via multiple BMP type 

I receptors (ALK1-3, and ALK6), while Smad6 inhibits signaling from ALK3 and ALK6 (Goto 

et al., 2007; Valdimarsdottir et al., 2006). 

Members of the Hox family of transcription factors are well known as regulators of 

vertebral axial patterning.  BMP and TGFβ signaling have been shown to regulate the expression 

and activity of Hox transcription factors (Andersson et al., 2006; Shi et al., 1999).  Thus, it is 

possible that the A/P patterning defects reflect alterations in BMP- and/or TGFβ-mediated Hox 

transcription factor expression or activity.  Future studies include the investigation of the 
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mechanisms by which Smad6 and Smad7 regulates the expression and activity of Hox 

transcription factors. 

 

Smad6 limits BMP signaling pathways, while Smad7 limits both BMP and TGFβ pathways 

during cartilage development.  Histological analyses of appendicular growth plates of Smad6-/- 

and Smad7-/- mice revealed dissimilar growth plate phenotypes.  At P0, enlarged 

prehypertrophic and hypertrophic zones were evident in Smad6-/- growth plates, while enlarged 

prehypertrophic and shorter hypertrophic zones were evident in Smad7-/- growth plates.  Based 

on what is known about the regulation of cartilage development by BMP and TGFβ signaling 

pathways, and the preference of I-Smads in inhibiting these pathways, we propose that the 

growth plate phenotype of Smad6-/- mice results from upregulation of canonical and 

noncanonical BMP signaling, while the growth plate phenotype of Smad7-/- mice results from 

upregulation of both canonical and noncanonical BMP and TGFβ pathways.  

Future studies include the investigation of the differential effects of canonical and 

noncanonical pathways on endochondral bone formation in Smad6-/- or Smad7-/- mice.  That is, 

ex vivo cultures of limb explants isolated from either Smad6-/- or Smad7-/- mice treated with 

BMP2 or TGFβ1 in the presence or absence of inhibitors (noggin, SB431542 (ALK5), or 

SB203580 (p38)) may give insight into the individual roles of canonical and noncanonical 

pathways in regulating proliferation and hypertrophic differentiation of Smad6 and Smad7 

mutant chondrocytes.  Such studies have been conducted in wild-type limb explants (Minina et 

al., 2002; Minina et al., 2001; Mukherjee et al., 2005; Yang et al., 2001), but not in explants from 

Smad6-/- or Smad7-/- mice. 



77 
 

Smad7 has been shown to mediate other signaling pathways, such as Wnt/β-catenin 

signaling and NFκB pathways.  These pathways have been shown to play roles in regulating 

endochondral bone formation (Chen et al., 2008; Feng et al., 2003; Mak et al., 2006; Wu et al., 

2007), but whether Smad7 is required to inhibit these pathways during cartilage development is 

unknown. Thus, future studies will be to investigate the role of Smad7 in regulating these 

pathways, as dysregulation of these pathways may also contribute to the Smad7-/- growth plate 

phenotype. 

 

Smad7 mediates cell stress responses in the growth plate.  Histological analyses of Smad7-/- 

growth plates show that mutant growth plates develop a hypocellular core at mid-gestation.  This 

finding as associated with impaired type II collagen secretion, as well as increased cell death.  

Because these findings were specifically localized to the most hypoxic region of the growth 

plate, as previously reported by Schipani and colleagues (Schipani et al., 2001), we hypothesized 

that the manifestation of a hypocellular core in Smad7-/- growth plates may be due to impaired 

adaptation of chondrocytes to a hypoxic environment.  In accordance with our hypothesis, loss of 

HIF1α, the main mediator of the hypoxic response, impairs chondrocyte survival, as evidenced 

by hypocellularity due to massive cell death in the medial growth plates of mutants (Schipani et 

al., 2001).  Therefore, we investigated whether loss of Smad7 altered levels of HIF1α in mutant 

growth plates.  Contrary to our hypothesis, we found increased levels of HIF1α in Smad7-/- 

growth plates.  As mentioned in the discussion section of Chapter 4, it is possible that elevated 

HIF1α levels could also contribute to the development of the hypocellular core, as HIF1α can 

lead to enhanced extracellular matrix synthesis (e.g. type II collagen), rendering chondrocytes 
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more susceptible to ER stress.  Correspondingly, we found increased levels of the ER stress 

marker, BiP, in Smad7-/- growth plates. 

 Future studies will be to investigate the effects of loss of Smad7 on HIF1α activity.  This 

can be completed immunostaining for markers of HIF1α activity (VEGF, PGK-1, etc.).  

Furthermore, future experiments will include the investigation of signaling pathways mediated 

by Smad7 that could be responsible for elevated HIF1α levels in mutant growth plates.  

Candidate pathways include canonical and noncanonical TGFβ signaling, as well as NFκB 

pathways, given that these pathways have been shown to regulate HIF1α levels and activity in 

other cell types (McMahon et al., 2006; Rius et al., 2008).  These studies are paramount, as the 

role of Smad7 in regulating the hypoxic stress response has never been investigated. 
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