
Diseases of the skeleton 
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Skeletal defects impact human health 

Developmental diseases Degenerative diseases 





Fins regenerate and grow rapidly  
          following amputation 
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Advantages to examining growth mechanisms 
                        in the zebrafish fin 
 
The fin and body are easy to measure 
 
The fin grows throughout the lifetime of the fish 
 
When amputated, the fin grows back (regeneration) 
 
The fin is comprised of relatively few tissues 
 
Zebrafish are easy to manipulate genetically 





Fin length mutants provide opportunities to  
             evaluate abnormal growth 



Identification of the mutation causing the sof phenotype  
reveals a gene required for normal bone growth in fins  

WT 

sof  

Mutations in the gap junction gene connexin43 
cause the short fin phenotype 
 
The short fin mutant exhibits less connexin43 activity, 
which leads to less growth and shorter bony segments 



100 Trillion = 1014 cells/human body; >200 different cell types



Development

Differentiation

Cell and Tissue Function
        - Heart beat
           - Onset of labor
           - Conduct neuronal signals ���
              through electrical synapses

Gap Junctions

Cells in tissues communicate by the exchange of 
small molecules via gap junction channels 

“gap junctions” 
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Gap junctions facilitate the exchange of small 
molecules between cells 



Loss of Gap Junction 
Proteins Leads to Disease 

•   cx43-/- leads to heart 
malformation 
 

•   cx46-/- leads to 
cataracts 
 

•   cx37-/-;cx40-/- leads to 
defects in vasculature   



Gap junctions are: 
 
Channels that reside in the  
plasma membranes 
of adjacent cells. 
 
Major sites of direct cell-cell  
communication of small molecules. 
 
 
Required for normal development 
of multiple tissues. 



Mutations in mammalian CX43 also cause  
                skeletal malformations 

Lecanda et al., 2000 

Human ODDD  Mouse ODDD  

Paznekas et al., 2003 Flenniken et al., 2005 
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delayed bone 
development 

abnormalities 
in bone shape 
and size 

The function of Cx43 is conserved from zebrafish to mammals. 
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Fin growth requires cell proliferation 
           and cell differentiation 

e 

1’ 
m 

longitudinal section 
transverse section 

skeletal cells 
collagen-like fibers 
(actinotrichia) 
dividing/undifferentiated cells skeletal cells 

collagen-like fibers 
(actinotrichia) 
dividing/undifferentiated  
                                  cells 

BrdU calcein 



All methods that reduce Cx43 activity 
causes reduced fin growth, reduced cell  
proliferation, and reduced segment length. 
 
We predicted that methods that increase 
Cx43 would lead to increased fin growth,  
increased cell proliferation, and increased 
segment length. 



  The another long fin (alf) mutant exhibits  
phenotypes opposite of the short fin mutant  
              and overexpresses cx43 

overlong bony segments increased cx43 mRNA 

wild-type  alf  



Fin length Segment 
length 

Cell division cx43 mRNA 

decreased decreased 
 

decreased 
 

decreased 
 

increased increased 
 

increased 
 

increased 
 

sof b123 

alf dty86 

sof and alf exhibit opposing fin phenotypes and  
          opposing expression levels of cx43 
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HOW does this work? What happens after Cx43? 

Pa#erning/	  
joint	  forma0on	  

Growth/	  
prolifera0on	  Cx43	  

Hypothesis: Cx43 promotes cell 
proliferation and inhibits joint 
formation 



To find genes regulated by Cx43, identify genes 
regulated in opposing manners in short fin and alf                      

Pathways 
downregulated in 

 short fin  
=under-

expression of 
cx43 

Pathways 
upregulated in 

 alf 
=over-

expression of 
cx43 

****** 

i.e. genes down-regulated in short fin  
           AND up-regulated in alf  

Genes in the region of overlap (******) are candidates for 
functioning in a Cx43-dependent manner, likely downstream 
of Cx43 activity. 



Validated genes 
cx43 Validates microarray and ODDD 

sema3d Secreted signaling molecule 
hsp47 Mutations cause Osteogenesis 

Imperfecta in humans 
hapln1a Craniofacial abnormalities and 

delayed bone development in 
mice and osteoporosis in 

human 

Candidate genes for acting downstream of  
  Cx43 are human skeletal disease genes 

The three of these genes influence the extracellular 
environment, including the extracellular matrix. 



Hapln1a  
or 

Protein + 
GAG 

The Extracellular Matrix 



Mutations in Hsp47 cause  
 Osteogenesis Imperfecta 

Also called brittle bone disease because the bones are 
prone to fracture. 
 
Other phenotypes include: spinal curvature, loose joints, 
discolored sclera. 
 
Can exhibit poor muscle tone, poorly developed lungs, 
hearing loss. 
 
All of the affected tissues are high in the extracellular  
matrix protein Collagen. 



The major protein found in bone is Collagen. 



Collagen I is the  
major component 
of bone 

Collagen protein is made 
by cells. Collagen has  
many layers of organization. 
 
Three collagen molecules 
form a triple helix. 
 
Multiple helices form a fibril. 
 
Multiple fibrils form a fibre. 



Any mutation that disturbs the structure of the collagen 
triple helix weakens bone. Mutations can be in the  
sequence of collagen itself, or in other genes that 
help the collagen protein to fold normally. 
 
Mutations in the sequence of collagen tend to be  
dominant mutations. 
 
Mutations in genes that help normal collagen to fold  
tend to be recessive mutations. 

Osteogenesis imperfecta is caused by  
  defects in the structure of collagen 



Osteogenesis imperfecta is caused by dominant 
                   or recessive mutations 



Hsp47 is required for collagen structure 

Triple helix is 
perturbed!! 



Loss of Hsp47 causes recessive forms of  
            osteogenesis imperfecta 

Wild-type Hsp47- 
knockout 
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Where does Hsp47 fit into this pathway? 

Pa#erning/	  
joint	  forma0on	  

Growth/	  
prolifera0on	  Cx43	  

Hypothesis: Cx43 promotes cell 
proliferation and inhibits joint 
formation 



Inhibit gene function and evaluate skeletal phenotypes  
(growth/cell proliferation and segment length/joint formation). 
 
If reducing gene function leads to defects in growth and/or 
patterning, this tells us that the gene is typically required 
for one or both of these processes.  
 
Also, if the defects are similar to the defects observed when  
Cx43 function is reduced (i.e. as in short fin), the results  
suggest that the gene we are testing functions together with  
Cx43 during skeletal regeneration. 

Strategy for studying Hsp47  
(and other microarray genes) 



Transient gene knockdown using morpholinos 
Morpholinos (MO) bind nascent RNA and block protein TRANSLATION  
                                  via steric hindrance 



Electroporation Control side   MO injected side 

Cellular uptake of morpholino in the  
                 regenerating fin 



Does reduced Hsp47 lead to defects 
in Cx43-dependent skeletal phenotypes? 



Cx43-dependent phenotypes 
•  Fin regeneration 

length 

 

•  Segment/Joint 
length 

 

•  Cell proliferation 

Regenerate length is a measure 
of skeletal growth.  

Cell proliferation is a measure 
of skeletal growth.  

Segment length is a measure 
of patterning/proper joint formation.  



Knocking down Hsp47 reduces cell 
proliferation and regenerate length 
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Bhadra & 
Iovine, 2015 



Knocking down Hsp47 reduces segment 
length through formation of premature joints 

Hsp47 
MO 

Control 
MO 

Hsp47  
MO 

Control  
MO 

Bhadra & 
Iovine, 2015 

segment  
  length 



Inhibit gene function and evaluate skeletal phenotypes  
(growth/cell proliferation and segment length/joint formation). 
 
If reducing gene function leads to defects in growth and/or 
patterning, this tells us that the gene is typically required 
for one or both of these processes.  
 
Also, if the defects are similar to the defects observed when  
Cx43 function is reduced (i.e. as in short fin), the results  
suggest that the gene we are testing functions together with  
Cx43 during skeletal regeneration. 

Strategy for studying Hsp47  
(and other microarray genes) 



Hsp47 acts in a common pathway with Cx43 

Cx43 Hsp47 
Growth (cell division) 

Patterning 
(joint formation) 

Are the skeletal phenotypes we see due to defects 
in collagen-based structures in the fin? 



The bone matrix is made of Collagen I 



Knocking down Hsp47 causes only a modest 
change in bone matrix length 
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Actinotrichia are made of Collagen II 



Actinotrichia are disrupted when Hsp47 is 
reduced 

Bhadra & 
Iovine, 2015 

Cx43 Hsp47 
Growth (cell division) 

Patterning 
(joint formation) 



Actinotrichia are disrupted downstream of 
changes in Cx43 function 

Bhadra & 
Iovine, 2015 
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Actinotrichia communicate with both cell 
division and differentiation compartments 

Cx43 Hsp47 

Growth (cell 
division) 

Patterning 
(joint 
formation) 

actinotrichia 



Skeletal morphology is regulated by mechanisms that  
           coordinate bone growth and patterning 

WT 

sof  

Misexpression of Cx43 leads to defects in cell proliferation 
and joint formation. 
 
Using a microarray strategy, we identified several genes that  
function downstream of Cx43. Hsp47 is a chaperone that is required  
for proper folding of collagen proteins, the major proteins in our bone  
and supporting skeletal structures. 
 
Reducing Hsp47 function leads to defects in collagen-based actinotrichia. 
We hypothesize that these structures are needed to coordinate cell 
proliferation with cell differentiation during normal skeletal regeneration. 
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