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ABSTRACT 

WISP3 (Wnt1 inducible secreted protein 3), alias CCN6 is a member of CCN family of 

secreted growth factors. Mutations in WISP3 leads to an incurable autosomal recessive 

musculoskeletal disorder PPRD (Progressive Pseudo Rheumatoid Dysplasia), which is 

associated with progressive cartilage loss, muscle weakness and restricted skeletal 

development. The underlying molecular mechanism of PPRD pathogenesis and its 

connection with WISP3 is not yet understood. As a multi-domain protein, WISP3 has 

potential to interact with other proteins to perform different functions. Previously we 

have observed that WISP3 localizes to mitochondria and regulates mitochondrial 

functions by regulating mitochondrial ROS and ATP production. In this study, we are 

focussed in detail on how WISP3 regulates mitochondrial function using both 

chondrocyte cell line and zebrafish as a model organism. It is evident from size-exclusion 

chromatography, BN-PAGE and 2D BN/SDS PAGE of crude mitochondria that WISP3 

migrates as a high molecular weight complex and associates with different complexes of 

mitochondrial electron transport chain in both chondrocyte and skeletal muscle of 

zebrafish. Partial WISP3 depletion in chondrocyte lines causes increased Complex-I 

activity and assembly. CRISPR Cas9 generated WISP3 mutants show decreased Complex 

I assembly and activity as well as accumulation of damaged mitochondria as compared to 

wild type. In zebrafish moreover, depletion of Wisp3 by wisp3 morpholino causes 

diminished respiratory complex activity/assembly as well as mitochondrial dysfunction in 

skeletal muscle. In brief, the regulatory influence of WISP3 on mitochondria can range 

from repression to activation, depending on its protein interaction partners, which can 

differ between tissue and cell types. Overall, our results suggest that WISP3 (CCN6) 

plays a vital role in the maintenance of mitochondrial respiration and muscle integrity. 

WISP3 related defects in mitochondria could be an underlying cause of muscle weakness 

in PPRD. This study may pave a path towards better understanding of PPRD and other 

musculoskeletal diseases. 
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INTRODUCTION 

1.1 Introducing WISP3 

WISP3 (Wnt Induced Secreted Protein 3) also known as CCN6 (Cellular 

Communication Network Factor 6) is a member of the CCN [Cyr61 (Cysteine rich protein 

61), CTGF (Connective tissue growth factor), Nov (Nephroblastoma overexpressed gene)] 

family proteins (Brigstock, 2003). The acronym CCN was used based on the first letter of 

the first members to be discovered. The family comprises of six members, Cyr61 (CCN1), 

CTGF (CCN2), Nov (CCN3), WISP1 (CCN4,) WISP2 (CCN5) and WISP3 (CCN6). As 

WISP1, WISP2 and WISP3 have high sequence homology with Cyr61, CTGF and Nov, 

they are also included in CCN family (Pennica et al., 1998; Sen et al., 2004; Holbourn, 

Acharya and Perbal, 2008; Perbal, 2013). CCN is now called as Cellular Communication 

Network Factor based on nomenclature given by HUGO Gene Nomenclature Committee 

(HGNC) (Perbal, Tweedie and Bruford, 2018).  

WISP3 maps to chromosome 6q21–22, codes for a 354 amino acid protein, and is 

expressed in skeletally derived cells including human synoviocytes, articular cartilage 

chondrocytes and bone marrow derived mesenchymal progenitor cells (Hurvitz et al., 

1999). The CCN family encodes cysteine-rich secreted proteins, which modulate cell 

growth, survival, cell migration and differentiation. The name WISP3 is based on the 

homology of WISP3 with WISP1 and WISP2, which are upregulated in Wnt-1 transformed 

cells (Pennica et al., 1998; Sen et al., 2004). However, WISP3 (CCN6) has not been found 

to be induced by Wnt-1.  

 

 

 

Figure I: Different structural domains of WISP3.  

 

WISP3 has a multi-modular architecture with putative functional domains. The signal 

peptide domain (SP) contains signal sequence that may involve in protein secretion. The 

insulin-like growth factor binding protein (IGF-BP) domain may involve in physical 

interaction with Insulin-like growth factors. Von Willebrand factor type C (VWC) repeat 

domain may participate in oligomerization of extracellular membrane proteins like 

procollagen, glycosyalted mucins, etc. Thrombospondin type I motif repeats (THBS) 

     N- Terminus C- Terminus 
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domain may be involved in the binding of CCNs to sulfated glycosaminoglycans either at 

cell surfaces or in the extracellular matrix. The cysteine knot (CT) domain, may participate 

in dimerization and receptor binding (Fig. I). The modular structure of the WISP3 and other 

CCN family members suggests that these proteins may have potential to execute complex 

functions in different cellular aspects (Engel, 2004; Schutze et al., 2005; Holbourn, 

Acharya and Perbal, 2008; Katsube et al., 2009; Perbal, 2013). Following is a brief 

description of CCN family of proteins. 

1.2 CCN family members at a glance 

The multifunctional CCN family of proteins are cysteine-rich proteins consisting of six 

members, designated as CCN1-CCN6. The acronym CCN was first introduced by Peter 

Bork in 1993 in the name of first three founding members of this family namely Cyr61 

(cysteine-rich protein 61), CTGF (connective tissue growth factor) and NOV 

(nephroblastoma overexpressed gene) which are also named as CCN1, CCN2 and CCN3 

respectively (Bork, 1993). These genes are structurally related to each other and share 38 

cysteine residues conserved in the proteins of this family members. Following the 

discovery of CCN proteins, three additional members of this family were also identified 

based on sequence similarity namely Wnt-1-induced secreted protein- 1 (WISP1/CCN4), 

Wnt-1-induced secreted protein- 2 (WISP2/CCN5) and Wnt-1-induced secreted protein- 3 

(WISP3/CCN6). These proteins were named WISP1 and WISP2 because these proteins 

were up regulated in Wnt-1 transformed cells (Pennica et al., 1998). However, WISP3 

(CCN6) has not been found to be induced by Wnt-1 but it was named so based on the 

sequence homology and structural similarity with WISP1 and WISP2.  

The members of CCN family of proteins shares about 40-60% similarity in DNA sequence 

and about 30-50% similarity in overall amino acid sequence (Lau and Lam, 1999). The 

CCN proteins are modular proteins, overall common structure of this family proteins 

includes a signal peptide followed by four functional modules: insulin-like growth factor 

binding protein (IGFBP) domain, von Willebrand factor type C (VWC) domain, 

thrombospondin type 1 (TSP1) domain, and cystine-knot (CT) domain. In between VWC 

and TSP1 domains a hinge domain is present. As these four domains shares identity with 

four classes of regulatory proteins, each domain has the potential to orchestrate different 

function in cell biology which identifies pleiotropic function of CCN proteins (Fig. II). All 

CCN proteins share same type of this basic structural domains except CCN5/WISP2 which 
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lacks CT domain. Here is a brief description regarding discovery of CCN family of 

proteins. 

 

 

Figure II: Structure of CCN proteins. (Jia et al., 2021) 

Schematic representation of four conserved functional domains coded by respective exons. Below each 

domain, respective interacting partners are mentioned.  

1.2.1 Discovery of CCN proteins 

CCN1 was first identified by screening differential hybridization of cDNA library from 

serum-stimulated mouse fibroblast as a growth factor (Lau and Nathans, 1985). Human 

CCN2 was first identified in fibroblast as a mitogen and chemotactic factor in conditioned 

media of human umbilical vein endothelial cells (HUVECs) (Bradham et al., 1991). CCN3 

was identified initially as a gene overexpressed in avian nephroblastomas which is induced 

by chicken myeloblastosis-associated virus (MAV) (Joliot et al., 1992). CCN4 was 

identified by researchers independently as an upregulated gene in Wnt-1 transformed 

mammary epithelial cell or by screening low metastatic K-1735 mouse melanoma cells 

(Hashimoto et al., 1996). CCN5 was first identified as a gene which gets down regulated 

in fibroblasts of rat embryo when transformed by H-ras and inactivated p53 tumor 

suppressor gene (Zhang et al., 1998). CCN6 was first identified as a homologous gene to 

CCN4 which was confirmed by screening an expressed sequence tag (EST) database with 

CCN4 protein sequence (Pennica et al., 1998).  
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1.2.2 Functions of CCN family members 

On account of multimodular architecture of the proteins, the CCN family of proteins 

performs various cellular functions such as stimulating mitosis, apoptosis, adhesion, 

production of extracellular matrix, arresting of growth phase and cell migration. These 

proteins also regulates angiogenesis, endochondrial ossification, tumour growth, 

implantation, placentation and embryogenesis. The target cells of these proteins includes 

smooth muscle cells, fibroblasts, endothelial cells, epithelial cells and neuronal cells 

(Moussad and Brigstock, 2000). 

CCN1, CCN2 and CCN3 plays a major role in angiogenesis, osteogenesis and 

chondrogenesis in differentiating stem cells. CCN1 is overexpressed in aggressive human 

cancer making it a key player in tumorigenesis however the role of CCN2 and CCN3 are 

dependent on type of the tumour whereas CCN4, CCN5 and CCN6 acts as tumor supressors 

and inhibits cell growth (Brigstock, 2003; Zuo et al., 2010; Jia et al., 2021). CYR61/CCN1, 

CTGF/CCN2 and NOV/CCN3 also induces intracellular signaling events by binding to cell 

surface integrins and results in kinase activation and gene transcription (Lau and Lam, 

1999; Chen, Chen and Lau, 2000, 2001; Grzeszkiewicz et al., 2001; Leu, Lam and Lau, 

2002; Schober et al., 2002) 

Impaired cardiac valvuloseptal morphogenesis was observed in CYR61/CCN1-null 

mice, resulting in severe atrioventricular septal defects (AVSD) as well as compromised 

embryonic vessel integrity leading to embryonic lethality (Babic et al., 1998; Mo et al., 

2002). CTGF/CCN2-null mice leads to impaired chondrocyte proliferation and 

extracellular matrix composition resulting in skeletal dysmorphisms (Ivkovic et al., 2003). 

NOV/CCN3 mutant mice were known to cause muscle atrophy as well as skeletal and 

cardiac abnormalities (Heath et al., 2008). WISP1/CCN4 null mice shows impaired 

chondrogenesis (Yoshioka et al., 2016). WISP2/CCN5 null mice leads to lipotoxic 

cardiomyopathy with mild obesity and diabetes (Kim et al., 2018). Though WISP3/CCN6 

null mice does not manifest any skeletal abnormalities (Kutz, Gong and Warman, 2005) 

however, mutations in WISP3/CCN6 are associated with a debilitating musculoskeletal 

disorder known as progressive pseudorheumatoid dysplasia (PPRD) (Hurvitz et al., 1999; 

Dalal et al., 2012; Sun et al., 2012; Ekbote et al., 2013; Yang, Song and Kong, 2013; Liu 

et al., 2015; Luo et al., 2015; Alawbathani et al., 2018; Shahi et al., 2020; Sheth et al., 

2021). In view of tumour suppressor function of WISP3, loss of WISP3 expression is 
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associated with increased metastases and resistance to apoptosis in invasive breast cancer 

(Kleer, Zhang and Merajver, 2007; Huang et al., 2010).     

1.3 WISP3/CCN6 in relation to Disease 

Though there are many facets of regulation of WISP3 in cellular function starting from 

skeletal deformity to tumorigenesis. My focus was to elaborate the skeletal regulation of 

WISP3 because homozygous and compound heterozygous mutations in WISP3 gene are 

associated with the autosomal recessive musculoskeletal disorder, progressive 

pseudorheumatoid dysplasia (PPRD) (OMIM#208230 & #603400). This disease is often 

misdiagnosed with juvenile idiopathic arthritis and muscular dystrophy disorder 

(Alawbathani et al., 2018; Shahi et al., 2020; Liu and Chen, 2021).Till now, several 

mutations were identified across the domains of WISP3 leading to PPRD which implies 

that all the domains are essential for proper functioning of WISP3 protein (Hurvitz et al., 

1999; Dalal et al., 2012; Ekbote et al., 2013) (Fig. III).  

 

Figure III: Photo of a PPRD patient and his radiologic images. (Alawbathani et al., 2018) 

A) Posture of the patient is altered due to of severe joint involvement. Visible phenotype of patient includes 

enlargement of elbows, widening of the thoracic wall, and severe contractures of the fingers. B) X-ray 

analysis of the whole body indicating its deformities. 

 

Symptoms of PPRD consist of stiffness and swelling of joints, widening of epiphysis and 

metaphysis, narrowing of joints space along with muscle wasting (Hurvitz et al., 1999; 

Dalal et al., 2012; Sun et al., 2012; Ekbote et al., 2013; Yang, Song and Kong, 2013; Liu 

et al., 2015; Chouery et al., 2017; Alawbathani et al., 2018; Shahi et al., 2020; Liu and 
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Chen, 2021). PPRD patients show no noticeable phenotype at birth but the disease 

manifests from early childhood (3-8 years age) and the patient lives a painful life 

throughout his/her entire lifespan. PPRD patients are found across the globe and are 

prevailed in certain geographical pockets where consanguineous marriages are being 

practised. It is reported that the frequency of PPRD patients in UK is ~1 in a million 

(Neerinckx et al., 2015) whereas more than 1 in a million are seen in  Middle- Eastern 

countries, USA, China, and India (Dalal et al., 2012; Garcia Segarra et al., 2012; 

Alawbathani et al., 2018; Liu and Chen, 2021). Several cases were reported across different 

regions of India including new mutations of WISP3 gene (Dalal et al., 2012; Bhavani et 

al., 2015; Madhuri et al., 2016; Rai et al., 2016; Shahi et al., 2020; Sheth et al., 2021) 

which implies the seriousness of this debilitating disorder. Recently it was highlighted in 

several news channels (Fig. IV) that maximum population of a village called Arai situated 

in Poonch district of Jammu and Kashmir were affected with PPRD.  

 

Figure IV: News of PPRD in media. 

Reported in Scroll.in dated Dec 26, 2016 and Times of India dated Feb 25, 2017 

respectively. 

   

Till now more than 215 families have been reported across world out of which case series 

of 79 families has been documented from India (Dalal et al., 2012; Bhavani et al., 2015). 

List of various mutations reported so far pertaining to different regions of WISP3 are given 

in the table (Fig. V) (Dalal et al., 2012). Though c.156C>A (p.Cys52Ter) is perhaps the 

most common recurrent variant worldwide, the most common variants in the Indian 
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population were found to be c.233G>A (p.Cys78Thr) and c.1010G>A (p.Cys337Thr) 

(Bhavani et al., 2015, 2020). Looking into the molecular interaction of WISP3, so far BMP, 

LRP and Frizzled co-receptor are identified as few interacting partners of WISP3 which 

partly explain pathogenesis of PPRD progression (Nakamura et al., 2007). However, till 

now there are not much literature regarding the study of WISP3 protein and its relationship 

with disease progression of PPRD making the disease an incurable one. So it is very 

essential to understand the basic molecular function of WISP3 protein. 

Previous reports showed that WISP3 promotes expression of collagen-II in chondrocytes 

and restricts the production of reactive oxygen species (ROS) in cellular level suggesting 

that it is involved in maintenance of cartilage integrity and homeostasis (Sen et al., 2004; 

Davis, Chen and Sen, 2006; Miller and Sen, 2007). It has also been shown that WISP3 

interacts with IGF1 and acts as a negative regulator of chondrocyte  

 

Figure V: PPRD causing mutations in WISP3 according to various literature. (Dalal et al., 2012) 
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hypertrophy (Repudi, Patra and Sen, 2013). The modular architecture suggests WISP3 

might act as a chaperone like protein, regulating the functions of other proteins by 

interacting with them. As it regulates cellular ROS, Calcium homeostasis as documented 

earlier, it might regulate mitochondrial function as well because mitochondria are the major 

source of ROS production in cell as a by-product of oxidative phosphorylation and calcium 

homeostasis. Since the focus of my thesis was to decipher the relationship between WISP3 

and mitochondria, next I am going to give a brief introduction about mitochondria and its 

functions. 

1.4 Mitochondria 

Mitochondria are complex organelle that plays a key role in energy metabolism. This 

double membrane bound semi-autonomous organelle responsible for 95% of energy 

production in the form of ATP through a process called oxidative phosphorylation 

(OXPHOS). Besides ATP production, mitochondria plays a major role in calcium and lipid 

homeostasis, ROS generation and apoptosis (Brookes et al., 2004; Baughman et al., 2011; 

Friedman and Nunnari, 2014; Genova and Lenaz, 2014). In most of the eukaryotes, the 

process of OXPHOS carried out by 5 enzyme complexes named as Complex I 

(NADH:ubiquinone oxidoreductase), Complex II (Succinate:ubiquinone oxidoreductase), 

Complex III (ubiquinol:cytochrome c oxidoreductase), Complex IV (cytochrome c 

oxidase) and Complex V (ATP synthase) respectively. The schematic diagram represents 

different complexes in electron transport chain (Fig. VI).  

 

Figure VI: A schemetic model of Oxidative Phosphorylation System. (Acín-Pérez et al., 2008) 

 

Several models of OXPHOS has been proposed based on arrangement of complexes such 

as Fluid model (conventional model) and Solid model, but recent findings concludes a third 
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model called Plasticity model which states the formation of supercomplexes (Fig. VII) 

(Acín-Pérez et al., 2008).  

 

Figure VII: Schematic representations of different models of mitochondrial OXPHOS system. (Acín-

Pérez et al., 2008) 

A) Classical Fluid model, B) Solid model and C) Plasticity model. In the plasticity model, 3 and 4 marked 

supercomplexes are also called as respirasomes based on its ability to transfer electron directly from NADH 

to oxygen.   

 

In short the supercomplexes are formed by aggregation/ combination of two or more 

complexes of electron transport chain for efficient function. Supercomplex involving 

Complex I,II,III,IV  and Complex I, III,IV are also called as respirasomes based on its 

functions in respiration. The reason behind formation different types of Supercomplex are 

not well understood however recent studies have shown that mitochondrial shape has an 

impact on the kinetics of biochemical events and the building of protein Supercomplexes 

in mitochondria (Lizana, Bauer and Orwar, 2008; Cogliati et al., 2013; Mannella, Lederer 

and Jafri, 2013). OXPHOS system is responsible for generation of mitochondrial ROS and 

as WISP3 plays an important role in cellular ROS generation (Miller and Sen, 2007; 

Repudi, Patra and Sen, 2013), a detail insight into mitochondrial electron transport chain 

was essential. Though Complex I and III are responsible for generation of ROS, Complex 
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I being the major initiator of electron transport and subsequently ATP synthesis, a detailed 

knowledge of Complex I including its structure, assembly functions is essential.   

 

 

Figure VIII: Assembly model of human Complex I. (Mimaki et al., 2012) 

Model describing the stepwise integration of different subunits of Complex I to form a fully functional 

protein. Red highlighted are the core subunits, rest nuclear DNA-encoded subunits are blue highlighted. 

Green highlight subunits are encoded by mitochondrial DNA.  

 

Complex I is located in the inner mitochondrial membrane and protrudes into 

matrix having L shaped structure in eukaryotes. Human mitochondrial Complex I consists 

of 45 subunits out of which 38 subunits are nuclear DNA coded, translocated to 

mitochondria and mitochondrial DNA (mtDNA) encodes 7 subunits which are essential for 

proper functioning of Complex I. The L shaped structure consists of a hydrophilic arm 

protruding towards matrix and a hydrophobic membrane arm present perpendicular other 

arm(Acín-Pérez et al., 2008; Mimaki et al., 2012). Assembly of all the subunits to form a 

functional Complex I is a multiplex process where along with subunits (nuclear and 

mtDNA encoded), many assembly factors and chaperons come into action after which the 

assembly factors and chaperons dissociates. Figure VIII represents a schematic 

representation of Complex I assembly (Acín-Pérez et al., 2008). Nomenclature of different 

subunits of Complex I are based on its origin and function such as the prefix “NDU” 

(NADH dehydrogenase-ubiquinone) is due to nuclear encoded subunits and mtDNA-

encoded subunits are given the prefix “ND” (NADH-dehydrogenase). A number of 

assembly factors have prefix “NDUFAF” –NADH dehydrogenase (NDU), alpha sub 
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Figure IX: An aquarium representing zebrafish setup in our lab. 

complex (F), assembly factor (AF) in addition to it number is given based on its discovery 

(Acín-Pérez et al., 2008; Mimaki et al., 2012; Signes and Fernandez-Vizarra, 2018). 

As healthy functioning of mitochondria is essential for proper muscle function (Sunitha et 

al., 2016; Vincent et al., 2016) and muscle wasting is observed in PPRD, it is also essential 

to elucidate the effect of WISP3 in maintenance of musculoskeletal health. Therefore, in 

addition to chondrocyte cell line I used zebrafish as a model organism. 

1.5 Zebrafish as a model organism to study WISP3 in the context of PPRD 

PPRD, a debilitating disorder characterized by loss of cartilage, muscle wasting and 

irregular bone growth in joints (Hurvitz et al., 1999; Dalal et al., 2012; Sun et al., 2012; 

Ekbote et al., 2013; Bhavani et al., 2015; Luo et al., 2015; Chouery et al., 2017; 

Alawbathani et al., 2018; Shahi et al., 2020; Liu and Chen, 2021), the mechanism of disease 

progression is not yet clear.  Looking at the multimodular domains of WISP3 and its 

potential to alter mitochondrial functions thereby musculoskeletal health as a whole. For 

functional validation of wild type WISP3 at organism level, understanding its effect in 

mitochondria in relation to musculoskeletal system becomes essential. Zebrafish is used as 

a model organism based on a previously documented result that shows defective cartilage 

development following Wisp3 depletion (Nakamura et al., 2007). Zebrafish is a very good 

model organism to study broad range of human genetic disease. Another benefits of 

selecting zebrafish is that the zebrafish genes shows 50-80 % homology with most human 

sequence (Howe et al., 2013) as well as shows similar basic physiology in mammals 

(Steele, Prykhozhij and Berman, 2014). Taking into account of the fact of using zebrafish 

as a model organism, the functions of WISP3 was validated using skeletal muscle of adult 

zebrafish to correlate the 

findings to pathogenesis of 

PPRD where muscle wasting/ 

muscle myopathies were a part 

of its manifestation. Figure IX 

represents the zebrafish setup 

we established in our lab. In this 

study, zebrafish WISP3 protein 

and gene is written as Wisp3 

and wisp3 based on ZFIN 

zebrafish nomenclature convention.
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FOCUS OF THE THESIS 

 

Mutations in WISP3 are associated with the autosomal recessive musculoskeletal disorder, 

progressive pseudorheumatoid dysplasia (PPRD). Symptoms of PPRD consist of stiffness 

and swelling of joints, widening of epiphysis, narrowing of joints and muscle wasting. 

PPRD patients show no noticeable phenotype at birth and the disorder starts from early 

childhood (Hurvitz et al., 1999; Dalal et al., 2012; Alawbathani et al., 2018; Shahi et al., 

2020; Liu and Chen, 2021). But the mechanism of the disease progression is still unknown. 

So knowing the basic function of WISP3 protein is very much essential. But unfortunately 

the function of WISP3 remains poorly understood. 

 WISP3 (Wnt Induced Secreted Protein 3) is a member of the CCN (Cyr61, CTGF, 

Nov) family proteins. The CCN family encodes cysteine-rich secreted proteins, which 

modulate cell growth, survival, cell migration and differentiation. WISP3 maps to 

chromosome 6q21–22, codes for a 354 amino acid protein, and is expressed in skeletally 

derived cells including human synoviocytes, articular cartilage chondrocytes and bone 

marrow derived mesenchymal progenitor cells (Hurvitz et al., 1999; Sen et al., 2004; 

Holbourn, Acharya and Perbal, 2008; Perbal, 2013). The name WISP3 is based on the 

homology of WISP3 with WISP1 and WISP2, which are upregulated in Wnt-1 transformed 

cells (Pennica et al., 1998). However, WISP3 (CCN6) has not been found to be induced by 

Wnt-1. WISP3 have a multi-modular architecture with putative functional domains. The 

modular structure of the WISP3 suggests that it has complex functions in different cellular 

aspects. 

Previous reports showed that WISP3 promotes expression of collagen-II in 

chondrocytes and restricts the production of reactive oxygen species suggesting that it is 

involved in maintenance of cartilage integrity and homeostasis (Sen et al., 2004; Miller and 

Sen, 2007). It has also been shown that WISP3 interacts with IGF1 and acts as a negative 

regulator of chondrocyte hypertrophy (Repudi, Patra and Sen, 2013). Recently report from 

our lab showed that WISP3 localizes to mitochondria, and depletion of WISP3 in the 

chondrocyte cell line C-28/I2 by siRNA results in increased mitochondrial ROS in 

association with increased mitochondrial ATP synthesis, mitochondrial membrane 

potential and calcium (Patra et al., 2016). However, how WISP3 regulates all these 

functions in mitochondria is not still clear. In this study, I am interested to find out the role 

of WISP3 in mitochondrial function in greater detail using both chondrocyte cell line and 

zebrafish as a model organism. 
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To elucidate the functions of WISP3 in mitochondria I formulated and worked on 

following objectives: 

1) To check the association of WISP3 with mitochondrial proteins, if any. 

2) To check the influence of WISP3 on mitochondrial Electron Transport System, if any. 

3) To decipher the functions of mutant WISP3 generated by CRISPR Cas9 mimicking 

PPRD causing mutant. 

4) Elucidating the function of WISP3 at organism level using zebrafish as a model 

organism. 

5) To check its effect on musculoskeletal system of zebrafish in relation to mitochondria. 
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MATERIALS AND METHODS 

3.1 Cell culture 

Chondrocyte cell lines C-28/I2 and C20A4 were maintained in Dulbecco Modified Eagle's 

Medium (DMEM) High glucose and HEK 293 cells were maintained in DMEM Low 

glucose supplemented with 10% Fetal Bovine Serum (FBS) (Invitrogen), 1 unit/mL of 

Penicillin, and 1 µg/mL of Streptomycin and 2mM Glutamine at 37°C in a humidifier 

chamber with 5% CO2 (Miller and Sen, 2007; Repudi, Patra and Sen, 2013; Patra et al., 

2016).  

3.2 Cell transfection 

C-28/I2 cells were transfected with WISP3-myc containing plasmid DNA using 

Lipofectamine LTX reagent (Invitrogen) as per manufacturer protocol. Briefly, ~ 0.5 X 

106cells were plated in each well of 6-well tissue culture plate so that it reaches 70-80 % 

confluency after 14-16 hrs of plating (Repudi, Patra and Sen, 2013; Patra et al., 2016). For 

transfection in each well of 6 well plate, 2 μg plasmid DNA was mixed with 2µl of PLUS 

reagent in 100µl Opti-MEM media (Invitrogen) and incubated in room temperature for 10 

minutes. 6 μl Lipofectamine LTX was added to the DNA mixture and mixed well by 

pipetting followed by incubating it for 20 minutes in room temperature. In the meantime, 

the media of 6 well plate was changed with Opti-MEM media.  The DNA-Lipofectamine 

LTX complex was added drop wise to the well, gently swirled and kept in CO2 Incubator. 

After 24 hrs post transfection, the transfection media was changed with fresh DMEM 

complete media (10% FBS, penicillin 1 unit ml-1, streptomycin 1 μg ml-1 and glutamine 2 

mM). Cells were harvested and processed for subsequent analysis after 48 hours of 

transfection (Repudi, Patra and Sen, 2013; Patra et al., 2016). 

HEK 293 cells were transfected with WISP3-myc containing plasmid DNA by calcium 

phosphate method (Jordan, Schallhorn and Wurm, 1996; Kingston, Chen and Rose, 2003). 

Briefly, HEK 293 cells were plated 12-16 hrs prior to transfection with WISP3-myc 

containing plasmid DNA and calcium phosphate buffers. For transfection in each well of 

6 well plate, 2 μg DNA was mixed with 90 μl Tris-EDTA buffer (10 mM Tris-Cl, 2mM 

EDTA, pH-7.3) and 10 μl CaCl2 buffer (2.5 M CaCl2, 10 mM HEPES, pH 7.2) and mixed 

well. The 100µl mix was then gently added to 100µl of 2x HBS buffer (273 mM NaCl, 8.8 

mM KCl, 1.27 mM Na2HPO4, 11.1 mM Dextrose and 41.96 mM HEPES, pH 7.05) and 

mixed well. The reaction mix was incubated for 30 minutes in room temperature. In the 
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meantime the media of 6 well plates were changed with fresh DMEM low glucose media. 

After incubation, the transfection mix was added drop wise to the well and mixed by gentle 

swirling and kept in humidified CO2 incubator at 37°C with 5%CO2. The media was 

changed 24 hours post transfection and the cells were harvested after 48 hours post 

transfection and processed for subsequent analysis. 

C-28/I2 and C20A4 chondrocyte cells were transfected separately with WISP3 siRNA (50 

nM) and Control siRNA (50 nM) (Dharmacon) using RNAimax as transfection reagent 

(Invitrogen) following previously published protocol (Patra et al., 2016). Briefly, 0.5 X 106 

cells (C-28/I2 or C20A4) were plated in each well of 6 well plate 14-16hrs prior to 

transfection. Transfection of siRNA was performed on 70-80% confluent cells. For each 

single well of 6 well plate, required amount of WISP3 siRNA or Control siRNA and 5µl 

of RNAimax was mixed separately with 150µl of Opti-MEM (Gibco, Thermo Fisher 

Scientific). After which the siRNA-Opti-MEM mix was slowly added to the RNAimax-

Opti-MEM solution and mixed well gently by pipetting. The siRNA and RNAimax mixture 

solution (300µl) was incubated for 20 minutes following which the mixture solution was 

added drop wise to the well. The plate was gently swirled for even distribution of solution 

and kept in CO2 incubator. Transfected cell media was changed at 24 hours post-

transfection. Cells were harvested after 60-63 hours of transfection and processed for 

subsequent analysis. 

3.3 Zebrafish maintenance 

Adult zebrafish (AB strain) were purchased from local vendors and kept in 1 month 

quarantine period. Further, the fishes were kept in 30-L fish tanks where 14:10 hour 

light/dark cycle was maintained at 26 + 2 °C temperature. Continuous flow of filtered water 

was maintained in the tanks and were aerated by air pump so as to keep the water 

oxygenated. Fishes were fed twice a day in an interval of 9-10 hour with fish food pellets 

(Optimum micro pellet). During the course of feeding, the filter pump were switched off 

for at least 15 minutes. All experiments were performed following CPCSEA approved 

guidelines, Govt. of India. 

3.4 Confocal microscopy 

Confocal microscopy was used to visualize the localization of WISP3 in mitochondria of 

C-28/I2 cells. Briefly, the chondrocyte cells were transfected with WISP3-myc or cultured 

without any treatment on 8-well chambered slides (Millipore, USA). Prior to processing 
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for antibody staining, the cells were incubated with mitotracker green (200nM) for 30 

minutes in CO2 incubator at 37°C. The cells were further fixed with chilled methanol 

followed by blocking for 1 hour with 2.5% BSA in PBST (PBS containing 0.1% Tween 

20). The chambered slides were incubated overnight with primary antibodies: anti-myc 

antibody (1:500) and anti-WISP3 (1:200) at 4°C. After incubation with primary antibody, 

the cells were washed twice with PBST followed by incubating for 2 hours at 4°C with 

either Alexa Fluor 546 conjugated anti-rabbit antibody (1:2000) or Alexa Fluor 546 

conjugated anti-goat antibody (1:2000). Nucleus of the cells were stained with DAPI 

followed by washing of slides and mounting of slide with 60% glycerol. Andor Revolution 

XD Spinning Disk Microscope with Andor ixon 897 EMCCD camera was used in this 

confocal microscopy. Image J software (NIH) was used to generate RGB intensity plot 

from the co-localization image. 

3.5 Localization analysis of WISP3 in mitochondria 

Protease protection assay was performed to validate the sub-mitochondrial localization of 

WISP3. Briefly, mitochondria from C-28/I2 cells were isolated following earlier described 

procedure. Mitoplast was prepared from the isolated mitochondria by osmotically rupturing 

the outer membrane of mitochondria by addition of MOPS buffer [10 mM MOPS and 1 

mM EDTA, pH-7.2] (Mick et al., 2012). Mitoplasts of C-28/I2 cells were then subjected 

to digestion by adding different concentrations of proteinase K in increasing order (1, 5 and 

25 μg ml-1) followed by incubation on ice for 10-15 minutes. Action of proteinase K on 

mitoplast was blocked by adding 1mM PMSF to the reaction mixture after incubation 

(Mick et al., 2012). Membranous fraction and soluble fraction of mitochondria were 

separated by using carbonate buffer. In brief, the mitochondria were isolated from 

WISP3myc transfected HEK 293 cells followed by incubation in carbonate buffer (100 mM 

Na2CO3, pH-11.5) for 30 minutes at 4°C. Following incubation, the carbonate buffer 

containing mitochondria was centrifuged at 45000g for 45 minutes at 4°C. The obtained 

pellet after centrifugation represents the membranous fraction whereas the supernatant 

represents soluble fraction of mitochondria (Mick et al., 2012). 

3.6 Morpholino treatment 

Translation of wisp3 gene of zebrafish was blocked locally by injecting morpholino. 

Zebrafish wisp3-specific morpholino oligo was designed and ordered from Gene Tools 

(United States). The sequence of wisp3 morpholino used is 5′-GTAGTGATAGCA 
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TCATACACGGCTT-3′, parallelly, standard control morpholino having the sequence 5′-C 

CTCTTACCTCAGTTACAATTTATA-3′ was used as a negative control (Stainier et al., 

2017). Adult fish of 9–12 months of age were selected for injection. To inject into skeletal 

muscle of adult fish, morpholinos were reconstituted in sterile water to make a final 

concentration of 200 mM. Briefly, each fish was either anesthetized with MS222 (0.168 

mg/mL, pH 7.5) or subjected to cold shock following internationally approved guidelines 

(Reed and Jennings, 2010). Using a 30-gauge Hamilton syringe, 4 µl of morpholino 

solution was injected in each fish just above the dorsal fin on the left dorsal muscle followed 

by electroporation using a tweezer electrode with three pulses with 5 seconds intervals. The 

current was set at 50 Volt for 50 milli seconds (Fausett, Gumerson and Goldman, 2008). 

In order to avoid dehydration and proper respiration, the gills of the fish was irrigated with 

aerated water during the entire process of injection and electroporation. The fish were 

immediately moved into the water tanks having temperature 26 + 2°C and kept for 65 hours 

followed by collection of skeletal muscle after sacrifice. The injected site of left dorsal 

muscle was dissected out and labeled as “wisp3/Control morpholino injected” whereas the 

right ventral side muscle of the same fish dissected and labeled as “uninjected”. 

3.7 Isolation of RNA and cDNA preparation 

Total cellular RNA was isolated using Trizol (Invitrogen) following manufacturer protocol. 

In brief, 0.2 volume of chloroform was added to the total cellular Trizol extract followed 

by shaking of the tube so that the choloroform and Trizol mixes well. The tube was 

centrifuged at high speed (12000 g) for 10 minutes at 4°C to obtain a transparent aqueous 

layer on the top of the tube. The aqueous layer was aspirated slowly by pipetting and 

transferred it to another tube. 0.3 volume of Isopropanol was added to the same tube, mixed 

well and kept for 10 minutes in room temperature. Further, the tube was centrifuged at 

12000 g for 10 minutes at 4°C to obtain the RNA pellet. The supernatant was discarded 

and the RNA pellet was washed with 600µl of 70% ethanol to remove residual salts. The 

RNA pellet was air dried in room temperature followed by dissolving it in DEPC treated 

water at 50°C for 10 minutes. Isolated RNA was quantified using UV-Vis 

spectrophotometer and proceeded for cDNA preparation. cDNA synthesis kit (BioBharati 

Lifescience) was used to prepare cDNA from total cellular RNA.  
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3.8 Gene expression analysis by RT-PCR  

Following isolation of cDNA, expression of the respective genes were analyzed by reverse 

transcription PCR (RT-PCR) using cDNA, specific primers and Taq Polymerase 

(BioBharati Lifescience). Primers used were WISP3 primers (forward 5′-ACCAAA 

GCTGGCTGGCAGTC-3′ and reverse 5′-TCTCCAGGTTCTCTGCAGTTTC-3′), 

GAPDH primers (forward 5′-ACCACAGTCCATGCCATCAC-3′ and reverse 5′-TC 

CACCACCCTGTTGCTGTA-3′), NDUFB8 primers (forward 5′-GTGAAGATGGCGG 

TGGCC-3′ and reverse 5′-GATCTCATAGTGAACCACCC-3′) and NDUFS1 primers 

(forward 5′-TCCAACACATGAATTGTGGAG-3′ and reverse 5′-GCATATACATATA 

TACACAC-3′). The PCR products were separated using agarose gel electrophoresis and 

the DNA bands were visualized under UV trans-illuminator and documented. 

3.9 Variant analysis of WISP3 

Variants of WISP3 in C-28/I2 cell line were analyzed by isolating total cellular RNA 

followed by RT-PCR. On the basis of NCBI, Variant 1 mRNA (Ref. Seq- NM_003880.4) 

and Variant 3 mRNA (Ref. Seq-NM_198239.2) specific primers were designed. Forward 

primer for WISP3 variant 1, 5′-GAGTCCCGGGAGGAAAGTGC-3′ and variant 3, 5′-

GGAGCAATGAACAAGCGGCGA-3′ were used with reverse primers matching exons 

2,3,4 and 5 respectively. Reverse primers used for the analysis are Exon 2: 5′-CACA 

CACTCCAGTCTCGTACC-3′, Exon 3: 5′-GTAGCTTGTTGAAAGCTGCTGTA-3′, 

Exon 4: 5′-CTGTCGCAAGGCTGAATGTAAC-3′ and Exon 5: 5′-CTTGAGCTCAGA 

AAATATATCTCC-3′. 

3.10 Preparation of cell/tissue lysate and immunoblotting 

For whole cell lysate, chondrocyte cells were harvested by scraping the cells in PBS 

followed by centrifugation at 2000 rpm for 5 minutes at 4°C. The obtained cell pellet was 

lysed with cell lysis buffer [20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 1% Triton X-100, 1 

mM EDTA, 10% Glycerol, 50 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 

and 1% protease inhibitor cocktail]. The cell lysate was passed through 1 ml syringe for 10 

times after which it was centrifuged at 12000 g at 4°C to obtain a clear lysate as supernatant 

and debris as pellet. The lysate was then transferred to a separate tube and used in further 

assays.  Similarly, adult zebrafish skeletal muscle tissue was homogenized with a 

motorized dounce homogenizer using tissue lysis buffer [50 mM Tris (pH 8.0), 150 mM 

NaCl, 0.1% SDS, 50 mM DTT, 2 mM PMSF, 1 mM EDTA, 5% glycerol, 5 mM NaF, 2 
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mM sodium orthovanadate, 0.5% sodium deoxycholate, and 1% Triton-X]. Total protein 

concentrations of lysates were measured using Bradford reagent (Bio-Rad). 

Immunoblotting was carried out by following previously published protocols (Repudi, 

Patra and Sen, 2013; Patra et al., 2016). Briefly, the lysates were separated either by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or Blue Native 

polyacrylamide gel electrophoresis (BN-PAGE) followed by transfer of proteins to PVDF 

membrane.The membrane was kept in blocking solution [5% BSA in Tris-buffered saline 

with 0.1% Tween 20 (TBST)] for 2 hrs followed by incubation for execution of different 

experiments with respective primary antibody overnight at 4°C. Primary antibodies used 

are anti-WISP3 antibody (custom synthesis by BioBharati Lifescience), zebrafish specific 

anti-Wisp3 and anti-Ndufb8 antibody (custom synthesis by BioBharati Lifescience), anti-

β-actin antibody (Cat. no- SC-47778, Santa Cruz), anti-OXPHOS cocktail comprising 

mitochondrial respiratory complex subunits (Cat. no- MS604, Abcam), anti-NDUFB8 

antibody (Cat. no- 459210, Invitrogen), anti-NDUFS1 antibody (Cat. no- PA5-22309, 

Invitrogen), anti-VDAC1 antibody (Cat. no- ab15895, Abcam), anti-UQCRC2 antibody 

(Cat. no- SC-292924, Santa Cruz), anti-ATP5A1 antibody (Cat. no- 459240, Invitrogen), 

anti-HSP60 antibody (Cat. no-MA3-012, Invitrogen), anti-Myc antibody (Cat. no-BB-

AB0045, BioBharati Lifescience), anti-WISP3 N-18 antibody (Cat. no-SC-8871, Santa 

Cruz) and anti-COX 4 antibody (Cat. no- 11967, Cell Signaling Technology). Following 

primary antibody incubation, Horseradish Peroxidase (HRP) - conjugated respective 

secondary antibodies were used for visualization with chemiluminescence reagent 

(Millipore). Chemi documentation system of Azure Biosystems, Model-C400 was used to 

capture images. Densitometric analysis of immunoblot bands was performed using 

GelQuant.NET software provided by biochemlabsolutions.com. 

3.11 Antibody generation 

Customised polyclonal antibodies are generated against human WISP3, zebrafish Wisp3 

and zebrafish Ndufb8 by outsourcing it to BioBharati Lifescience. Human WISP3 antibody 

was generated targeting residues 201 aa to 372 aa of human WISP3 protein. Zebrafish 

Wisp3 antibody was generated targeting residue 320 aa to 335 aa of zebrafish Wisp3 

protein, the sequence of peptide is “VCQRKCSNADDMFSELC”. Zebrafish specific 

NDUFB8 antibody was generated targeting peptide “KQYPYNNLYLERGGD” of 

zebrafish NDUFB8 protein. 
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3.12 Sub-cellular fractionation 

Mitochondria and cytosol were isolated separately from Chondrocyte cells and zebrafish 

skeletal muscle by following previously published protocols (Wieckowski et al., 2009). To 

isolate mitochondria from chondrocyte cells, cells were scraped, pelleted down and 

suspended in Isolation buffer 1 [225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, and 

30 mM Tris-HCl (pH-7.4) ]  and for zebrafish, flash frozen muscle tissue stored in -80°C 

was thawed on ice and incubated in Isolation buffer 1. Following incubation, chondrocyte 

cells were homogenized manually by dounce homogenizer whereas zebrafish muscle 

tissues were homogenized using a motorized homogenizer. The homogenization continued 

for 3 minutes followed by 5 minutes incubation in ice and this process was repeated three 

times. The homogenates of chondrocyte cells or zebrafish muscles were centrifuged at 600 

g for 5 minutes at 4°C.   The supernatant was proceeded further whereas the pellets were 

discarded as it contains unbroken cells/tissues and nuclei. Supernatants were further 

centrifuged at 7,000 g for 10 minutes at 4°C to obtain mitochondria enriched pellet and the 

cytosolic supernatant. The mitochondria containing pellet were washed with Isolation 

buffer 2 [225 mM mannitol, 75 mM sucrose, and 30 mM Tris–HCl (pH 7.4)] and 

centrifuged at 10,000 g for 5 minutes at 4°C. Mitochondria resuspension buffer [250 mM 

mannitol, 0.5 mM EGTA, and 5 mM HEPES (pH 7.4)] was used to resuspend the crude 

mitochondria pellets which was obtained after centrifugation. For BN-PAGE, resuspended 

mitochondria was stored in -80°C and for SDS-PAGE, mitochondria were lysed with 

mitochondria lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 1% 

Triton X-100, and 2 mM 6-amino hexanoic acid]. Bradford reagent was used to quantify 

protein. 

3.13 Size exclusion chromatography 

Size exclusion chromatography of C-28/I2 cell mitochondrial lysate and endogenous 

zebrafish muscle mitochondria lysate was carried out using sephacryl S-300 resin. Initially, 

the column was packed with sephacryl s-300 resin to 30 ml bed volume. The column was 

equilibrated by running equilibration buffer [50 mM Tris-chloride (pH 8.0), 150 mM NaCl 

and 1 mM EDTA] for several times. Thereafter, the column was calibrated by using 

Thyroglobulin (Sigma-Aldrich) and a molecular weight marker kit (Sigma-Aldrich) 

followed by generation of column calibration curve which determines the elution volume 

of molecular weight standards. The calibration curve was used as a reference scale for 

calculating molecular weight of protein based on the elution volume. Briefly, 300 µg of 
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mitochondria lysate was loaded into the column and for each run, 90 nos of fractions were 

collected of volume 330µl each. Each fractions were precipitated using 20% TCA solution 

followed by washing of obtained pellet with acetone. Samples were dissolved in protein 

loading dye and denatured by boiling at 95°C. Further, the samples were subjected to SDS-

PAGE and immunoblotting according to earlier described protocol. 

3.14 BN-PAGE and 2D BN/SDS-PAGE 

Frozen resuspended mitochondria were thawed on ice and protein was estimated by 

Bradford reagent. 25 µg of mitochondria was centrifuged at 10,000 g for 10 min at 4°C, 

the obtained pellet was solubilized by incubating with 20 µl of solubilization buffer [50 

mM NaCl, 2 mM 6-aminohexanoic acid, 1 mM EDTA, and 50 mM imidazole–HCl (pH 

7.0)] and 1 µl of 20% dodecyl maltoside for 10 min on ice. The sample was centrifuged at 

20,000 g for 20 min at 4°C, resultant supernatant was mixed with 1.5 µl of 50% glycerol 

and 1 µl of native loading dye (5% G250 Coomassie Blue in 500 mM 6-aminohexanoic 

acid). Prepared samples were loaded in 3-13% gradient native gel and were run for 8 hrs at 

80 volt in cold room (Wittig, Braun and Schägger, 2006). Immunoblotting was carried out 

after running BN-PAGE. Briefly, proteins from BN-PAGE were transferred to PVDF 

membrane using semi dry transfer system (Hoefer) at 30 volt for 90 min in room 

temperature. The coomassie dye attached to the membrane after transfer were removed by 

rinsing the membrane in methanol followed by rinsing in transfer buffer and processed for 

immunoblotting according to the protocol described earlier. 

For 2D BN/SDS PAGE, the protein loaded lane of BN-PAGE was cut as a strip and 

incubated in denaturing solution [1% SDS and 1% β-Mercaptoethanol (β-ME)] for 30 min. 

Following incubation, Traces of β-ME was removed from the gel strip by rinsing repeatedly 

with distilled water. The gel strip was set on a 12% denaturing SDS-PAGE in second 

dimension (Acín-Pérez et al., 2008) followed by immunoblotting as per procedure 

described earlier. 

3.15 In gel Complex I activity assay 

In-gel Complex I activity of mitochondria was visualized on gel following BN-PAGE. 

Briefly, the gel after BN-PAGE was incubated in a buffer containing 0.1 M Tris-HCL (pH 

7.4), 1 mg/ml of Nitrotetrazolium Blue Chloride (Sigma-Aldrich) and 0.14 mM NADH 

(Sigma-Aldrich) at room temperature for about 1 hr (Díaz, Barrientos and Fontanesi, 2009). 

Formazan is formed at the reaction site leading to development of blue/purple colour after 
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which the gel was washed with distilled water and fixed with 30% methanol and 10% acetic 

acid solution. The gel was subsequently documented by scanning the image and the band 

intensities were quantified by using GelQuant.NET software provided by 

biochemlabsolutions.com. 

3.16 Measurement of complex I activity 

Complex I activity of isolated mitochondria was measured according to the previously 

published protocols (Spinazzi et al., 2012) with minor modification. Briefly, freshly 

isolated mitochondria resuspended in mitochondria resuspension buffer were estimated 

spectrophotometrically by Bradford reagent. Both from control and experimental samples, 

equal amount of mitochondria was pelleted down by centrifugation at 10,000 g for 10 

minutes at 4°C. The obtained mitochondria pellet was resuspended in ice cold 10 mM 

hypotonic Tris buffer (pH-7.6) and subjected to three cycles of freeze thaw in liquid 

nitrogen so as to rupture the mitochondrial membranes. The sample was further suspended 

in assay buffer (50 mM potassium phosphate buffer [pH-7.5], 3 mg/ml of BSA and 3 mM 

sodium azide) to which 100µM NADH and 100µM ubiquinone were added. Reduction of 

NADH (extinction coefficient- 6.22 mM−1 cm−1) was measured by correlating the decrease 

in absorbance of NADH (340nm) at different time points recorded for 5 minutes. Complex 

I activity (nmoL min−1 mg−1) was calculated as (Δ Absorbance/min × 1000)/[(Extinction 

coefficient × Volume of sample used in ml) × (Sample protein concentration in mg ml−1)] 

(Spinazzi et al., 2012). Percent change in Complex I activity was calculated considering 

activity of control sample as 100. 

3.17 Measurement of mitochondrial ATP synthesis 

Mitochondrial ATP synthesis was measured by a bioluminescence assay. Based on 

published literature (Mittal, Babu and Roy, 2009; Patra et al., 2016), freshly isolated 

mitochondria (100 mg/mL) was energized by incubating in  respiration buffer [0.6 M 

sorbitol, 1 mM MgCl2, 1 mM EDTA, 25 mM succinate, 5 mM ADP, and 25 mM potassium 

phosphate buffer (pH 7.0)] for 15 min at 37°C. ATP determination kit (Thermo Fisher 

Scientific) was used to quantify the generated ATP in mitochondria following the 

manufacturer’s protocol. Luminescence was measured by using HIDEX Sense Multimode 

Micro Plate Reader 425-301 (HIDEX). 
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3.18 Liquid chromatography and mass spectrometry 

In Gel Digest: The gel slices were cut to 1 mm by 1 mm cubes and destained three times 

by first washing with 100 μL of 100 mM ammonium bicarbonate for 15 minutes, followed 

by addition of the same volume of acetonitrile (ACN) for 15 minutes. The supernatant was 

discarded and samples (gel pieces) were dried in a speedvac. Samples were then reduced 

by mixing with 200 μL of 100 mM ammonium bicarbonate and 10 mM DTT and incubated 

at 56°C for 30 minutes. Following liquid removal, 200 μL of 100 mM ammonium 

bicarbonate-55 mM iodoacetamide was added to gel pieces and incubated at room 

temperature in the dark for 20 minutes. After the removal of the solvent and one wash with 

100 mM ammonium bicarbonate for 15 minutes, same volume of ACN was added to 

dehydrate the gel pieces. After solvent removal, the samples were dried in a speedvac. For 

digestion, enough solution of ice-cold trypsin (0.01 μg μL−1) in 50 mM ammonium 

bicarbonate was added to cover the gel pieces for 30 minutes on ice. After complete 

rehydration, the excess trypsin solution was removed, replaced with fresh 50 mM 

ammonium bicarbonate, and left overnight at 37°C. The peptides were extracted twice by 

the addition of 50 μL of 0.2% formic acid and 5% ACN and vortex mixing at room 

temperature for 30 minutes. The combined extractions are analyzed directly by liquid 

chromatography (LC) in combination with tandem mass spectroscopy (MS/MS) using 

electrospray ionization. 

LC-MS-MS: Trypsin-digested peptides were analyzed by ultra-high pressure liquid 

chromatography (UPLC) coupled with tandem mass spectroscopy (LC-MS/MS) using 

nano-spray ionization. The nanospray ionization experiments were performed using a 

Orbitrap fusion Lumos hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, 

MA, USA) interfaced with nano-scale reversed-phase UPLC (Thermo Dionex UltiMate 

3000 RSLC nano System) using a 25 cm, 75-micron ID glass capillary packed with 1.7-

μm C18 (130) BEH beads (Waters corporation, Milford, MA, USA). Peptides were eluted 

from the C18 column into the mass spectrometer using a linear gradient (5-80%) of ACN 

(Acetonitrile) at a flow rate of 375 μL min−1 for 1 hour. The buffers used to create the 

ACN gradient were: Buffer A (98% H2O, 2% ACN, 0.1% formic acid) and Buffer B (100% 

ACN, 0.1% formic acid). Mass spectrometer parameters were as follows; an MS1 survey 

scan using the orbitrap detector of mass range (m/z): 400-1500 (using quadrupole 

isolation), 120 000 resolution setting, spray voltage of 2200 V, ion transfer tube 

temperature of 275°C, AGC target of 400 000, and maximum injection time of 50 ms was 
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followed by data-dependent scans (top speed for most intense ions, with charge state set to 

only include + 2-5 ions, and 5 second exclusion time, while selecting ions with minimal 

intensities of 50 000 in which the collision event was carried out with high energy collision 

energy of 30%), and the fragment masses where analyzed in the ion trap mass analyzer 

(with ion trap scan rate of turbo, first mass m/z 100, AGC Target 5000 and maximum 

injection time of 35 ms). Protein identification and label free quantitation was carried out 

using Peaks Studio 8.5 (Bioinformatics solutions Inc). 

3.19 Electron microscopy 

C-28/I2 chondrocyte line was fixed with 2.5% glutaraldehyde and 2% paraformaldehyde 

in 0.15 M cacodylate buffer. Post fixing, cells incubated with 1% OsO4 in 0.1 M cacodylate 

buffer on ice for 1 hour. Subsequent staining en bloc was with 2%-3% uranyl acetate for 1 

hour on ice. Graded series of ethanol (20%-100%) on ice was used to dehydrate the cells. 

This was followed by one wash with 100% ethanol and two washes with acetone (15 min 

each). Embedding was done with Durcupan. Sections were cut at 50 to 60 nm on a Leica 

UCT ultramicrotome, and picked up on Formvar and carbon-coated copper grids. Sections 

were stained with 2% uranyl acetate for 5 minutes and Sato's lead stain for 1 minute. Finally 

grids were viewed using a JEOL 1200EX II (JEOL) TEM and photographed using a Gatan 

digital camera (Gatan). 

3.20 WISP3 mutant generation 

CRISPR Cas9 technology was used to generate Exon 5 specific WISP3 mutants. Guide 

RNA having minimum off target and maximum on target was designed online using 

CHOPCHOP tool (Montague et al., 2014). The guide RNA oligo was cloned into pSpCas9 

(BB) 2A-Puro (PX458) vector (Addgene). Briefly, the primer pair, for forward strand 5′-C 

ACCGCATTTAAATGACCCCTCATT-3′, and for reverse strand 5′-AAACAATGAG 

GGGTCATTTAAATGC-3′ were annealed, phosphorylated with polynucleotide kinase 

(Thermo Fisher scientific) and ligated to BbsI digested vector using T7 ligase (NEB). The 

positive clone was confirmed by Sanger sequencing and are used to transfect C-28/I2 cells 

using Lipofectamine 2000 (Invitrogen) as per manufacturer’s protocol. In brief, C-28/I2 

cells were plated 12-14 hours prior to transfection at a density of 0.5X106 cells per well in 

each well of six well plate. For each well of six-well plate, 5 μL of Lipofectamine 2000 

and 2 μg of plasmid DNA were mixed separately with 150 μL of Opti-MEM. The plasmid 

DNA and Opti-MEM mixture solution was poured slowly to Lipofectamine-Opti-MEM 
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solution and mixed well. The resultant mixture (300µl) was incubated for 30 minutes in 

room temperature following which the solution was added drop wise to the well. The plate 

was swirled gently for even distribution of transfecting mixture before keeping inside the 

CO2 incubator. Media of transfected cells was replaced after 24 hours post-transfection with 

fresh DMEM high glucose complete medium. After 48 hrs of transfection, Puromycin (1.5 

μg/ml) was added for selection of transfected cells and further incubated for 48 hrs, fresh 

media was added thereafter. The surviving cells were pooled, diluted and plated in 12 well 

plates so as to obtain single cell in each well. The single cell colonies were screened further 

by checking WISP3 expression in whole cell level and by Sanger sequencing to check 

insertion or deletion of bases in genome. Colonies having mutations and showing decreased 

expression of mutant WISP3 were propagated further and harvested for assays related to 

mitochondrial function.  

3.21 Genomic DNA isolation and sequencing 

Genomic DNA was isolated from both wild type and mutant C-28/I2 cells. In brief, cells 

were harvested by scraping the cells in PBS followed by spin down at 2000 rpm. The 

obtained cell pellet was resuspended in digestion buffer having composition 100 mM NaCl, 

10 mM Tris (pH 8.0), 25 mM EDTA (pH 8.0), 0.5% SDS and 0.1 mg mL−1 of proteinase 

K and incubated overnight at 50°C in dry bath. Following digestion, equal volume of 

phenol/chloroform/isoamyl alcohol was added and centrifuged at 12000 g for 10 minutes. 

The aqueous layer was gently transferred to a separate tube. To the aqueous layer, two 

volumes of ethanol was added and mixed by turning upside down. The solution was 

centrifuged at 12000 g for 10 minutes to obtain genomic DNA pellet (Koh, 2013). The 

target region of genomic DNA (exon 5 region) was then subjected to PCR amplification 

by Pfu Plus DNA Polymerase (BioBharati Lifescience) using primers Exon 5 Fw 5′-

GCCTCCAAATACTCAGATTTG-3′ (forward) and Exon 5 Rv 5′-GTAGTGATCTGAG 

AATAGGCA-3′ (reverse). The PCR product was separated on a 1.5% Agarose gel, band 

containing DNA was excised from gel and purified by using PureLinkTM quick gel 

extraction kit (Thermo Fisher Scientific). The purified PCR product was sent for sanger 

sequencing (1st Base Sequencing Service) to determine insertion and deletion in the the 

genome  followed by comparing  mutant and wild type sequence using Clustal Omega 

program (Madeira et al., 2019). 
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3.22 MTT assay 

Cell viability of wild type versus mutant C-28/I2 cells was performed by MTT 

(Dimethylthiazol-diphenyl tetrazolium bromide) assay. For MTT assay, cells were plated 

in a 96-well flat bottom culture plate. Under standard tissue culture conditions, cells were 

plated at a density of 104 cells per well. 10µl of MTT (5 mg/ml) (Sigma-Aldrich) was added 

to each well at desired time points and incubation continued for 4 hours at 37°C, 5% CO2. 

The culture media was removed followed by addition of 200 μl of DMSO was added to 

each well.  dissolve The formazan crystals gets dissolved by mixing DMSO and absorbance 

was measured at 595 nm in a micro plate reader (Bio-Rad) as described in previously 

published protocol (van Meerloo, Kaspers and Cloos, 2011). 

3.33 Histology and immunofluorescence 

Left dorsal skeletal muscle of zebrafish was dissected out and 10% buffered formalin was 

used to fix the tissue by incubating it overnight. The muscle sample was then dehydrated 

in graded alcohol and embedded in paraffin. Tissue was sectioned at a thickness of 3 µm 

using a microtome and subjected to histology and immunofluorescence. Mayer’s albumin-

coated glass slides was used to mount the tissue sections and stained with haematoxylin–

eosin for histological studies following published procedure (Feldman and Wolfe, 2014). 

Tissue sections were mounted on poly-L-lysine-coated glass slides and processed for 

immunofluorescence study following previously reported protocol (Scanziani, 1998; Joshi 

and Yu, 2017). For heat-induced antigen retrieval from tissue sections, the slides were 

immersed in Tris-EDTA buffer [10 mM Tris base, 1 mM EDTA, 0.05% Tween 20 (pH 

9.0)] and placed in a pressure cooker. The slides were bought to room temperature and 

blocked with 10% normal serum and 1% BSA in TBS. Tissue sections slides were kept in 

moist chamber and incubated overnight at 4°C with primary antibody (anti-Vdac1, anti-

Wisp3, or anti-Cox4). Next day, the slides were incubated with fluorophore-conjugated 

secondary antibody [Alexa Fluor 546 anti-rabbit antibody or Alexa Fluor 488 anti-mouse 

antibody (Thermo Fisher Scientific)] for 1 hour followed by visualization of slides under 

fluorescence microscope (Leica, DMI 3000B) and confocal microscope (Leica, TCS SP8). 

3.34 Analysis of swimming behaviour 

After the administration of wisp3 or control morpholino, the swimming behaviour of 

zebrafish was analysed following reported procedure of “startle response” (Eddins et al., 

2010; Miller et al., 2012), with minor modifications. Briefly, following morpholino 
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injection, individual fish was kept in a small transparent rectangular tank (28 cm length, 20 

cm width and 10 cm height) with 4 L of water. After 48 or 72 h post-morpholino injection, 

stimulus was given by a “single tap” on the tank. Following the single tap, swimming 

behaviour was recorded for up to 4 min with a video camera placed at the top of the tank. 

Uninjected fish was used as a reference in this experiment. Filmora 9, a video editing 

software was used to analyse the video recordings. The distance covered and turns taken 

per minute by each fish was calculated and plotted as graph by using GraphPad Prism 

software. 

3.35 Statistical analysis 

All the data were presented as the mean + SEM and p value was calculated by Student’s t 

test; *p<0.05, **p<0.005, ***p<0.0005. Percentage of damaged mitochondria in TEM was 

analysed by one-way ANOVA followed by multiple comparison tests. Three to five 

zebrafish were used in each group for a particular point of data. The difference between the 

experimental and control groups were evaluate thereafter. For experiments involving 

zebrafish mitochondria, about 10 fish represents each pool, and at least three pools 

represents any one data point. GraphPad Prism software was used for all the statistical 

analysis and graphical presentation of data. 
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RESULTS  

4.1 WISP3 localizes to mitochondria 

WISP3 is a multimodular protein having potential to interact with other proteins (Hurvitz 

et al., 1999; Brigstock, 2003; Engel, 2004; Davis, Chen and Sen, 2006; Miller and Sen, 

2007; Perbal, 2013; Repudi, Patra and Sen, 2013). WISP3 plays a major role as a regulator 

of basal mitochondrial metabolism by regulating ATP production and calcium uptake in 

mitochondria (Patra et al., 2016). Taking into account of regulation of mitochondrial 

metabolism by WISP3, it was interesting to check its localization in mitochondria. Presence 

of WISP3 in mitochondria of C-28/I2 cells was evident from immunoblotting of subcellular 

fractionation as depicted in figure 1A where COX IV is used as a marker protein of 

mitochondria (Dolga et al., 2014). Protease protection assay was performed to validate the 

sub-mitochondrial localization of WISP3 in C-28/I2 cell line.  

Figure 1 

 

Figure 1: WISP3 localizes to mitochondria.  

(A) Immunoblot depicting the presence of WISP3 in mitochondrial fraction (Mito), cytosolic fraction (Cyto) 

and whole cell lysate (Total) of C-28/I2 cells. β-actin and COX-IV were used as loading control of cytosolic 

and mitochondrial fractions respectively. (B) Immunoblot of mitochondria and proteinase K treated mitoplast 

indicates sub-mitochondrial localization of WISP3. Respiratory complex proteins NDUFS1 and ATP5A1 are 

used as marker of inner mitochondrial compartment. (C) Immunoblot of Na2CO3 incubated mitochondria of 

WISP3myc transfected HEK293 cells depicting association of WISP3 with membrane fraction (pellet), soluble 
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fraction (soup) of mitochondria. Total indicates the whole mitochondria, TOM20 is used as marker of outer 

mitochondrial membrane, HSP60 is used as an indicator of inner mitochondrial membrane and mitochondrial 

matrix. (D) Immunoblot of  WISP3myc and pcDNA transfected HEK293 cells depicting the transfection 

efficiency of WISP3myc DNA. 

Mitoplast was prepared from isolated mitochondria of chondrocyte cell and subjected to 

proteinase K digestion at different time interval followed by immunoblotting with anti-

WISP3 antibody and antibody against mitochondrial inner compartment marker proteins 

(NDUFS1 and ATP5A1). It was observed that a significant amount of WISP3 protein was 

accessible to proteinase K digestion whereas a notable fraction was resistant to protease 

digestion figure 1B. In order to further validate the sub-cellular localization of WISP3 in 

mitochondria, membranous fraction and soluble fraction of mitochondria were separated 

from mitochondria of WISP3myc transfected HEK293 cells in carbonate buffer (Zhou et al., 

2008; Mick et al., 2012). Both the membranous fraction and soluble fractions were 

subjected to immunoblotting using anti-Myc antibody to detect WISP3, anti-HSP60 

antibody as an inner membrane/matrix marker and anti-TOM20 antibody as an outer 

membrane marker. Immunoblot suggests that most of mitochondrial WISP3 is associated 

with membrane of mitochondria while a portion is also present in soluble fraction as 

depicted in figure 1C (Sun et al., 2006; De Vos et al., 2012). Over expression of WISP3 

by transfecting WISP3myc DNA in HEK293 cells was validated by immunoblotting using 

anti-myc antibody to lysate of transfected cells (figure 1D). 

Localization of WISP3 in mitochondria of C-28/I2 cells was also demonstrated by confocal 

microscopy. It was observed that endogenous as well as over-expressed WISP3 co-

localizes with mitochondria stained with mitotracker green (Figure 2A, B). The extent of 

co-localization of WISP3 and mitotracker green in both endogenous level and WISP3myc 

over-expressed level was estimated by both RGB plot and Pearson’s coefficient (Figure 2 

C-E). These results indicates that the regulation of mitochondrial metabolism by WISP3 

(Patra et al., 2016) is due to its physical association with mitochondrial proteins. This paves 

path to explore more on the role of mitochondrial WISP3 and its regulation in maintaining 

mitochondrial respiratory complexes. Taking into account the multimodular nature of 

WISP3, led us to investigate its interacting partners in mitochondria and its subsequent 

regulation of electron transport chain complexes. 
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Figure 2 

 

Figure 2: WISP3 is present in mitochondria.  

(A&B) Confocal microscopy of WISP3myc transfected C-28/I2 cells and endogenous cell revealing co-

localization of WISP3 with mitochondria. Mitotracker green dye is used to stain mitochondria and WISP3 is 

stained as red. Yellow colour in the merge image indicates co-localization of WISP3 and mitochondria. 

(C&D) RGB intensity plot of confocal images depicting co-localization in WISP3myc transfected and 

endogenous cell respectively. (E) Pearson’s coefficient of co-localization was calculated from the confocal 

images as depicted in A&B. 

 

4.2 WISP3 remains associated with the mitochondrial respiratory complex 

Considering multimodular architecture of WISP3, its potential to interact with other 

proteins and regulating mitochondrial functions (Hurvitz et al., 1999; Patra et al., 2016) it 

is important to look into the mechanism of its regulation. In this regard we were interested 

to find whether WISP3 remains associated with mitochondrial respiratory chain 

complexes. In order to achieve our objective, initially we isolated mitochondria from C-

28/I2 chondrocyte cell line to perform two-dimensional gel electrophoresis. Briefly, 

mitochondrial protein was first run on BN-PAGE. Then SDS-PAGE and immunoblotting 

with anti-WISP3 antibody and anti-mitochondrial cocktail antibody were performed in the 



RESULTS 

 

Page | 31  

 

second dimension to detect different subunits of mitochondrial respiratory chain complexes 

existing in the functional domain (Wittig, Braun and Schägger, 2006; Acín-Pérez et al., 

2008; Mimaki et al., 2012). It was observed that although WISP3 is present in its own 

molecular weight form whereas a significant portion remains associated with mitochondrial 

respiratory Complex I, Super Complex and other respiratory complex intermediates 

comprising Complex III, Complex IV and Complex V. 

WISP3 was detected in accordance with NDUFB8 (Complex I subunit), ATP5A1 

(Complex V subunit), UQCRC2 (Complex III subunit), and MTCO1 (Complex IV subunit) 

and also in the form of Super Complexes, which comprise Complex I and other respiratory 

complex intermediates as depicted in figure 3A.  

Dotted lines on the blots denote skewed protein migration due to two dimensional BN/SDS-

PAGE. In chondrocyte cell line, the presence of mitochondrial Complex I in the Super 

Complex region and the existence of other mitochondrial respiratory complexes in that 

region are in line with the previously published literature (Acín-Pérez et al., 2008; Mimaki 

et al., 2012; Moreno-Lastres et al., 2012; D et al., 2017). Mitochondria lysate was run on 

BN-PAGE, the region encompassing Super Complex and Complex I region were excised 

(excision mark of each region in highlighted in red box) (Figure 3B) and were subjected to 

liquid chromatography followed by mass spectrophometry. Presence of different 

respiratory complex intermediate proteins as well as certain respiratory complex assembly 

factors were also detected by mass spectrophotometric analysis of BN-PAGE taking Super 

Complex and Complex I region (Figure 3C). However, WISP3 remained undetected 

perhaps due to its incompatibility with the peptide detection system of mass spectrometer.  

Further validation of association of mitochondrial WISP3 with mitochondrial respiratory 

complexes was confirmed by size exclusion chromatography followed by immunoblotting. 

The fractions collected by size exclusion chromatography of total mitochondria lysate was 

immunoblotted using anti-WISP3 antibody and certain subunits of mitochondrial 

respiratory chain. Also in this case, it was observed that WISP3 remained in high molecular 

weight complex by being associated with subunits of Complex I (NDUFB8, NDUFS1) and 

other subunits like UQCRC2, MTCO1 and ATP5A1 which comes in the range of Complex 

I/Super Complex and other intermediates of respiratory complexes as depicted in figure 4. 
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Figure 3 
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Figure 3: WISP3 remains associated with respiratory complex of mitochondria. 

 (A) WISP3 is detected in immunoblot of 2D BN-SDS-PAGE of mitochondria at high molecular weight 

region along with Super complex/Complex I along with other intermediates of mitochondrial respiratory 

chain. Presence of WISP3 is highlighted in black box, dotted lines in the blot indicates skewing in protein 

migration (B) Coomassie stained gel of mitochondria lysate of C-28/I2 cell. Red box highlights the Super 

Complex and Complex I region excised for LC-MS/MS. (C) Sorted list of proteins detected in Super Complex 

and Complex I region by LC-MS/MS. 

 

 

 

These results suggest that the association of 

WISP3 with mitochondrial respiratory 

complex may be a key player in regulation of 

mitochondrial function as described earlier 

(Patra et al., 2016). This led us to investigate 

the role of WISP3 in mitochondrial 

respiratory complex assembly and activity. 

 

 

4.3 Partial reduction of WISP3 alters mitochondrial respiratory complex activity and 

assembly 

Mitochondrial respiratory complex activity and assembly was evaluated to determine the 

effect of WISP3. Here, mitochondrial Complex I was taken for study as it the initiator of 

electron transport chain of mitochondria and plays an important role in ATP synthesis as 

well as it exists in equilibrium as Super Complexes (Acín-Pérez et al., 2008; Mimaki et al., 

2012; Moreno-Lastres et al., 2012; D et al., 2017; Signes and Fernandez-Vizarra, 2018). 

In order to assess the influence of WISP3 on mitochondrial respiratory complex activity 

and assembly, knockdown of WISP3 was essential in both C-28/I2 and C20A4 

(chondrocyte) cell line. In chondrocyte cell line, mitochondrial Complex I / Super Complex 

assembly and activity was evaluated after partial depletion of WISP3 by siRNA 

transfection. Reduction in WISP3 expression about 35% in protein and 50% in mRNA was 

confirmed by densitometry of band intensities as depicted in figure 5A, B.  

Figure 4: WISP3 exists as high molecular 

weight complex. Immunoblot of mitochondrial 

lysate by size exclusion chromatography 

depicting migration of WISP3 with subunits of 

respiratory complexes in higher molecular 

Figure 4 
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Figure 5 

Figure 5: Complex I activity is increased in WISP3 depleted cells. 

 (A&B) Immunoblotting of lysate of WISP3 depleted cells by siRNA followed by quantification of band 

intensities by densitometry in bar graph demonstrating reduction of WISP3 in whole cell lysate and in mRNA. 

(C) Depletion of WISP3 increases Complex I activity as represented by higher rate of decrease of NADH 

absorbance as compared with control. (D&E) Bar graph showing percent change in Complex I activity in 

WISP3 depleted cells compared to control (taking control as 100). (F&G) BN-PAGE in-gel Complex I 

activity assay followed by quantification of band intensities by densitometry shows increased activity in 

WISP3 siRNA transfected cells when compared with control. Data are presented as mean + SEM *p < 0.05, 

**p < 0.01 (Student’s t- test). 

This moderate reduction of WISP3 leads to increase in Complex I activity in both C-28/I2 

and C20A4 chondrocyte cell line. Increase in complex I activity was measured based on 

oxidation of NADH by mitochondria in WISP3 siRNA treated sets vs. control sets. 

Oxidation of NADH correlates with decrease in absorbance of NADH at 340nm which are 

displayed in term of time kinetics spanning a period of 180 seconds (Figure 5C). The 

percent change in Complex I activity in both C-28/I2 and C20A4 chondrocyte cell line are 

depicted in Figure 5D & E respectively. Further, in order to validate this result, 

mitochondria of WISP3 depleted cells were subjected to BN- PAGE followed by in-gel 

assessment of Complex I activity. In-gel Complex I activity assay was performed based on 

published protocols (Acín-Pérez et al., 2008; Díaz, Barrientos and Fontanesi, 2009). Here 

as well, the reduction of NBT by NADH was significantly more in mitochondria of WISP3 
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depleted cells than corresponding control (Figure 5F) as revealed by densitometry of band 

intensities (Figure 5G).  

Figure 6 

 

Figure 6: Assembly of Complex I is increased in WISP3 depleted cells. 

(A) Immunoblotting of BN-PAGE with anti -NDUFB8 & NDUFS1 (Complex I subunits) antibodies shows 

increased Complex I and Super Complex assembly. (B) Quantification of band intensities by densitometry 

indicates increased assembly in ComplexI/Supercomplex region. Data are presented as mean + SEM *p < 

0.05, **p < 0.01 (Student’s t- test). 

In order to dig deep into the cause of increase in Complex I activity, we predicted that this 

might be due to either NADH oxidation in a more efficient manner by Complex I or more 

assembled form of Complex I  so that the NADH is oxidised relatively faster in WISP3 

siRNA treated cells. Interestingly, it was found that the increase in Complex I activity is 

due to the increase in assembled form of Complex I/ Super complex which was clear from 

immunoblot after BN-PAGE of total mitochondrial lysate using antibodies against 

NDUFB8 and NDUFS1 (subunits of Complex I) (Figure 6A). As a loading control, anti- 

VDAC1 antibody was used. Corresponding band intensities were quantified by 

densitometry and relative densitometry ratio of WISP3 siRNA and control siRNA are 

plotted in graph as depicted in Figure 6B. From these results it is clear that moderate 

reduction of WISP3 leads to increase in assembled form of Complex I in respiratory 

complexes. 

It was also observed that the NDUFB8 level in whole cell lysate was also 50% more in 

WISP3 siRNA transfected cells as seen in immunoblot of SDS-PAGE whereas there was 

no change in mRNA level as seen by RT-PCR. However, upon WISP3 depletion, there was 
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no change in NDUFS1 expression in both protein and mRNA level as depicted in 

densitometry of corresponding band intensities (Figure 7A & B). These results suggests 

that WISP3 level plays an important role in both stability and assembly of subunits of 

Complex I and mitochondrial respiratory chain complexes. 

Figure 7 

 

Figure 7: (A&B) Immunoblot of whole cell lysate of WISP3 depleted cells shows increased expression of 

NDUFB8 protein but not in mRNA of C-28/I2 cells. However no significant change is seen in both protein 

and mRNA level of NDUFS1. The bar graphs represents relative densitometric ratios of bands. Data are 

presented as mean + SEM *p < 0.05 (Student’s t- test). 

 

4.4 Moderate depletion of WISP3 increases its mitochondrial localization  

In order to substantiate how the effect of moderate WISP3 depletion in whole cell level in 

C-28/I2 and C20A4 cell line correlates with the mitochondrial WISP3 level, we assessed 

the distribution of WISP3 in mitochondria and cytosol. Interestingly, it was observed that 

the increase in Complex I / Super complex activity and assembly was correlated with 

increased mitochondrial localization of WISP3 as compared to its cytosol in both C-28/I2 

and C20A4 chondrocyte cell line (Figure 8A). Moderate depletion of WISP3 was visible 

in the cytosol but more amount of WISP3 was harboured in mitochondria of WISP3 

depleted cells compared to corresponding control. The ratio of WISP3 expression in 

mitochondria:cytosol of WISP3 depleted cells is quantified densitometrically and plotted 

in Figure 8B.  
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Figure 8 

 

Figure 8: WISP3 depletion by siRNA alters mitochondrial distribution of WISP3.  

(A) Immunoblots showing decreased cytosolic but increased mitochondrial distribution of WISP3 in both 

C28/I2 and C20A4 chondrocyte lines. β-actin and VDAC1/COX4 are shown as loading controls for cytosol 

and mitochondria respectively. (B) Densitometric plot of relative WISP3 level (mitochondria/cytosol). Data 

are presented as mean + SEM **p < 0.01(Student’s t- test). 

This relative increase in mitochondrial WISP3 in WISP3 depleted condition correlated with 

notable decrease in RER (rough ER)-OMM (outer mitochondrial membrane) distance as 

visualized by transmission electron microscopy (Figure 9A). Distance between RER-

Mitochondria was measured by morphometric analysis and the distribution plot (Figure 

9B) shows that the distance is reduced in WISP3 depleted condition. The mechanism of 

altered WISP3 distribution in mitochondria is not clear at this stage.  

Figure 9 
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Figure 9: Depletion of WISP3 alters RER-Mitochondria distance. 

(A) Transmission Electron micrographs showing closer association of rough endoplasmic reticulum (RER) 

ribosome with outer mitochondrial membrane (OMM) in WISP3 depleted cells compared to controls. Mc 

denotes mitochondria. Red arrowheads indicate ribosomes. Scale bar, 200nm. (B) Distribution plot with mean 

value showing morphometric analysis of the distance between RER and OMM. RER-OMM distance was 

calculated in more than 150 points. Data are presented as mean + SEM ***p < 0.001(Student’s t- test). 

However the decrease in WISP3 protein level disturbs RER-mitochondria distance leading 

to bring ribosomes close to mitochondria. This may facilitate incorporation of ribosome 

translated WISP3 and other mitochondrial protein to enter into mitochondria leading to its 

increased localization thereby increased respiratory complex assembly and activity. These 

results suggest that WISP3 plays a vital role in maintenance of ideal RER-mitochondria 

distance which is required for flow of proteins into the mitochondria in a well-balanced 

manner. Previous publications also suggests that ER – mitochondria distance is essential in 

proper functioning of respiration in cells (Csordás et al., 2006; de Brito and Scorrano, 

2010). 

4.5 Mutations in WISP3 result in disruption in respiratory complex assembly and 

activity leading to accumulation of abnormal mitochondria and cell viability 

Mutations in WISP3 leads to a debilitating skeletal disorder called PPRD, which is marked 

by loss of normal chondrocyte in cartilage growth plate (Hurvitz et al., 1999). There are 

several cases where PPRD is caused due to truncation in exon 5 of WISP3 (Trp 349 stop 

in variant 3 and Trp 331 stop in variant 1) (Garcia Segarra et al., 2012; Sailani et al., 2018). 

We wanted to check the effect of this mutation on mitochondrial function by generating 

truncated WISP3 mutant (Trp 349 stop) by CRISPR Cas9 technology (Ran et al., 2013). 

As the chondrocyte cell line we use expresses variant 3 predominantly (Figure 10A) hence 

we focused on variant 3 of WISP3. A guide RNA was designed targeting exon 5 region of 

WISP3 followed by cloning it in a puromycin resistant plasmid vector, pSpCas9 (BB)-2A-

Puro (PX459). The clone was then transfected into C-28/I2 cell line followed by puromycin 

selection. After transfection, cells were diluted and grown so as to obtain single cell 

colonies. Mutant cell populations were selected on the basis of diminished WISP3 

expression in immunoblot using anti-WISP3 antibody which recognizes the protein beyond 

the target region of the mutation (Figure 10B, C). Of the selected clones, M1, M2 and M3 

were sequenced and found to have frame shift mutation at amino acid residues 339 (M1), 

338 (M2), and 339 (M3) leading to stop codon at 353,341 and 344 respectively (Figure 

10D). This implies that the truncated proteins are produced in all three mutants which was 
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different from wild type. Slight difference in molecular weight (2-3 kDa) of mutant WISP3 

was not visible by immunoblotting probably due to post translational modifications. 

Figure 10 

 

Figure 10: WISP3 mutant generation by CRISPR Cas9 technology.  

(A) DNA gel of WISP3 variant analysis by PCR confirms the predominance of variant 3 over variant 1 in C-

28/I2 chondrocyte cells. (B&C) WISP3 mutant lines (M1, M2 & M3) showing reduced expression of mutant 

WISP3 (>60%) and diminished expression of NDUFB8 (Complex I subunit) (65-90%) as demonstrated by 

immunoblotting followed by quantification of band intensities by densitometry. (D) DNA sequence obtained 

by Sanger sequencing showing truncation of WISP3; respective amino acids are mentioned above the 

sequence on codon basis. (E) Immunoblotting followed by quantification of band intensities showing 

decreased expression of mutant WISP3, NDUFB8 and NDUFS1 in the mitochondria of the WISP3 mutant 

lines M1, M2 and M3 as compared to wild type. VDAC1 is used as loading control of mitochondria. Data 

are represented as mean + SEM *p < 0.05, **p < 0.01 (Student’s t- test). 

 

However, expression of WISP3 was significantly reduced in mitochondria of mutants 

where VDAC1 was used as loading control. Level of NDUFB8 and NDUFS1 were also 

decreased (about 60-70%) in both whole cell and mitochondrial lysate (Figure 10B,C & 
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D,F) in mutant cell as compared to wild type. This diminished expression of NDUFB8 and 

NDUFS1 is possibly due to defect in protein interaction pattern of mutant WISP3. 

 

Figure 11 

 

Figure 11: Mutations in WISP3 alter respiratory complex assembly and activity. 

 (A&B) Immunoblot of BN-PAGE probed with anti-NDUFB8 antibody followed by quantification of band 

intensities by densitometry showing reduced Complex I / Super Complex assembly in WISP3 mutant lines 

in comparison with wild type. (C&D) In-gel Complex I activity assay and corresponding quantification of 

band intensity showing altered Complex I/Super Complex activity in WISP3 mutant lines M1, M2 and M3 

in comparison with wild type. Data are represented as mean + SEM *p < 0.05, **p < 0.01 (Student’s t- test). 

 

Reduced expression level in these subunits in mitochondria correlated with defective in 

assembly of Complex I/Super complex as depicted from immuunoblot of BN-PAGE and 

its respective densitometry (Figure 11A, B). BN-PAGE of mitochondria of WISP3 mutants 

followed by in-gel Complex I activity shows markedly altered Complex I/ Super complex 

activity (Figure 11C, D). The defect in respiratory complex assembly and activity in WISP3 
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mutants (M1, M2 and M3) leads to accumulation of damaged/abnormal mitochondria as 

seen in transmission electron microscope (Figure 12A, B). Due to the accumulation of 

damaged/abnormal mitochondria in mutants, they are less viable as compared to wild type 

cells as demonstrated by MTT assay (Figure 12C). Overall these experimental results 

indicated that mutations in WISP3 disrupts mitochondrial respiratory chain assembly and 

activity. Disrupted assembly and assembly of mitochondrial respiratory chain correlates 

with accumulation of damaged mitochondria and loss of cell viability. Hence, WISP3 plays 

a vital role in maintenance of mitochondrial health. 

Figure 12 

 

Figure 12: Mutations in WISP3 induce accumulation of damaged mitochondria and loss of cell 

viability. (A) Transmission electron micrographs of WISP3 mutant cells showing damaged/abnormal 

mitochondrial morphology in WISP3 mutant lines M1, M2, M3 as compared to wild type. Mc indicates 

mitochondria and * (Red asterisks) indicates damaged/abnormal mitochondria, RER indicates rough 

endoplasmic reticulum. Scale bar: 200 nm. B) Distribution plot with mean value showing percent of damaged 

mitochondria per cell in mutant lines and wild type. Scoring was done by counting more than 100 cells for 

each set. Data were analysed by one-way ANOVA followed by multiple comparison test (**p < 0.01, ***p 

< 0.001). (C) MTT assay showing less viability of WISP3 mutant lines as compared to wild type. Data are 

plotted as Mean + SE of 8 replicates. 
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4.6 Wisp3 exists as an integral part of mitochondrial respiratory complexes in skeletal 

muscle of zebrafish  

As per our earlier studies in chondrocyte cell line, WISP3 is present in mitochondria and 

regulates mitochondrial ATP production (Patra et al., 2016). Our recent findings in two 

different chondrocyte cell lines also state that WISP3 is associated with mitochondrial 

respiratory complexes and regulates its activity and assembly thereby maintaining overall 

mitochondrial health. As WISP3 mutations are linked to PPRD which are associated with 

muscle weakness and muscle wasting (Alawbathani et al., 2018; Al Kaissi et al., 2020; 

Shahi et al., 2020; Liu and Chen, 2021), we decided to study the function of WISP3 in 

mitochondria in relation to musculoskeletal system using zebrafish as a model organism. 

Here in this study, we used adult zebrafish to elucidate the function of Wisp3 in skeletal 

muscle. 

Figure 13 

 

 

Figure 13: Wisp3 is expressed in skeletal muscle of zebrafish and present in mitochondria of skeletal 

muscle. 

(A) Immunostaining and confocal microscopy demonstrating Wisp3 expression in zebrafish skeletal muscle. 

(i) Wisp3 expression in fiber lining near sarcolemma and in patches in intermyofibril spaces as shown by 

arrows, (ii) DAPI stain showing nuclei, (iii) only secondary antibody control. (B) Wisp3 expression in 

skeletal muscle mitochondria in comparison with whole tissue and cytosol. Vdac1 is used as reference as a 

mitochondrial protein. (C) Immunoblot of mitochondrial lysate after size exclusion chromatography using 

Sephacryl S- 300 beads demonstrating presence of Wisp3 in high molecular weight complexes. 
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Presence of Wisp3 was validated in the skeletal muscle of zebrafish by immunostaining 

and immunoblotting using custom synthesized zebrafish specific anti-Wisp3 antibody. 

Distribution of Wisp3 in mitochondria with respect to whole tissue was evaluated by tissue 

section staining and immunoblotting as shown in Figure 13A, B. Similar to distribution of 

mitochondrial WISP3 in C28/I2 cells, here as well, mitochondrial Wisp3 of adult zebrafish 

muscle was found in high molecular weight complexes by immunoblotting of fractions 

collected from size exclusion chromatography of whole mitochondria lysate (Figure 13C). 

BN-PAGE of muscle mitochondria of zebrafish and its immunoblot with anti-Wisp3 

antibody validated the presence of Wisp3 in high molecular weight complexes by partly 

associating with subunits of different respiratory chain complexes such as Ndufb8 

(Complex I subunit), Uqcrc2 (Complex III subunit), Cox4 (Complex IV subunit) and 

Atp5A1 (Complex V subunit) (Figure 14A panel i-vi). These subunits are widely used to 

study respiratory complexes of mitochondria (Csordás et al., 2006; Wittig, Braun and 

Schägger, 2006; Acín-Pérez et al., 2008; Moreno-Lastres et al., 2012). Panel vii of figure 

12A shows in-gel complex I activity which validated activity of assembled Complex I. 

Association of Wisp3 with mitochondrial respiratory complexes was further validated by 

immunostaining. Wisp3 was found to be associated with Cox4, co-localization of Cox4 

with Wisp3 indicates its association with mitochondria which are present in both 

sarcolemma and in inter-myofibril space (Percival et al., 2013; Lee et al., 2016) (Figure 

14B). These results suggest that the association of Wisp3 with mitochondrial respiratory 

complex might be due to the multi-modular architecture (Hurvitz et al., 1999) which makes 

Wisp3 a key player in regulation of mitochondrial function. This led us to investigate the 

role of Wisp3 in stabilization of mitochondrial respiratory complex assembly and activity 

by its chaperon like activity. 

4.7 Depletion of Wisp3 in Zebrafish skeletal muscle leads to reduced mitochondrial 

respiratory complex activity and assembly 

In the previous experiment it was clear that Wisp3 is also present in mitochondria of 

skeletal muscle of zebrafish and it is associated at least partly with respiratory complexes. 

Here we were interested to investigate whether Wisp3 regulates mitochondrial respiratory 

complex assembly and activity. In order to determine the specific role of Wisp3 in 

mitochondria of skeletal muscle, it was essential to deplete Wisp3 therein. Expression of 

Wisp3 was knocked down in adult zebrafish skeletal muscle by injecting wisp3 specific 
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Figure 14 

 

Figure 14: Wisp3 is present in association with mitochondrial respiratory complexes. 

(A) A coomassie stained gel of Blue Native (BN)-PAGE of muscle mitochondria (panel i) and 

immunoblotting separately with antibodies to Ndufb8 of Complex I (panel ii), Uqcrc2 of Complex III (panel 

iii), Cox4 of Complex IV (panel iv), Atp5a1 of Complex V (panel v) and Wisp3 (panel vi). Symbols on the 

blots (panel ii, iii, iv & v) denote positions of different complexes corresponding with Wisp3 bands in panel 

vi.  In gel NBT assay after BN-PAGE of mitochondria demonstrates activity of assembled Complex I (panel 

vii). (B) Immunostaining demonstrating colocalization of Wisp3 with mitochondrial respiratory complex. (i) 

Wisp3 expression, (ii) Cox4, representing mitochondrial respiratory Complex IV expression, (iii) Merged 

view showing colocalization of Wisp3 with Cox4, (iv) Magnified view (inset) of colocalization (arrow heads) 

(v) Secondary antibody control for Cox4. Presented data are representative of 3 independent experiments. 

 

morpholino (4µl of 200µM morpholino solution) into the dorsal side muscle of zebrafish 

followed by electroporation using tweezer electrode. Equal concentration of non-targeting 

morpholino was injected as negative control. After ~65 hours of electroporation muscle 

tissues were collected by sacrificing the fish. Muscle tissue excised from injected left dorsal 

side taken as experimental and right ventral side of the same fish was taken as respective 

uninjected set. Immunoblotting with zebrafish specific anti-Wisp3 antibody and 

corresponding densitometry shows about 60% reduction in Wisp3 expression upon 
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morpholino injection but not in non-targeting (control) morpholino set (Figure 15A) and 

its respective densitometric graph of blots shows significant reduction in wisp3 morpholino 

set than its respective uninjected whereas no significant differences were observed in 

control set (Figure 15B). Decrease in expression of Wisp3 by wisp3 morpholino was also 

visualised by immunofluorescence of the skeletal muscle tissue (Figure 15C).  

Figure 15 

 

Figure 15: Wisp3 depletion in skeletal muscle by morpholino injection.  

(A&B) Immunoblotting of total muscle lysate, and corresponding band densitometry demonstrating about 

60% reduction in Wisp3 expression by wisp3 morpholino but not control morpholino, as compared to the 

corresponding uninjected control. β-actin is used as a loading control. (C) Fluorescence microscopy of muscle 

sections stained with anti-Wisp3 antibody and counterstained with DAPI showing significant reduction of 

Wisp3 expression in wisp3 morpholino injected tissue compared to control morpholino injected or uninjected. 

 

In order to evaluate the effect of Wisp3 depletion on mitochondrial respiratory chain 

complexes, skeletal muscle mitochondrial lysate was subjected to BN-PAGE followed by 

immunoblotting with antibodies against subunits of respiratory chain complexes. 

Significant reduction in assembly of mitochondrial complex I, III, IV and V in 

mitochondria of zebrafish muscle were observed. This experiment was demonstrated by 

taking equal amount of mitochondria of skeletal muscles from experimental set (wisp3 
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morpholino injected) and control set (non-targeting morpholino and uninjected) followed 

by subjecting it to BN-PAGE and western blot analysis using antibody of respective 

subunits of mitochondrial respiratory complexes (complex I: Ndufb8, complex III: Uqcrc2, 

complex IV: Cox4, and complex V: Atp5a1) (Figure 16A, B). However, no changes in 

assembly were seen in control morpholino injected set (Figure 16C, D) which confirms the 

specific effect of wisp3 morpholino on mitochondrial respiratory complexes assembly. A 

mitochondrial structural protein, Vdac1 was taken as loading control in these experiments.  

Figure 16 

 

Figure 16: Depletion of Wisp3 inhibits mitochondrial respiratory complex assembly in zebrafish 

muscle. 

(A, C) BN-PAGE of muscle mitochondrial lysate followed by immunoblotting separately with antibodies to 

Ndufb8 (Complex I), Uqcrc2 (Complex III), Cox4 (Complex IV), Atp5a1 (Complex V) and (B, D) 

corresponding band densitometry projected by distribution plot, demonstrating that wisp3 morpholino, but 
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not control morpholino inhibits respiratory complex assembly as compared to respective uninjected. Vdac1 

is used as loading control. Data are presented as mean + SEM of at least 3 independent experiments. *p < 

0.05, **p < 0.01, (Student’s t- test) 

Defect in respiratory complex assembly resulted in significant reduction in Complex I 

activity. Decrease in complex I activity was measured based on decrease in oxidation rate 

of NADH by skeletal muscle mitochondria of wisp3 morpholino injected compared to 

control sets (non-targeting morpholino and uninjected). Oxidation of NADH correlates 

with decrease in absorbance of NADH at 340nm which are displayed in term of time 

kinetics spanning a period of 300 seconds (Figure 17A). The percent change in Complex I 

activity were significantly less in mitochondria of wisp3 morpholino injected muscle as 

compared to control morpholino injected and uninjected as depicted in Figure 17B. 

Figure 17 

 

Figure 17: Depletion of Wisp3 inhibits mitochondrial respiratory complex activity in zebrafish muscle. 

(A) Depletion of Wisp3 by morpholino injection increases Complex I activity as represented by higher rate 

of decrease of NADH absorbance measured by spectrophotometer as compared with control morpholino 

injected and uninjected. (B) Bar graph showing percent change in Complex I activity in mitochondria of 
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Wisp3 depleted tissues compared to uninjected (taking uninjected as 100). (C) Plotted graph of ATP 

measurement assay demonstrating decrease in ATP synthesis in mitochondria of wisp3 morpholino injected 

tissue but not in control morpholino injection as compared to uninjected control. (D&E) BN-PAGE of 

zebrafish muscle mitochondrial lysate and subsequent immunoblotting with Wisp3 antibody demonstrates 

less Wisp3 protein as well as alteration in its distribution among the respiratory complexes in wisp3 

morpholino injected but not in control morpholino injected as compared to the corresponding uninjected 

controls.  Data are presented as mean + SEM of at least 3 independent experiments. ***p < 0.001, NS-Not 

Significant (Student’s t- test). 

These findings are in line with involvement of mitochondrial complex III-V in proper 

functioning of Complex I as described in published literature (Mimaki et al., 2012; 

Moreno-Lastres et al., 2012; D et al., 2017; Signes and Fernandez-Vizarra, 2018). Reduced 

Complex I activity upon depletion of Wisp3 is linked with significant decrease in 

mitochondrial ATP synthesis as illustrated in Figure 17C. This changes in mitochondrial 

upon Wisp3 depletion in skeletal muscle of zebrafish alters its distribution among different 

mitochondrial respiratory complexes. BN-PAGE of zebrafish muscle mitochondrial lysate 

and subsequent immunoblotting with anti-Wisp3 antibody demonstrates less expression of 

Wisp3 protein as well as alteration in its distribution among the respiratory complexes in 

the skeletal muscle mitochondria of wisp3 morpholino injected fish but not in control 

morpholino injected fish as compared to the corresponding un-injected controls (Figure 

17D&E). Overall, these results suggest that the level of Wisp3 in the mitochondria of 

skeletal muscles plays an important role in regulating the stability, activity and assembly 

of mitochondrial respiratory complexes and thereby respiration. This led us to investigate 

the influence of Wisp3 in maintaining integrity of mitochondria and skeletal muscle 

physiology. 

4.8 Wisp3 depletion in skeletal muscle of zebrafish affects mitochondrial integrity 

leading to abnormal muscle organization  

Muscle weakness and muscle wasting are characteristics feature of PPRD progression.  In 

order to better understand the influence of Wisp3 on mitochondria and musculoskeletal 

system in organism level, zebrafish was used as a model organism (Howe et al., 2013; 

Steele, Prykhozhij and Berman, 2014). It is clear from the previous mentioned experiments 

that depletion of Wisp3 by morpholino causes loss in mitochondrial respiratory complex 

assembly and activity in zebrafish skeletal muscle (Figure 16&17). Hence it was very 

interesting to investigate the role of Wisp3 in maintenance of mitochondrial integrity and 

muscle physiology. Healthy mitochondria play a very important role in proper functioning 
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of muscle (Sunitha et al., 2016; Vincent et al., 2016). Here I used Vdac1, a mitochondrial 

structural protein as an indicator of mitochondrial integrity in adult zebrafish muscle.  

Figure 18 

 

Figure 18: Wisp3 depletion causes loss in muscle mitochondrial abundance. 

(A) Immunofluorescence of muscle sections of wisp3 morpholino injected and uninjected zebrafish 

demonstrating loss in Vdac1 (representing structural protein of mitochondria) expression upon Wisp3 

depletion. Arrow marks denote the presence of mitochondria along muscle fiber edges near the sarcolemma 

and in patches in the inter-myofibril spaces. (B) Immunoblot of muscle lysate and corresponding 

densitometry showing reduction in Vdac1 levels in wisp3 morpholino but not control morpholino injected 

fish as compared to uninjected control. β-actin is used as a loading control. 

Immunofluorescence microscopy carried out on microtomed tissue sections using anti-

Vdac1 antibody revealed loss of mitochondrial abundance in Wisp3 morpholino injected 

tissue as compared to uninjected tissue (Figure 18A). This finding was also supported by 

immunoblotting of whole tissue lysate following SDS-PAGE where there was about 50% 

reduction in protein level of Vdac1 in Wisp3 morpholino injected muscle but no significant 

changes were seen in respective control morpholino injected and uninjected samples 

(Figure 18B) as depicted in the densitometric graph with respect beta actin (Figure 18C). 

Thus reduced assembly and activity of mitochondrial respiratory complex upon Wisp3 

depletion was due to loss of mitochondria which in turn results in disruption in 

mitochondria integrity. 

Taking into account the importance of mitochondrial function on muscle physiology 

(Sunitha et al., 2016; Vincent et al., 2016), we were interested to find whether loss of 

mitochondria in skeletal muscles in Wisp3 depleted condition leads to change in structure 

and function of muscles. Interestingly, hematoxylene and eosin stained microtome tissue 

sections of wisp3 morpholino injected muscle shows broaden interstitial space between 
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muscle fibres and inflammatory infiltrates (Figure 19). These are the characteristic features 

linked to muscle wasting as documented in various PPRD cases (Alawbathani et al., 2018; 

Shahi et al., 2020; Liu and Chen, 2021). In control morpholino injected samples, a very 

minor variation in interstitial space is observed which is may be due to injury caused during 

electroporation or naturally occurring difference in tissue architecture. These results 

confirmed and strengthen in elucidating the specific role of Wisp3 in maintenance of 

muscle integrity in skeletal muscle of zebrafish. 

Figure 19 

 

Figure 19: Depletion of Wisp3 causes alteration in muscle organization.  

Hematoxylin & Eosin stained histological sections of muscles demonstrates increase in interstitial gaps and 

presence of inflammatory infiltrates (arrow marks) in wisp3 morpholino injected muscle compared to control 

morpholino injected and uninjected fish. 
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4.9 Wisp3 knock down in skeletal muscle hinders locomotion in zebrafish 

As depletion of Wisp3 by morpholino affects muscle integrity, we wanted to see whether 

if it affects locomotion in zebrafish. Interestingly, it was found that altered skeletal muscle 

structure formed by depletion of Wisp3 correlated with hindered locomotion.  

Figure 20 

 

Figure 20: Depletion of Wisp3 in skeletal muscle hinders locomotion in response to stimulus. 

(A & B) Depletion of Wisp3 in skeletal muscle by wisp3 morpholino restricts distance covered by zebrafish 

in response to stimulus after 48 and 72 hours post injection as compared to corresponding controls (control 

morpholino injected and uninjected) n=3. (C & D) Plotted graphs indicates number of turns  taken by wisp3 

morpholino injected fish was significantly less as compared to corresponding controls measured after 48 and 

72 hours post injection, n=3. Data are presented as mean + SEM *p < 0.05, **p < 0.01, ***p < 0.001, NS-

Not Significant (Student’s t- test). 

To evaluate the locomotion of zebrafish, ‘startle response experiment’ was conducted after 

wisp3 or Control morpholino administration based on published literature (Miller et al., 

2012; Lebold et al., 2013). Locomotion in zebrafish was evaluated by measuring two 

parameters such as total distance covered (in centimetres) and the number of turns taken 

after stimulus. After being subjected to a startle, given by single tap on one side of the fish 
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tank it was observed that wisp3 morpholino injected fishes in both 48 and 72 hrs post 

injection were unable to travel same distance as covered by control morpholino injected 

and uninjected (Figure 20A, B). Number of turns taken after stimulus were significantly 

less in wisp3 morpholino injected zebrafish as compared to respective control morpholino 

injected and uninjected (Figure 20C, D).  

For each fish, after tapping the distance covered and turns taken were measured at first, 

second, third and fourth minutes 

and plotted in respective graph. 

A schematic diagram of “startle 

response experiment” is 

illustrated in Figure 21. Overall, 

our results indicate the 

importance of Wisp3 in 

maintaining skeletal muscle 

organization and function by 

influencing mitochondrial 

respiratory complex assembly 

and activity.  

4.10 Distribution pattern of Wisp3 in organs of zebrafish 

In order to unravel the underneath mechanism of manifestation of specific defects caused 

by PPRD in skeletal muscle but not in other tissue type, it was quite interesting to 

investigate the different forms of Wisp3 in mitochondria of various tissues. For comparing 

the expression pattern in different mitochondrial rich tissues of zebrafish, here we have 

taken skeletal muscle, brain and heart. Immunoblot of isolated mitochondria from skeletal 

muscle, brain and heart indicates that Wisp3 is present in different forms in different tissue 

type as depicted in figure 22A. Skeletal muscle mitochondria harbours mainly 43 kDa form 

of Wisp3, heart mitochondria harbours mostly 33 kDa form whereas mitochondria of brain 

harbours both 33kDa and 43kDa forms. 

 

 

 

Figure 21: Schematic representation of set up for Startle response 

experiment. 

Figure 21 
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Figure 22 

 

 

Figure 22: Distribution pattern in forms of Wisp3 in zebrafish is tissue specific. 

(A) Immunoblot of mitochondrial lysate of different tissue sections (muscle, brain, heart) shows varied 

expression level of Wisp3 (43kDa and 33kDa) with respect to Ndufb8 and Ndufs1 (Complex I subunits), 

Cox4 (Complex IV subunit) and Vdac1 (mitochondrial structural protein). (B) BN-PAGE and subsequent 

immunoblots of mitochondrial lysates of muscle, brain and heart of zebrafish showing different distribution 

pattern of Wisp3 in the mitochondrial respiratory complexes. 

The mechanism and function of these variants of Wisp3 is not studied well, studying this 

aspects may pave a better path in better understanding of Wisp3 function. However, 

distribution pattern of Wisp3 in mitochondria was analysed by immunoblotting following 

BN-PAGE. It was observed that distribution of Wisp3 was more prominent in skeletal 

muscle as compared to brain and heart (Figure 22B). 
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DISCUSSION 

Having established the role of WISP3 as a growth and differentiation factor in cells of 

mesenchymal origin, we found indications of its potential to perform various functions due 

to its multimodular architecture.  Mutations in WISP3 are linked with PPRD, a debilitating 

musculoskeletal disorder characterised with joint stiffness, swelling of joints, widening of 

epiphysis, narrowing of joints space by periarticular calcification along with muscle 

wasting (Hurvitz et al., 1999; Dalal et al., 2012; Ekbote et al., 2013; Bhavani et al., 2015; 

Chouery et al., 2017; Alawbathani et al., 2018; Shahi et al., 2020; Liu and Chen, 2021). It 

is known that due to a lack of a fully functioning WISP3 protein, chondrocytes in the 

growth plate and articular cartilage undergo premature and uncontrolled hypertrophic 

differentiation. Studies have shown in chondrocyte that WISP3 regulates expression of 

collagen II, transcription factor SOX9 and aggrecan expression, promotes superoxide 

dismutase activity and regulating accumulation of cellular reactive oxygen species (ROS) 

which indicates its vital role in maintenance of cartilage integrity (Sen et al., 2004; Davis, 

Chen and Sen, 2006; Miller and Sen, 2007; Repudi, Patra and Sen, 2013). As the major site 

of ROS generation in cell is mitochondria and the role of mitochondria is established in 

maintenance of cartilage and musculoskeletal integrity (Sunitha et al., 2016; Vincent et al., 

2016), it is very important to understand the connection between WISP3 and mitochondrial 

function in both cellular and organismal level. In the current study, I found that WISP3 

localizes to mitochondria in both chondrocyte cell line and muscle of zebrafish and plays 

a significant role in controlling mitochondrial metabolism and thereby regulating skeletal 

architecture and functions which might correlate with progression of PPRD pathogenesis. 

Previous findings related to functions of WISP3 in maintenance of cartilage homeostasis 

states that WISP3 stimulates the expression of cartilage-specific proteins collagen-II and 

aggrecan, regulates metalloprotease expression and controls the build-up of reactive 

oxygen species (ROS) (Sen et al., 2004; Davis, Chen and Sen, 2006; Miller and Sen, 2007; 

Baker et al., 2012). Also, WISP3 interacts with BMP and Wnt1 signalling pathway 

components such as LRP6 and Fz8, according to other studies (Nakamura et al., 2007). 

Taking into account the modular architecture of WISP3 protein, it has an IGF1 binding 

motif, which is necessary for growth of cartilage and bone, besides WISP3  also interacts 

with IGF1 and controls ROS accumulation in hypertrophic chondrocyte (Wang, Zhou and 

Bondy, 1999; Wu et al., 2008; Repudi, Patra and Sen, 2013) suggesting chaperones like 

activity of WISP3. In line with the previous findings that regulation of cellular ROS by 
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WISP3 in chondrocyte cell line, it was quite interesting to dig into the mechanism of ROS 

generation and subsequent effect of WISP3 at molecular level.  

As mitochondria are the primary source of reactive oxygen species (ROS), especially 

Complex I and Complex III (Boveris, Oshino and Chance, 1972; Bell et al., 2007; Murphy, 

2009), WISP3 may have a role in mitochondrial ROS regulation by regulating 

mitochondria respiratory complexes. In order to validate this hypothesis, together with Dr. 

Milan Patra, I found that knockdown of WISP3 enhances mitochondrial ROS production, 

ATP synthesis and Ca2+ uptake in chondrocyte cell line. This study also shows for the first 

time that the amount of WISP3-mediated effects on mitochondrial electron transport 

regulates the expression and activity of PGC1, a crucial transcriptional co-activator for 

mitochondrial biogenesis and oxidative phosphorylation (Patra et al., 2016). These findings 

paved a clear path for investigating the role of WISP3 in regulating mitochondrial functions 

in greater detail. 

Further, working in association with Dr. Archya Sengupta, I studied the mechanism of 

WISP3 mediated regulation of mitochondrial function in maintenance of cartilage and 

musculoskeletal system using both chondrocyte cell line and zebrafish as an animal model. 

A previous report of poor cartilage formation following morpholino-mediated WISP3 

reduction encouraged this choice of organism (Nakamura et al., 2007). Present study in 

cell line demonstrates that WISP3 localizes to mitochondria (Fig. 1&2) in both chondrocyte 

cell line and WISP3myc transfected HEK293 cell line thereby regulating mitochondrial 

functions. However how WISP3 enters to mitochondria without having a strict 

mitochondria targeting sequence (MTS) is still unknown. WISP3 has a simple stretch of 

amino acid ØXXØØ (Ø is a hydrophobic residue and X is any residue) that works as MTS 

on occasion as it do not adhere to strict consensus. Without direct investigation is difficult 

to determine if WISP3 uses any MTS for mitochondrial entrance or is imported to 

mitochondria through any other indirect method (Doyle et al., 2013). Within mitochondria, 

WISP3 is found to be associated with subunits of mitochondrial respiratory complexes (Fig. 

3&4). In this study, subunits of respiratory chain complexes were studied as a reference of 

respective complexes. NDUFB8 and NDUFS1 as subunits of Complex I, UQCRC2 as a 

subunit of Complex III, MTCO1 as a subunit of Complex IV and ATP5A1 as a Complex 

V subunit. In order to evaluate the cause of mitochondrial ROS generation and ATP 

synthesis it was essential to evaluate the activity and assembly of mitochondrial respiratory 

chain complexes in WISP3 depleted condition. Here the status of mitochondrial  
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Complex I was focused based on its role as an initiator of electron transport chain and ATP 

synthesis (Acín-Pérez et al., 2008; Mimaki et al., 2012; Moreno-Lastres et al., 2012; D et 

al., 2017). Assembly and activity of respiratory Complex I, a 45-subunit entity that can also 

be found as a part of  Super Complexes which are crucial for electron transport (Acín-Pérez 

et al., 2008; Mimaki et al., 2012; D et al., 2017). Out of these 45 subunits, 38 are nuclear 

encoded and 7 subunits are mitochondrial DNA encoded. Moderate reduction of WISP3 

by siRNA leads to increase in Complex I/ Super complex activity in both C-28/I2 and 

C20A4 chondrocyte cells (Fig. 5) evaluated on the basis of oxidising NADH. The increase 

in activity of respiratory complex was either due to more efficient functioning of Complex 

I or due to presence of increased amount of Complex I proteins. Results shows that upon 

moderate reduction of WISP3 the assembly of respiratory complex proteins, in particular 

Complex I/ Super Complex is increased in C-28/I2 cells as depicted in figure 6. In keeping 

with the observation that depletion of WISP3 leads to increased Complex I 

activity/assembly, it was quite essential to check the mitochondrial distribution of WISP3 

in its depleted condition. Interestingly it was found that there was relatively more 

distribution of WISP3 in mitochondria of WISP3 depleted cells as compared to controls in 

both C-28/I2 and C20A4 cell line. However, there was significant decrease in WISP3 

expression in cytosol (Fig. 8). Based on the multimodular architecture of WISP3, it might 

be possible that WISP3 could be a part of tethers or plays a role in maintaining RER-

mitochondrial distance (Csordás et al., 2006; de Brito and Scorrano, 2010). Electron 

micrographs of partial WISP3 depleted chondrocyte cell reveals that the distance between 

RER and mitochondria collapses, drawing RER in close proximity of mitochondria (Fig.9). 

Probably due to this reason, the ribosomes of RER facilitates the co-translational import of 

mitochondrial proteins including WISP3 to mitochondria (Lesnik et al., 2014; Gold et al., 

2017). These results suggests that RER/ribosome-mitochondria distance which is required 

for controlled distribution of mitochondrial proteins including WISP3 thereby regulating 

respiratory complex assembly and activity. 

PPRD, debilitating skeletal disorder is caused by homozygous mutation of WISP3 gene. 

Several mutations were identified across the domains of WISP3, leads to PPRD which 

implies that all the domains are essential for proper functioning of WISP3 protein (Hurvitz 

et al., 1999; Dalal et al., 2012; Bhavani et al., 2015). In order to mimic the biological 

outcome of PPRD, C-terminal truncated mutants were generated in C-28/I2 cell line using 

CRISPR Cas9 technology (Ran et al., 2013). Our main intention was to see the effect of 
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WISP3 mutants in maintaining mitochondrial function and integrity. Our results 

demonstrated that the generated truncated mutant cells had significant loss in mitochondrial 

respiratory complex activity and assembly as compared to wild type cells (Fig. 10&11). 

These defects in assembly and activity of respiratory complexes are associated with 

accumulation of degrading mitochondria as seen in electron micrographs of mutants 

resulting in poor survival as compared to healthy wild type cells (Fig. 12). Interrelation 

between respiratory complex assembly/activity and mitochondrial structural integrity has 

already been reported in relation to Complex I assembly deficiency in muscle myopathies 

(Sunitha et al., 2016; Vincent et al., 2016). Overall our results from chondrocyte cell line 

suggests that WISP3 is an essential protein in maintaining its critical functions in 

mitochondria though it is also present in cytosol and nucleus of chondrocytes. 

Functions of WISP3 was further elaborated by validating its effect using zebrafish as a 

model organism. Taking into account of the musculoskeletal disease PPRD, we performed 

experiments mainly on skeletal muscle of adult zebrafish. Here it was observed that Wisp3 

is partly present in mitochondria of skeletal muscle as a complex with different subunits of 

mitochondrial respiratory chain complexes (Complex I, III, IV, V) as depicted in figure 

13&14. Functional aspects of Wisp3 in zebrafish skeletal muscle was determined by down 

regulating Wisp3 expression by localised administration of wisp3 morpholino and 

compared with non-targeting/control morpholino. It was demonstrated that depletion of 

Wisp3 by 60% leads to loss in mitochondrial respiratory complex assembly and activity in 

skeletal muscle of zebrafish (Fig. 15-17) thereby loss of mitochondrial abundance as 

depicted in immuno-fluorescence images (Fig. 18). Concomitantly, haematoxylin and 

eosin stained histological sections of skeletal muscles showed widening of interstitial 

spaces between the muscle fibres. These features of change in tissue architecture upon 

wisp3 morpholino administration indicates the involvement of Wisp3 in muscle wasting 

(Rayavarapu et al., 2013; Yang et al., 2019). These results confirm the specific function of 

Wisp3 in maintenance of integrity of skeletal muscle in zebrafish. Probably due to altered 

skeletal muscle structure caused by depletion of Wisp3, the normal locomotion and 

swimming pattern of zebrafish gets hampered as compared to corresponding controls (Fig. 

19&20) suggesting the importance of Wisp3 in maintenance of musculoskeletal health. 

Given that most tissues and cell types require functional mitochondria to survive, it is 

unclear that PPRD-related abnormalities caused by Wisp3 mutations are mainly seen in 

skeletal tissues (Hurvitz et al., 1999; Dalal et al., 2012; Garcia Segarra et al., 2012; Ekbote 
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et al., 2013; Alawbathani et al., 2018; Sailani et al., 2018; Shahi et al., 2020; Liu and Chen, 

2021). Perhaps the distribution pattern of Wisp3 in mitochondria differs by cell and tissue 

type, and hence the impact of wisp3 mutations is more prominent in skeletal tissues than in 

others. Indeed our results indicates that the distribution pattern and forms of Wisp3 in 

mitochondria of skeletal muscle, brain and heart was distinctly different from each other 

(Fig. 22). Although the mechanism behind this regulation was not understood, the 

distribution pattern of Wisp3 in respiratory complexes of mitochondria of skeletal muscle 

was more prominent as compared to brain and heart. The association of Wisp3 with 

respiratory complexes in skeletal tissues might be the reason behind susceptibility to the 

detrimental consequence of wisp3 mutations. Also, as the mechanism of tissue specificity 

of WISP3 in connection to mitochondrial function is unknown, various tissue specific 

mitochondrial abnormalities have been documented (Pacheu-Grau, Rucktäschel and 

Deckers, 2018). However, because Wisp3 is found in subcellular organelles other than 

mitochondria (Fig. 13), skeletal muscle injury caused by Wisp3 mutations or depletion may 

occur independently of the mitochondria. 

Taken together, our study on both chondrocyte cell line (C-28/I2 & C20A4) and zebrafish 

unveils the detailed function of WISP3 in a new direction. In a nutshell, our results suggests 

that WISP3 as a multimodular protein performs essential functions, though it may have 

functions in cytosol and nucleus, its function in mitochondria is critical and inevitable. 

Moderate reduction of WISP3 in chondrocytes alters mitochondrial mass and thereby 

mitochondrial functions by increasing complex I activity and assembly to a certain extent; 

whereas in contradiction to this depletion of Wisp3 in zebrafish by morpholino 

significantly reduces mitochondrial abundance, thus decreasing complex I activity and 

assembly. However, generated WISP3 mutants, analogous to PPRD mu  tants shows poor 

survival rates due to compromised mitochondrial function. In zebrafish as well, the effects 

were similar causing mitochondrial dysfunction and ultimately altered musculoskeletal 

functions making Wisp3 a key protein regulator in mitochondrial respiration and 

maintenance of muscle integrity. The variation in regulation pattern of WISP3 in 

chondrocyte and zebrafish seems contradictory which might be due to WISP3's ability to 

interact with numerous proteins. The regulatory influence on mitochondria can range from 

repression to activation, depending on its protein interaction partners, which can differ 

between tissue and cell types. Overall findings indicate that a fully functional WISP3 

protein is required in chondrocyte and adult zebrafish muscle for maintenance of 
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mitochondrial health and muscle integrity. The findings of this new line of research could 

pave the way for significant advancements in the diagnosis and understanding of PPRD 

and other musculoskeletal diseases. 
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FUTURE PERSPECTIVES 

From the results of my findings from chondrocyte cell lines and zebrafish it is assumed that 

WISP3 plays a major role in regulation of mitochondrial respiratory complex assembly and 

activity and thereby maintaining mitochondrial integrity and mitochondrial function. 

Partial depletion of Wisp3 in skeletal muscle of zebrafish leads to abnormal mitochondrial 

function results in disruption of tissue architecture and hinders locomotion in adult 

zebrafish. This results explains the localized effect of wisp3 morpholino. However, 

depletion of Wisp3 in whole zebrafish will impart more knowledge in understanding the 

biology of Wisp3 regulation. Experiments that needs to be done in this line on zebrafish 

are as follows: 

1- To examine mechanistically whether the regulation of mitochondrial function 

controlled by Wisp3 is through transcriptional regulation. Based on the presence of 

its putative nuclear localization signal, it might go to nucleus and perform certain 

transcription of mitochondrial genes along with others. This can be done by whole 

tissue transcriptome analysis by RNA sequencing. 

2- To examine the effect of wisp3 morpholino in different developmental stages of 

zebrafish embryo which can be achieved by microinjection of wisp3 specific 

morpholino in single cell stage of fertilized egg. 

3- To generate PPRD causing Wisp3 mutants in zebrafish by CRISPR Cas9 

technology and to evaluate the deleterious effect of Wisp3 depletion at organism 

level. Parameters like muscle architecture, skeletal deformities and mitochondrial 

regulations should be taken into account. 
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Abstract
Cellular communication network factor 6 (CCN6) mutations are linked with 
Progressive Pseudo Rheumatoid Dysplasia (PPRD) a debilitating musculoskeletal 
disorder. The function of CCN6 and the mechanism of PPRD pathogenesis remain 
unclear. Accordingly, we focused on the functional characterization of CCN6 and 
CCN6 mutants. Using size exclusion chromatography and native polyacrylamide gel 
electrophoresis we demonstrated that CCN6 is present as a component of the mi-
tochondrial respiratory complex in human chondrocyte lines. By means of siRNA-
mediated transfection and electron microscopy we showed that moderate reduction 
in CCN6 expression decreases the RER– mitochondria inter-membrane distance. 
Parallel native PAGE, immunoblotting and Complex I activity assays furthermore 
revealed increase in both mitochondrial distribution of CCN6 and mitochondrial res-
piratory complex assembly/activity in CCN6 depleted cells. CCN6 mutants resem-
bling those linked with PPRD, which were generated by CRISPR-Cas9 technology 
displayed low level of expression of mutant CCN6 protein and inhibited respiratory 
complex assembly/activity. Electron microscopy and MTT assay of the mutants re-
vealed abnormal mitochondria and poor cell viability. Taken together, our results 
indicate that CCN6 regulates mitochondrial respiratory complex assembly/activity as 
part of the mitochondrial respiratory complex by controlling the proximity of RER 
with the mitochondria, and CCN6 mutations disrupt mitochondrial respiratory com-
plex assembly/activity resulting in mitochondrial defects and poor cell viability.
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1 |  INTRODUCTION

Wnt-1–Induced Signaling Protein 3 (WISP3) or CCN6 be-
longs to the CCN (CYR61, CTGF, and NOV) family of cell 
growth modulators that have long been known for their sig-
nificant involvement in connective tissue growth/differen-
tiation and maintenance. CYR61 (CCN1), CTGF (CCN2), 
NOV (CCN3), WISP1 (CCN4), and WISP2 (CCN5) are in-
trinsically associated with a diverse array of functions rang-
ing from extracellular matrix remodeling during angiogenesis 
and wound healing to controlling fibrosis in the maintenance 
of musculoskeletal homeostasis.1-7 Interestingly, although 
CCN6 bears the “Wnt-1 Induced Signaling Protein” no-
menclature based on its sequence homology to WISP1 and 
WISP2, which are known to be induced by Wnt-1,2 Wnt-1 
mediated induction of CCN6 has not been documented thus 
far. CCN6 appears to be present in both secreted as well as 
cell associated forms.8,9 Like the other CCN family members, 
CCN6 is of a multi-modular nature, carrying the potential for 
interaction with other proteins. At the N-terminus of CCN6 is 
a signal peptide, followed by the Insulin-like Growth Factor 
Binding Protein (IGFBP) domain, the Von Willebrand Factor 
type C (VWC) domain, the Thrombospondin type I (THSP1) 
domain and the Cysteine knot (CK) domain, which can po-
tentially interconnect with other proteins through the forma-
tion of disulfide bonds and oligomerization.10,11

The connective tissue function of CCN6 appears to rest 
mainly on skeletal cartilage and muscle. Mutations in the 
CCN6 gene are linked to a debilitating yet neglected skeletal 
disorder termed Progressive Pseudo Rheumatoid Dysplasia 
(PPRD), where cartilage loss is associated with irregular limb 
development related deformities and muscle wasting.12-19 
Functional characterization of CCN6 and its mutants, how-
ever, remains incomplete. For a comprehensive analysis of 
the outcome of CCN6 mutations and a basic understanding 
of PPRD progression, it is essential to have a clear knowledge 
of the function of CCN6 and the defects of CCN6 mutants in 
relation to the wild type.

Previously, we demonstrated that CCN6 regulates the 
production of reactive oxygen species (ROS) and localizes 
to mitochondria.20,21 In the current study, we demonstrated 
using chondrocyte lines that CCN6 controls the assembly and 
activity of mitochondrial respiratory Complex I, an entity of 
45 subunits present also in the form of Super Complexes, and 
crucial for mitochondrial electron transport.22-24 The level of 
cell associated CCN6 protein and its mitochondrial distribu-
tion are important for the regulation of mitochondrial respi-
ratory complex assembly and activity. Mutations in CCN6 

resembling those linked to PPRD disrupt respiratory complex 
assembly/activity, resulting in the accumulation of abnormal 
mitochondria and loss of cell viability.

2 |  MATERIALS AND METHODS

2.1 | Cell culture maintenance

Dulbecco Modified Eagle's Medium (DMEM) (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% FBS (Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA), 1 unit mL−1 of penicillin, 1 μg mL−1 
of streptomycin (Gibco, Thermo Fisher Scientific, Waltham, 
MA, USA), and 2  mM glutamine (Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA) was used to maintain C-28/
I2 and C20A4 chondrocyte cell lines. The cell lines were 
maintained in a humidified incubator at 37°C with 5% CO2.

2.2 | Cell transfection

C-28/I2 and C20A4 chondrocyte cells were transfected 
separately with CCN6 siRNA (50 nM) and Control siRNA 
(50 nM) (Dharmacon, Horizon Discovery) using RNAimax 
transfection reagent (Invitrogen, Thermo Fisher Scientific, 
Waltham, MA, USA) following previously published pro-
tocol.21 In brief, the required amount of each of RNAimax 
and siRNA was mixed separately with 150 μL of Opti-MEM 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
following which the siRNA mix was slowly added to the 
RNAimax solution and mixed well. Incubation was con-
tinued for 20 minutes. The resulting 300 μL mix was then 
added drop wise to each well of plated cells in a six-well 
tissue culture plate. Media of transfected cells was changed 
at 24 hours post-transfection and incubation continued. After 
60-63 hours post transfection, cells were harvested and pro-
cessed for subsequent analysis.

2.3 | Preparation of RNA/cDNA and PCR

Total cellular RNA was isolated using Trizol (Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA) following 
the protocol provided by the manufacturer. Briefly, RNA, 
which separated in the aqueous layer after treatment of the 
Trizol-homogenate with chloroform was precipitated with 
isopropanol. RNA was quantified before proceeding to the 
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cDNA preparation step. cDNA was prepared from total 
RNA using cDNA synthesis kit (BioBharati Lifescience, 
Kolkata, West Bengal, India) following instructions pro-
vided by the manufacturer. Gene expression was ana-
lyzed following PCR of cDNA with specific primers using 
Taq Polymerase (BioBharati Lifescience, Kolkata, West 
Bengal, India). Primers used were CCN6 primers (for-
ward 5′-ACCAAAGCTGGCTGGCAGTC-3′ and reverse 
5′-TCTCCAGGTTCTCTGCAGTTTC-3′), GAPDH primers 
(forward 5′-ACCACAGTCCATGCCATCAC-3′ and reverse 
5′-TCCACCACCCTGTTGCTGTA-3′), NDUFB8 primers 
(forward 5′-GTGAAGATGGCGGTGGCC-3′ and reverse 
5′-GATCTCATAGTGAACCACCC-3′) and NDUFS1 prim-
ers (forward 5′-TCCAACACATGAATTGTGGAG-3′ and 
reverse 5′-GCATATACATATATACACAC-3′).

2.4 | Variant analysis of CCN6

Variant analysis of CCN6 in C-28/I2 cell line was done 
by RT-PCR after isolation of RNA. Primers were de-
signed on the basis of NCBI Variant 1 mRNA (Ref. 
Seq- NM_003880.4) and Variant 3 mRNA (Ref. 
Seq-NM_198239.2). CCN6 variant 1 forward primer 
5′-GAGTCCCGGGAGGAAAGTGC-3′ and variant 3 for-
ward primer 5′-GGAGCAATGAACAAGCGGCGA-3′ 
were used with reverse primers matching exons 2, 3, 4 & 
5. Exon 2 reverse primer: 5′-CACACACTCCAGTCT 
CGTACC-3′, Exon 3 reverse primer: 5′-GTAGCTTGTTGAA 
AGCTGCTGTA-3′, Exon 4 reverse primer: 5′-CTGTCGCAA 
GGCTGAATGTAAC-3′ and Exon 5 reverse primer: 
5′-CTTGAGCTCAGAAAATATATCTCC-3′ were used for 
the analysis.

2.5 | Preparation of cell lysate and 
immunoblotting

Cell lysis buffer (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 
1% Triton X-100, 1 mM EDTA, 10% Glycerol, 50 mM dithi-
othreitol, 2 mM phenylmethylsulfonyl fluoride, and 1% pro-
tease inhibitor cocktail) was applied to harvested cells for 
preparing whole cell lysate. Prior to immunoblotting, total 
protein concentration was determined using Bradford reagent 
(Bio-Rad, Hercules, CA, USA).

Immunoblotting was performed following previously 
published procedures.9,21 In brief, for each experiment, the 
protein was transferred to PVDF membrane after separation 
through sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and thereafter blocked for 2 hours with 
5% BSA in Tris-buffered saline with 0.1% Tween 20 (TBST). 
Blots generated were incubated at 4°C overnight with the 
primary antibodies appropriate for the different experiments 

executed: anti-CCN6 (custom synthesis targeting residues 
201 aa to 372 aa of CCN6, from BioBharati Lifescience, 
Kolkata, West Bengal, India), anti-β-actin (Santa Cruz, 
Dallas, TX, USA), anti-OXPHOS cocktail comprising mito-
chondrial respiratory complex subunits (Abcam, Cambridge, 
MA, USA), anti-NDUFB8 (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA), anti-NDUFS1 (Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA), anti-VDAC1 
antibody (Abcam, Cambridge, MA, USA) and anti-COX 4 
antibody (Abcam, Cambridge, MA, USA). Following pri-
mary antibody incubation, Horseradish Peroxidase (HRP)-
conjugated matching secondary antibodies were used for 
visualization with chemiluminescence reagent (Millipore, 
Burlington, MA, USA), using Chemi documentation system 
of Azure Biosystems, Model-C400. Densitometric analysis 
of immunoblot bands was performed using GelQuant.NET 
software provided by bioch emlab solut ions.com.

2.6 | Subcellular fractionation

In order to separately isolate mitochondria and cytosol, 
we followed instructions provided in previously published 
protocols.25 Chondrocyte cells were initially resuspended 
in Isolation buffer 1 (225  mM mannitol, 75  mM sucrose, 
0.1 mM EGTA, and 30 mM Tris-HCl [pH-7.4]) and homog-
enized with dounce homogenizer following which unbroken 
cells and nuclei were discarded after centrifugation at 600 g 
for 5  minutes. The collected supernatant was further sub-
jected to centrifugation at 7000 g for 10 minutes to obtain 
the mitochondrial pellet and cytosolic fraction (supernatant). 
The mitochondrial pellet was resuspended in mitochondrial 
resuspension buffer (250 mM mannitol, 0.5 mM EGTA and 
5 mM HEPES [pH-7.4]) after washing with Isolation Buffer 
2 (225 mM mannitol, 75 mM sucrose and 30 mM Tris-HCl 
[pH-7.4]). Isolated mitochondria were either lysed for immu-
noblotting purpose with mitochondria lysis buffer (50  mM 
Tris-HCl [pH-7.5], 150 mM NaCl, 0.1 mM EDTA, 1% Triton 
X 100, and 2 mM 6-Amino Hexanoic Acid) or stored in re-
suspension buffer in frozen condition for blue native-poly 
acrylamide gel electrophoresis (BN-PAGE) analysis. To the 
cytosolic fraction, 1% protease inhibitor cocktail was added. 
Bradford reagent was used to measure the protein concentra-
tion of both mitochondria and cytosol.

2.7 | Gel filtration chromatography

Gel filtration chromatography of mitochondrial lysate was 
performed using Sephacryl S-300 resin. First, the column was 
packed carefully with the resin to bed volume 30 mL and then 
equilibrated with equilibration buffer (50 mM Tris-chloride 
[pH 8.0], 150 mM NaCl and 1 mM EDTA). Thereafter, the 

http://biochemlabsolutions.com
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packed column was calibrated using Thyroglobulin (Sigma-
Aldrich, St. Louis, MO, USA) and a molecular weight marker 
kit (Sigma-Aldrich, St. Louis, MO, USA). The calibration 
curve was used as a reference scale for different experiments. 
About 300 μg of mitochondrial lysate was loaded onto the 
column and for each experimental run 90 no of fractions were 
collected (330  µL each). After fraction collection, proteins 
were precipitated from each fraction using 20% TCA and 
washed with acetone. Samples were subsequently subjected 
to SDS-PAGE and immunoblotting following the methodol-
ogy described earlier.

2.8 | Blue Native (BN)-PAGE & 2D BN/
SDS-PAGE

Purified mitochondria suspended in resuspension buffer 
were centrifuged at 10 000 g for 10 minutes at 4°C following 
which the pellet was incubated with 20 μL of solubilization 
buffer (50 mM NaCl, 2 mM 6-aminohexanoic acid, 1 mM 
EDTA, and 50  mM imidazole-HCl [pH-7.0]) and 1  μL of 
Dodecyl maltoside (20%) on ice for 10 minutes. Following 
solubilization, the sample was subjected to centrifugation for 
20 minutes at 20 000 g at 4°C.26 The clear supernatant was 
loaded onto a 3%-13% gradient gel after mixing with 1.5 μL 
of 50% glycerol and 1 μL of native loading dye (5% G250 
coomassie blue in 500 mM 6-aminohexanoic acid). The gel 
was run for about 8 hours at 80 volt in cold room. For immu-
noblotting after BN-PAGE, the proteins were transferred to 
PVDF membrane using a semi-dry transfer system (Hoefer) 
for 90  minutes at 30 volt in room temperature. Following 
transfer, the membrane was rinsed with methanol to remove 
attached coomassie dye and processed for respective anti-
body staining and protein detection following the procedure 
described earlier.

For 2D gel electrophoresis, the protein-loaded lane of BN-
PAGE was cut as a strip and incubated in denaturing solu-
tion (1% SDS and 1% β-Mercaptoethanol [β-ME]) for about 
30 minutes. The gel piece was subsequently washed with dis-
tilled water to remove traces of β-ME and set on a second di-
mensional 12% denaturing SDS-PAGE.22 After SDS-PAGE 
immunoblotting was performed following already described 
procedure.

2.9 | In-gel Complex I activity assay

Gel of BN-PAGE was incubated in 0.1 M Tris-HCL (pH 7.4) 
containing 1  mg  mL−1 of Nitrotetrazolium Blue Chloride 
(Sigma-Aldrich, St. Louis, MO, USA) and 0.14 mM NADH 
(Sigma-Aldrich, St. Louis, MO, USA) at room temperature 
for 1 hour based on information garnered from previous pub-
lication.27 Subsequently, after development of blue/purple 

color, indicating deposition of formazan the gel was washed 
with distilled water and fixed with 30% methanol and 10% 
acetic acid solution. The gel was subsequently scanned for 
documentation of image.

2.10 | Measurement of Complex I activity

Mitochondrial Complex I (NADH dehydrogenase) activity 
was measured following published protocols 28 with minor 
modifications. Briefly, protein estimation of freshly isolated 
mitochondria was done by Bradford method. Equal amount 
of mitochondria from experimental and control samples was 
pelleted down in cold centrifuge at 10 000 g for 10 minutes. 
Mitochondria pellet was resuspended in 10 mM ice-cold hy-
potonic Tris buffer (pH-7.6) and subjected to three cycles 
of freeze-thawing followed by suspension in assay buffer 
(50  mM potassium phosphate buffer [pH-7.5], 3  mg  mL−1 
of BSA and 3 mM sodium azide) to which 100 µM NADH 
and 100  µM ubiquinone were added. Reduction of NADH 
(extinction coefficient- 6.22 mM−1 cm−1) was monitored by 
following decrease in absorbance of NADH (340 nm) at dif-
ferent time points. Complex I activity (nmoL min−1 mg−1) 
was calculated as (Δ Absorbance/min × 1000)/([Extinction 
coefficient × Volume of sample used in mL] × [Sample pro-
tein concentration in mg mL−1]).28 Percent change of activity 
was calculated considering activity of control sample as 100.

2.11 | Liquid chromatography and mass 
spectrometry

In Gel Digest: The gel slices were cut to 1 mm by 1 mm cubes 
and destained three times by first washing with 100 µL of 
100  mM ammonium bicarbonate for 15  minutes, followed 
by addition of the same volume of acetonitrile (ACN) for 
15  minutes. The supernatant was discarded and samples 
(gel pieces) were dried in a speedvac. Samples were then re-
duced by mixing with 200 µL of 100 mM ammonium bicar-
bonate-10 mM DTT and incubated at 56°C for 30 minutes. 
Following liquid removal, 200  μL of 100  mM ammonium 
bicarbonate-55 mM iodoacetamide was added to gel pieces 
and incubated at room temperature in the dark for 20 min-
utes. After the removal of the solvent and one wash with 
100 mM ammonium bicarbonate for 15 minutes, same vol-
ume of ACN was added to dehydrate the gel pieces. After 
solvent removal, the samples were dried in a speedvac. For 
digestion, enough solution of ice-cold trypsin (0.01 μg μL−1) 
in 50  mM ammonium bicarbonate was added to cover the 
gel pieces for 30  minutes on ice. After complete rehydra-
tion, the excess trypsin solution was removed, replaced with 
fresh 50 mM ammonium bicarbonate, and left overnight at 
37°C. The peptides were extracted twice by the addition of 



   | 5Padhan et al.

50 µL of 0.2% formic acid and 5% ACN and vortex mixing 
at room temperature for 30 minutes. The combined extrac-
tions are analyzed directly by liquid chromatography (LC) in 
combination with tandem mass spectroscopy (MS/MS) using 
electrospray ionization.

LC-MS-MS: Trypsin-digested peptides were analyzed 
by ultra-high pressure liquid chromatography (UPLC) cou-
pled with tandem mass spectroscopy (LC-MS/MS) using 
nano-spray ionization. The nanospray ionization experi-
ments were performed using a Orbitrap fusion Lumos hy-
brid mass spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA) interfaced with nano-scale reversed-phase UPLC 
(Thermo Dionex UltiMate 3000 RSLC nano System) using 
a 25 cm, 75-micron ID glass capillary packed with 1.7-µm 
C18 (130) BEH beads (Waters corporation, Milford, MA, 
USA). Peptides were eluted from the C18 column into the 
mass spectrometer using a linear gradient (5-80%) of ACN 
(Acetonitrile) at a flow rate of 375 μL min−1 for 1 hour. The 
buffers used to create the ACN gradient were: Buffer A (98% 
H2O, 2% ACN, 0.1% formic acid) and Buffer B (100% ACN, 
0.1% formic acid). Mass spectrometer parameters were as fol-
lows; an MS1 survey scan using the orbitrap detector of mass 
range (m/z): 400-1500 (using quadrupole isolation), 120 000 
resolution setting, spray voltage of 2200 V, ion transfer tube 
temperature of 275°C, AGC target of 400 000, and maximum 
injection time of 50  ms was followed by data-dependent 
scans (top speed for most intense ions, with charge state set to 
only include + 2-5 ions, and 5 second exclusion time, while 
selecting ions with minimal intensities of 50 000 in which 
the collision event was carried out with high energy collision 
energy of 30%), and the fragment masses where analyzed in 
the ion trap mass analyzer (with ion trap scan rate of turbo, 
first mass m/z 100, AGC Target 5000 and maximum injection 
time of 35 ms). Protein identification and label free quantita-
tion was carried out using Peaks Studio 8.5 (Bioinformatics 
solutions Inc Waterloo, ON, Canada).

2.12 | Electron microscopy

About 2.5% glutaraldehyde and 2% paraformaldehyde in 
0.15 M cacodylate buffer were used to fix the C-28/I2 chon-
drocyte line. Post fixing of cells with 1% OsO4 in 0.1 M caco-
dylate buffer was performed on ice for 1 hour. Subsequent 
staining en bloc was with 2%-3% uranyl acetate for 1 hour 
on ice. Graded series of ethanol (20%-100%) on ice was used 
to dehydrate the cells. This was followed by one wash with 
100% ethanol and two washes with acetone (15 min each). 
Embedding was done with Durcupan. Sections were cut at 
50 to 60 nm on a Leica UCT ultramicrotome, and picked up 
on Formvar and carbon-coated copper grids. Sections were 
stained with 2% uranyl acetate for 5 minutes and Sato's lead 
stain for 1 minute. Finally grids were viewed using a JEOL 

1200EX II (JEOL, Peabody, MA, USA) TEM and photo-
graphed using a Gatan digital camera (Gatan, Pleasanton, 
CA, USA).

2.13 | CCN6 mutant generation

Exon 5-specific mutant CCN6 was generated using 
CRISPR Cas9 technology. Guide RNA having maxi-
mum on target and minimum off target was de-
signed using CHOPCHOP tool.29 The guide RNA was 
cloned into pSpCas9 (BB) 2A-Puro vector (Addgene, 
Watertown, MA, USA). The primer pair, forward strand 
5′-CACCGCATTTAAATGACCCCTCATT-3′, and reverse 
strand 5′-AAACAATGAGGGGTCATTTAAATGC-3′ 
were annealed, phosphorylated with polynucleotide kinase 
(Thermo Fisher Scientific, Waltham, MA, USA) and ligated 
to the BbsI digested vector pSpCas9 (BB)-2A-Puro (PX458) 
using T7 ligase (NEB, Ipswich, MA, USA). The sequenced 
positive clone was used to transfect C-28/I2 cells using 
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, 
Waltham, MA, USA).30 C-28/I2 cells were plated in six-well 
plates 12-14  hours prior to transfection. Transfection was 
carried out using Lipofectamine 2000 as per manufacturer's 
protocol. Briefly, for each well of six-well plates, 5  μL of 
Lipofectamine 2000 and 2 μg of plasmid DNA were mixed 
separately with 150 μL of Opti-MEM. The two were com-
bined and the 300  μL mix was incubated for 30  minutes 
in room temperature. Subsequently, the mix was added 
drop wise on the plated cells. After 24 hours post transfec-
tion, the medium with transfection mix was replaced with 
fresh complete DMEM High Glucose medium. Puromycin 
(1.5 μg mL−1) (Gibco, Thermo Fisher Scientific, Waltham, 
MA, USA) was added to each well 24 hours thereafter, fol-
lowing which incubation was continued for another 48 hours. 
Finally, Puromycin was removed and fresh complete me-
dium was added to cells continuing incubation for another 
24  hours. Untransfected cells, which died after puromycin 
treatment served as negative control. The surviving cells 
were pooled, plated in 12-well plates at a dilution of about 
a single cell in each well. The growing colonies were pas-
saged further for checking CCN6 expression and sequenc-
ing. Colonies that harbored CCN6 mutations and displayed 
diminished expression of the mutant protein were harvested 
for mitochondria-related assays.

2.14 | Genomic DNA 
isolation and sequencing

Both wild type and mutant cells were harvested and resus-
pended in digestion buffer (100 mM NaCl, 10 mM Tris [pH 
8.0], 25 mM EDTA [pH 8.0], 0.5% SDS and 0.1 mg mL−1 of 
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proteinase K) and incubated overnight at 50°C in dry bath. 
DNA was extracted with phenol/chloroform/isoamyl alcohol 
and the aqueous layer was collected by centrifugation. Two 
volumes of ethanol were added to precipitate the genomic 
DNA from the aqueous layer.31 To determine the insertion/
deletion in the target region of genome, isolated DNA was 
PCR amplified by Pfu Plus DNA Polymerase (BioBharati 
Lifescience, Kolkata, West Bengal, India) using primers 
5′-GCCTCCAAATACTCAGATTTG-3′ (forward) and 
5′-GTAGTGATCTGAGAATAGGCA-3′ (reverse) span-
ning the targeted exon 5 region of CCN6. Resulting PCR 
product was gel extracted and sent for Sanger sequenc-
ing (1st Base Sequencing Service, Singapore science park, 
Singapore). Sequences of mutants were compared with wild 
type sequence using Clustal Omega Program 32 and deletion/
mutation of the sequences was noted.

2.15 | MTT assay

For MTT (Dimethylthiazol-diphenyl tetrazolium bromide) 
assay, cells were plated in a 96-well flat bottom culture 
plate at a density of 104 cells per well and allowed to adhere 
under standard tissue culture conditions. Ten microliter of 
MTT (5  mg  mL−1) (Sigma-Aldrich, St. Louis, MO, USA) 
was added to each well at stipulated time points and incuba-
tion continued for 4 hours at 37°C, 5% CO2. After incuba-
tion, the culture medium was removed and 200 µL of DMSO 
was added into each well to dissolve the formazan crystals. 
Absorbance was measured at 595 nm in a micro plate reader 
(Bio-Rad, Hercules, California, USA) based on previously 
published protocol.33

2.16 | Statistical analysis

Student's t test was used for statistical analysis of Complex 
I activity, densitometry units, MTT assay absorbance val-
ues and RER-mitochondria distance measurement (TEM). 
Percentage of damaged mitochondria in TEM was analyzed 
by one-way ANOVA followed by multiple comparison tests. 
GraphPad Prism (La Jolla, CA, USA) was used for all the 
analyses and graphical presentation of data.

3 |  RESULTS

3.1 | CCN6 is associated with the 
mitochondrial respiratory complex

In view of the mitochondrial localization of CCN6 and its 
potential to interact with several proteins,10,21 we became 

interested in examining whether CCN6 remains associated 
at least partly with mitochondrial respiratory complexes. 
Accordingly, two-dimensional gel electrophoresis of freshly 
prepared mitochondria from the chondrocyte cell line C-28/
I2 was performed, where the total mitochondrial protein 
was subjected first to BN-PAGE followed by SDS-PAGE 
separation of the active entity in the second dimension, and 
then to immunoblotting with anti-CCN6 and anti-mitochon-
drial cocktail antibody separately to detect components 
present in the active entity.22,26 Using this procedure we 
demonstrated that while a portion of the mitochondria local-
ized CCN6 protein (denoted by rectangle) is present in its 
original low molecular weight form, a significant fraction of 
it is also present in association with mitochondrial respira-
tory Complex I, Super Complexes ([Complex I + Complex 
III + Complex IV], [Complex I + Complex III + Complex 
V]) and other respiratory complex intermediates comprising 
Complexes III, IV and V. SDS-PAGE following BN-PAGE 
skewed protein migration to some extent as denoted by dot-
ted lines. Clearly, SDS-PAGE/immunoblot-mediated detec-
tion of CCN6 in line with NDUFB8 (Complex I subunit), 
ATP5A1 (Complex V subunit), UQCRC2 (Complex III 
subunit), and MTCO1 (Complex IV subunit) corresponded 
with the high molecular weight regions encompassing res-
piratory Super Complexes, Complex I and respiratory com-
plex intermediates in BN-PAGE (Figure 1A). The existence 
of Complex I as a part of mitochondrial Super Complex(s) 
and the occurrence of different respiratory complex inter-
mediates in the chondrocyte line are in accordance with 
contemporary literature.22-24,34 Presence of respiratory com-
plex subunits in the BN-PAGE regions depicted as encom-
passing Complex I, Super Complexes and other respiratory 
complex intermediates was validated by mass spectrometry 
(Figure  1B, Supporting Table  S1). CCN6, however, was 
not detected by mass spectrometry probably on account 
of its incompatibility with the peptide detection system. 
Association of mitochondrial CCN6 with the mitochondrial 
respiratory complexes was corroborated by gel filtration of 
total mitochondrial protein and subsequent immunoblotting 
of collected fractions with anti-CCN6 and anti-mitochon-
drial cocktail antibodies separately (Figure 1C). Here too, 
CCN6 was present in association with Complex I subunits 
(NDUFB8, NDUFS1) and the other respiratory complex 
subunits UQCRC2, ATP5A1 and MTCO1 in a high mo-
lecular weight range, which encompasses mitochondrial 
Complex I, Super Complex and other respiratory complex 
intermediates. These results suggested that the association 
of CCN6 with mitochondrial respiratory complexes may be 
key to its influence on mitochondrial function, as described 
previously21 and led us to investigate if CCN6 is impor-
tant for mitochondrial respiratory complex assembly and 
activity.
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3.2 | Moderate reduction in CCN6 level 
augments mitochondrial respiratory complex 
assembly and activity

In order to evaluate the influence of CCN6 on mitochondrial 
respiratory complex assembly and activity, we focused on 
mitochondrial Complex I on account of its role as an ini-
tiator of mitochondrial electron transport and ATP synthe-
sis, keeping in mind that it exists in equilibrium as Super 
Complex(s).22-24,34 Accordingly, we examined the effect of 
siRNA-mediated partial depletion of CCN6 on Complex I/
Super Complex assembly as well as Complex I-specific 
NADH dehydrogenase activity in the mitochondria of the 
C-28/I2 (chondrocyte) cell line. As depicted in Figure 2, a 
moderate reduction of CCN6 expression, about 35% in pro-
tein and 50% in mRNA (Figure 2A) led to considerable in-
crease in mitochondrial Complex I activity, as displayed both 

in terms of time kinetics (Figure 2B), and the level of total ac-
tivity spanning a period of 180 seconds (Figure 2C). Similar 
results were also obtained with another chondrocyte line 
C20A4 (Supporting Figure S1). This result was corroborated 
by an analogous increase in in-gel Complex I activity in the 
mitochondria of CCN6 depleted cells. Clearly, in-gel NBT 
reduction of NADH after BN-PAGE of total mitochondrial 
protein extract was significantly more in the CCN6 depleted 
cells as compared to the corresponding control as revealed 
by densitometry of band intensities (Figure 2D). The assay 
for in-gel activity was performed following already pub-
lished protocols.22-24,27,34 Increase in in-gel Complex I activ-
ity mediated by the moderate level of CCN6 depletion was 
in accordance with augmented Complex I/Super Complex 
assembly as documented by immunoblotting with antibod-
ies against NDUFB8 and NDUFS1 (subunits of Complex 
I) following BN-PAGE of total mitochondrial protein, and 

F I G U R E  1  CCN6 remains associated with mitochondrial respiratory complex. A, CCN6 is detected in 2D BN-SDS-PAGE immunoblot at 
higher molecular weight region along with mitochondrial respiratory Complex I/Super Complex and other respiratory complex intermediates. 
Black box highlights presence of CCN6 and the dotted lines indicate skewing in protein migration. B, Detection of respiratory complex subunits 
in regions encompassing Complex I/Super Complex by LC-MS/MS. C, Migration of CCN6 with respiratory complex subunits in higher molecular 
weight complex is observed in size exclusion chromatography of mitochondrial lysate. Presented data in (A, C) are representative of three 
independent experiments
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quantitation of the corresponding band intensities by den-
sitometry (Figure  2D). VDAC1 (porin), a mitochondrial 
structural protein was used as loading control for these ex-
periments. These results suggested that the observed increase 
in Complex I activity upon moderate reduction of CCN6 is 
caused by increased levels of at least some Complex I subu-
nits such as NDUFB8 and NDUFS1 in the assembled res-
piratory complex. The level of NDUFB8 was in fact about 
50% more at the protein level in the total lysate of the CCN6 

siRNA transfected cells with reference to control as demon-
strated by SDS-PAGE/immunoblotting, but not at the mRNA 
level as demonstrated by RT-PCR. There was no significant 
change, however, in NDUFS1 either at the protein or mRNA 
level upon siRNA-mediated CCN6 depletion (Figure 2E,F). 
These results imply that the level of the CCN6 protein serves 
as an important determinant of both the stability of Complex 
I subunit(s) and the level of assembly of mitochondrial res-
piratory complexes.

F I G U R E  2  Complex I assembly and activity increase in CCN6 depleted cells. A, Immunoblotting followed by quantitation of band intensities 
by densitometry (bar graph) demonstrating reduction of CCN6 in whole cell lysate (35%) and in mRNA (50%) by siRNA transfection. B, Depletion 
of CCN6 by siRNA increases Complex I activity as represented by higher rate of decrease of NADH absorbance in comparison to control as 
measured spectrophotometrically. C, Bar graph showing percent change in Complex I activity in CCN6 depleted cells compared to control (taking 
control as 100). D, BN-PAGE in-gel Complex I activity assay followed by quantitation showing increased activity in CCN6 siRNA transfected 
cells compared to control. Increased Complex I and Super Complex assembly is also evident from immunoblotting of BN-PAGE with anti - 
NDUFB8 & NDUFS1 (Complex I subunits) antibodies followed by quantification of band intensities by densitometry. VDAC1 was used as a 
loading control in BN-PAGE. E, Level of NDUFB8 protein but not mRNA is increased ~ 50% in whole cell after CCN6 depletion by siRNA. No 
significant change is seen in NDUFS1. Data are presented as mean ± SEM *P < .05, **P < .01 (Student's t test)
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To verify how the outcome of moderate CCN6 depletion 
at the whole cell level fits with the level of mitochondrial 
CCN6, we estimated CCN6 in both the mitochondria and 
the cytosol after fractionation. Quite interestingly, increase 
in Complex I/Super Complex assembly and Complex I ac-
tivity upon siRNA-mediated CCN6 depletion correlated with 
increase in the mitochondrial distribution of CCN6 protein 
relative to its cytosolic content in both C-28/I2 and C20A4 
chondrocyte lines (Figure  3A). While the siRNA-mediated 
moderate depletion of CCN6 was reflected in the cytosol, 
the mitochondria of CCN6 depleted cells harbored relatively 
more CCN6 protein than the corresponding controls. A quan-
titative estimate of the mitochondria: cytosol ratio of the 
CCN6 protein in CCN6 depleted C-28/I2 and C20A4 cells 
in comparison to the corresponding controls is represented in 
Figure 3B. The relative increase in the mitochondrial pool of 

CCN6 upon CCN6 depletion clearly correlated with notable 
decrease in the RER (rough ER)–OMM (outer mitochondrial 
membrane) distance and the concurrent close proximity of 
the mitochondria with ribosomes as visualized by transmis-
sion electron microscopy (Figure 3C,D). We are unclear at 
this stage about the mechanism of altered sub-cellular dis-
tribution of CCN6 at a situation where the overall level of 
CCN6 is moderately reduced. Perhaps a moderate decrease 
in CCN6 protein level disrupts the mitochondria-RER inter 
organelle intervals drawing ribosomes of RER into close ap-
position with the mitochondria. This may result in facilitated 
incorporation of ribosome-translated CCN6 and other pro-
teins into the mitochondria leading to increase in respiratory 
complex assembly and activity.

Taken together, our results suggested that CCN6 con-
tributes to the maintenance of optimal RER-mitochondria 

F I G U R E  3  Moderate CCN6 depletion alters mitochondrial distribution of CCN6 and RER-mitochondria distance. A, Immunoblots showing 
decreased cytosolic but increased mitochondrial distribution of CCN6 in both C-28/I2 and C20A4 chondrocyte lines. β-actin and VDAC1/COX4 
are shown as loading controls for cytosol and mitochondria, respectively. B, Densitometry of relative CCN6 level (mitochondria/cytosol). Data 
are presented as mean ± SEM **P < .01(Student's t test). C, Transmission Electron micrographs showing closer association of rough endoplasmic 
reticulum (RER) ribosome with outer mitochondrial membrane (OMM) in CCN6 depleted cells (CCN6 si) as compared to control (Cont. si). 
Mc denotes mitochondria. Red arrowheads indicate ribosomes. Scale bar, 200 nm. D, Distribution plot with mean value showing morphometric 
analysis of the distance between RER and OMM. RER-OMM distance was calculated in more than 150 points. Data are presented as mean ± SEM 
***P < .001(Student's t test)
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intervals, which may be required for a balanced flow of mito-
chondrial proteins inclusive of CCN6 into the mitochondria 
and an optimal level of respiratory complex assembly and 
activity. Thus, a moderate reduction in the level of CCN6 is 
sufficient to lead to decrease in RER-mitochondria distance 
and increase in respiratory complex assembly/activity. The 
importance of mitochondria–ER distance in the preservation 
of vital cell functions such as respiration has been previously 
discussed.35,36

3.3 | CCN6 mutations disrupt respiratory 
complex assembly and activity, leading to 
accumulation of abnormal mitochondria and 
loss of cell viability

Cellular communication network factor 6 mutations have 
been linked to a debilitating skeletal disorder termed PPRD, 
which is characterized by loss of normal chondrocyte clus-
ters in the cartilage growth plate.10 In light of the fact that 

F I G U R E  4  Mutations in CCN6 alter respiratory complex assembly and activity. A, CCN6 mutant lines (M1, M2 & M3) showing reduced 
expression of mutant CCN6 (>60%) and diminished expression of NDUFB8 (Complex I subunit) (65%-90%) as demonstrated by immunoblotting 
followed by quantitation of band intensities by densitometry. B, DNA sequence showing truncation of CCN6; amino acids mentioned above 
the sequence on codon basis. C, Immunoblotting followed by quantitation of band intensities showing decreased expression of mutant CCN6, 
NDUFB8, and NDUFS1 in the mitochondria of the CCN6 mutant lines M1, M2, and M3 as compared to wild type. VDAC1 is used as loading 
control of mitochondria. D, Immunoblot of BN-PAGE probed with anti-NDUFB8 antibody followed by quantitation of band intensities by 
densitometry showing reduced Complex I/Super Complex assembly in CCN6 mutant lines in comparison with wild type. E, In-gel Complex I 
activity assay and corresponding quantitation of band intensity showing altered Complex I/Super Complex activity in CCN6 mutant lines M1, M2, 
and M3 in comparison with wild type. Data are represented as mean ± SEM *P < .05, **P < .01 (Student's t test)
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CCN6 (variant 3) exon 5 truncation mutation Trp 349 stop 
(equivalent to Trp 331 stop mutation in variant 1) is linked 
to PPRD14,37 we used CRISPR-Cas9 NHEJ methodology30 
to generate truncation mutations similar to Trp 349 stop in 
CCN6 for investigating if such mutations have any deleteri-
ous effects on mitochondrial respiratory complex assembly/
activity, and thus cell viability. We focused on CCN6 variant 
3 because the chondrocyte line used in this study expresses 
this variant predominantly (Supporting Figure S2). A guide 
RNA targeting exon 5 of CCN6 variant 3 was designed and 
cloned into the puromycin selection vector pSpCas9 (BB)-
2A-Puro (PX459), which was then used to transfect C-28/
I2 cells. Following transfection and puromycin selection, 
mutant lines were screened by limited dilution focusing on 
significantly diminished level of mutant protein expression 
as compared to wild type. Diminished expression of mutant 
protein was expected on the basis of anticipated protein in-
stability due to frame shift induced truncation mutation. 
Detection of the mutant protein was performed by immu-
noblotting with an antibody that recognized CCN6 beyond 
the targeted region of mutation. The selected mutants M1, 
M2, and M3 were sequenced using CCN6-specific primer 
and found to have frame shifts at amino acid residues 339 
(M1), 338 (M2), and 339 (M3), yielding stop codon-medi-
ated truncations at residues 353, 341, and 344, respectively. 
This suggested that the entire pool of expressed CCN6 in the 
mutant lines was generated from truncated proteins. Indeed, 
the level of expression of the CCN6 mutants was distinctly 
different from that of the wild type, based on the level of 
expression of β-actin (housekeeping protein), although the 
expected 2-3  kDa difference in molecular weight was not 
discernible by immunoblotting possibly due to post transla-
tional modifications (Figure 4A,B). Reduced expression of 
the CCN6 mutants was also reflected in the mitochondria, 
where VDAC1 was used as loading control, as revealed by 
densitometry of band intensities. Incidentally, the levels of 
the mitochondrial respiratory complex subunits NDUFB8 
and NDUFS1 also decreased significantly (60%-70%) in 
the CCN6 mutant lines in the whole cell level and the mito-
chondrial level as compared to the wild type (Figure 4A,C). 
Possibly, defects in protein interaction patterns of the CCN6 
mutants compounded with their significantly decreased level 
of expression lowered the stability of the respiratory complex 
subunits such as NDUFB8 and NDUFS1 resulting in their di-
minished level of expression. Decreased levels of the respira-
tory complex subunits in the mitochondria of the mutant lines 
correlated with poor assembly of Complex I/Super Complex 
(Figure 4D). Defective Complex I/Super Complex assembly 
was accompanied by markedly altered Complex I activity as 
depicted by in-gel assays (Figure 4E).

Altered respiratory complex assembly and activity in the 
CCN6 mutant chondrocyte lines (M1, M2, and M3) correlated 
with accumulation of damaged/abnormal mitochondria as 

exhibited in transmission electron micrographs of sam-
ples processed from both the wild-type and mutant lines 
(Figure 5A). Clearly, the level of abnormal or damaged mito-
chondria, projected as percent of total mitochondria per cell, 
was significantly higher in the CCN6 mutant lines M1, M2, 
and M3 as compared to the wild type. In accordance with 
the high level of buildup of abnormal mitochondria per cell, 
the CCN6 mutant lines were significantly less viable than the 
wild type as demonstrated by MTT assay. Wild type CCN6 
expressing cells produced much higher numbers of MTT re-
ducing equivalents in MTT assay than the mutant CCN6 ex-
pressing cells (Figure 5B).

Overall our experimental results indicated that CCN6 
mutations cause disruption in the assembly and activity of 
mitochondrial respiratory complexes. Poor assembly/activity 
of respiratory complexes is associated with accumulation of 
damaged mitochondria and loss of cell viability.

4 |  DISCUSSION

Being a growth and differentiation factor in cells of mes-
enchymal origin, CCN6 is associated with musculoskeletal 
health. In view of the link of CCN6 mutations with PPRD, a 
musculoskeletal disorder, and the role of mitochondria in the 
preservation of musculoskeletal integrity,38,39 connection of 
CCN6 with mitochondrial respiratory complex activity and 
electron transport constitutes an important, yet not enough 
explored theme of contemporary research.

In a previously published article, we demonstrated that 
CCN6 regulates mitochondrial membrane potential, ROS 
and ATP synthesis. Thus, we described it as acting as a brake 
on mitochondrial respiration21 and further investigated the 
mechanism of CCN6 mediated regulation of mitochondrial 
function. In the current study, we established that moder-
ate depletion of CCN6 leads to increased mitochondrial 
Complex I/Super Complex assembly and activity (Figure 2). 
Interestingly, in this study we demonstrated that the moder-
ate depletion (35%) of total cell associated CCN6 protein not 
only did not diminish the level of CCN6 in the mitochondria, 
but in fact led to its relatively increased mitochondrial dis-
tribution as compared to the control state where CCN6 was 
not depleted (Figure 3). Although CCN6 does not harbor any 
obvious mitochondrial localization sequence, its entry into 
the mitochondria could be influenced at least in part by in-
termolecular interactions with other proteins for example, 
mitochondrial respiratory complex subunits on account of 
its multi-modular nature.10 Such a scenario is quite likely 
based on our demonstration in the current study that CCN6 
is present as a part of the mitochondrial respiratory complex 
(Figure 1). Due to inter protein interactions CCN6 could also 
be part of the tethers that link mitochondria with the RER/
ER.35,36 Upon moderate depletion of CCN6, perhaps these 
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tethers collapse, drawing ribosomes of RER in close prox-
imity to the mitochondria (Figure 3) and thereby facilitating 
mitochondrial transport of ribosome-translated mitochon-
drial proteins40,41 that also include CCN6. Augmented mi-
tochondrial distribution of CCN6 may facilitate organization 
of respiratory complex subunits into assembled complexes 
promoting their activity (Figures 2 and 3). Our results sug-
gest that CCN6 determines the RER/ribosome-mitochondria 
intervals that constitute a fundamental element in the regu-
lation of respiratory complex assembly and activity through 
controlled distribution of mitochondrial proteins that include 
CCN6. Accordingly, CCN6 acts as a brake on mitochondrial 
respiration by regulating the mitochondria–RER distance and 
its own mitochondrial translocation. Such a detailed concept 
of mitochondrial respiration by CCN6 remained unexplained 
in our previous study although we observed closer associa-
tion of mitochondria with the ER in CCN6 depleted cells.21

Generation of a CCN6 knock out cell line for evaluating 
how essential CCN6 is for mitochondrial function was dif-
ficult. However, we generated cell lines expressing CCN6 
C-terminal truncation mutants similar to those linked with 
PPRD so as to decipher the effect of these mutants on mito-
chondrial function and integrity. We demonstrated that cells 
expressing the CCN6 C-terminal truncation mutants led to 

significant loss in respiratory complex assembly and activ-
ity when compared to those expressing wild type CCN6. 
Defective respiratory complex assembly and activity were 
associated with accumulation of degrading mitochondria 
(Figures  4 and 5). Such interrelation between respiratory 
complex assembly/activity and mitochondrial structural in-
tegrity has been reported in relation to Complex I assem-
bly deficiency in muscle myopathies.38,39 CCN6 mutant 
directed defects in respiratory complex assembly/activity 
and mitochondrial damage led to poor viability of the cells 
(Figure  5), corroborating that CCN6 is vital for mitochon-
drial respiration.

In view of the fact that the mitochondrial respiration defec-
tive CCN6 mutants used in this study can be treated as anal-
ogous to those linked to PPRD, it may be proposed that the 
skeletal deformities that are manifested during progression 
of PPRD may at least in part be due to defects in mitochon-
drial respiration. However, why anomalous mitochondrial 
respiration would be manifested in only components of the 
skeletal system is unclear at this stage of our understand-
ing of PPRD pathogenesis. If the involvement of CCN6 in 
mitochondrial respiration is relatively more pronounced in 
skeletal tissues the effect of CCN6 mutations may be more 
prominent in skeletal tissues than in other tissues. Although 

F I G U R E  5  Mutations in CCN6 induce accumulation of damaged mitochondria and loss of cell viability. A, Transmission electron 
micrographs of CCN6 mutant cells showing damaged/abnormal mitochondrial morphology in CCN6 mutant lines M1, M2, and M3 as compared to 
wild type. Mc indicates mitochondria and * (Red asterisks) indicate damaged/abnormal mitochondria. Scale bar: 200 nm. B, Distribution plot with 
mean value showing percent of damaged mitochondria per cell in mutant lines and wild type. Scoring was done by counting more than 100 cells 
for each set. Data were analysed by one-way ANOVA followed by multiple comparison test (**P < .01, ***P < .001). C, MTT assay showing less 
viability of CCN6 mutant lines as compared to wild type. Data are plotted as Mean ± SE of eight replicates
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the mechanism of tissue specificity in relation to mitochon-
drial function remains vague, several tissue specific pheno-
types of mitochondrial defects have in fact been reported.42 
A more comprehensive diagnosis and understanding of the 
different features of PPRD may aid in relating mitochondrial 
defects to this disease.

Worthy of note is the finding that while limited reduction 
of CCN6 level by CCN6 siRNA enhances its mitochondrial 
distribution and respiratory complex assembly, abolition of 
expression of wild-type CCN6 through the effect of muta-
tions results in the collapse of respiratory complex assembly, 
alteration of complex activity and degeneration of mitochon-
drial integrity. Such regulation of mitochondrial respiration 
by optimization of mitochondrial protein distribution, in this 
case CCN6, has not been documented so far and opens up an 
as yet unexplored avenue of regulation of protein function.

Our results suggest that CCN6 is an essential protein and 
although it might have functions in the cytosol and nucleus, 
its function in the mitochondria is critical. Moderate reduc-
tion of CCN6 perhaps sends an SOS signal pushing the cell 
to put all its effort to survive through mitochondrial respira-
tory activity. However, when wild-type levels are too low as 
in the case of CCN6 mutations then the cell fails to survive 
on account of severely compromised mitochondrial function. 
Overall, our study indicates that CCN6 is required for the 
regulation of mitochondrial respiratory complex assembly/
activity in chondrocytes and mutations in CCN6 that disrupt 
mitochondrial respiratory complex assembly/activity are det-
rimental for chondrocyte viability.
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Mutations in the CCN6 (WISP3) gene are linked with a debilitating musculoskeletal
disorder, termed progressive pseudorheumatoid dysplasia (PPRD). Yet, the functional
significance of CCN6 in the musculoskeletal system remains unclear. Using zebrafish
as a model organism, we demonstrated that zebrafish Ccn6 is present partly
as a component of mitochondrial respiratory complexes in the skeletal muscle of
zebrafish. Morpholino-mediated depletion of Ccn6 in the skeletal muscle leads to
a significant reduction in mitochondrial respiratory complex assembly and activity,
which correlates with loss of muscle mitochondrial abundance. These mitochondrial
deficiencies are associated with notable architectural and functional anomalies in the
zebrafish muscle. Taken together, our results indicate that Ccn6-mediated regulation
of mitochondrial respiratory complex assembly/activity and mitochondrial integrity is
important for the maintenance of skeletal muscle structure and function in zebrafish.
Furthermore, this study suggests that defects related to mitochondrial respiratory
complex assembly/activity and integrity could be an underlying cause of muscle
weakness and a failed musculoskeletal system in PPRD.

Keywords: CCN6, PPRD, muscle, mitochondria, respiratory complex, zebrafish

INTRODUCTION

CCN6 (WISP3), a CCN (Cyr61, CTGF, NOV) family member, is a multi-domain protein that is
expressed in most cells of mesenchymal origin. Similar to other members of the CCN family,
the signal peptide at the N terminus of CCN6 is followed by the insulin growth factor binding
protein (IGFBP)-like domain, von Willebrand factor type C (VWR)-like domain, thrombospondin
type I (THBS)-like domain, and cysteine knot (CK)-like domain, which have potential for binding
to different proteins or peptides and dimerization via inter-protein disulfide bond formation
(Engel, 2004; Schutze et al., 2005; Holbourn et al., 2008; Katsube et al., 2009; Perbal, 2013). Given
the potential of CCN6 to interact with several proteins, it can be expected that loss of CCN6
function resulting from CCN6 gene mutations or depletion would have diverse effects on cellular
functions. In fact, mutations in the CCN6 gene, which span across the entire length of the protein
coding sequence, are linked with a musculoskeletal disorder termed progressive pseudorheumatoid
dysplasia (PPRD) (Hurvitz et al., 1999).

Progressive pseudorheumatoid dysplasia, an incurable debilitating disorder, is characterized by
loss of cartilage, muscle weakness, and irregular bone growth especially in the joints (Hurvitz et al.,
1999; Dalal et al., 2012; Sun et al., 2012; Ekbote et al., 2013; Yang et al., 2013; Liu et al., 2015; Luo
et al., 2015; Chouery et al., 2017; Alawbathani et al., 2018; Shahi et al., 2020). But how CCN6 gene
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mutations lead to defects in cartilage and muscle remains unclear
at the molecular level. In order to gain an in-depth understanding
of how PPRD initiates and progresses, one must have a clear
picture of the function of the wild-type CCN6 protein and how
it interacts with other proteins in different cellular contexts.

Previous reports have demonstrated that CCN6 is present in
adult cartilage, mostly in chondrocytes of the mid-zone to the
superficial zone and in the fetal growth plate. In chondrocytes,
CCN6 maintains the expression of cartilage-specific matrix
proteins, such as collagen II and aggrecan, and regulates the
production of reactive oxygen species and hypertrophy (Sen et al.,
2004; Davis et al., 2006; Miller and Sen, 2007; Repudi et al., 2013).
Furthermore, we recently reported that CCN6 localizes to the
mitochondria and controls mitochondrial respiratory complex
assembly/activity and ATP production (Patra et al., 2016; Padhan
et al., 2020). In view of the fact that all the functional assays
with reference to CCN6 were performed using cell lines, we
wanted to examine the function of CCN6 at the organism level.
Accordingly, for a thorough understanding of CCN6 function in
the mitochondria and its relation to the musculoskeletal system,
we have used zebrafish as our study platform. This choice of
organism was prompted by a prior report of a defective cartilage
development following morpholino-mediated Ccn6 depletion
(Nakamura et al., 2007).

In the current manuscript, we have demonstrated that
in the mitochondria of adult zebrafish skeletal muscle, a
significant fraction of the total Ccn6 protein is present as
a component of the mitochondrial respiratory complexes.
Morpholino-mediated depletion of Ccn6 in zebrafish skeletal
muscle leads to a considerable reduction in respiratory complex
assembly and activity and to a loss of mitochondrial integrity.
These mitochondrial defects are associated with abnormal
muscle architecture and a diminished muscle function in
zebrafish. Our results indicate that defects in the mitochondrial
respiratory complex assembly/activity and loss of mitochondrial
integrity may constitute an underlying cause of muscle weakness
associated with PPRD.

MATERIALS AND METHODS

Animal Maintenance
Adult zebrafish (AB strain) were kept in 30-L fish tanks
maintained at 26 ± 2◦C temperature in 14:10-h light/dark cycle.
All fish tanks were supplied with filtered water. Aeration through
an air pump and continuous circulatory flow of water were
retained in all the tanks as described in the literature (Avdesh
et al., 2012). Fish were fed twice a day with commercially
available fish food pellets. Age-matched groups including both
males and females were used for experiments. All experiments
were performed following internationally approved guidelines
(Reed and Jennings, 2010).

Morpholino Treatment
Zebrafish ccn6-specific morpholino oligo was designed and
procured from Gene Tools (United States) to block ccn6
translation. The sequence of the morpholino used is 5′-GTA

GTGA TAGCATCA TACACGGCTT-3′. A universal standard
control morpholino having the sequence 5′-CCT CTT ACC
TCA GTT ACA ATT TAT A-3′ was also procured for use as a
negative control (Stainier et al., 2017). Each morpholino oligo
was reconstituted in sterile water to make a final concentration of
200 µM for injection into adult fish. For morpholino injection,
adult fish of 9–12 months of age were selected. Each fish
was either anesthetized with MS222 (0.168 mg/mL, pH 7.5)
or subjected to cold shock following internationally approved
guidelines (Reed and Jennings, 2010). Subsequently, each fish
was injected with 4 µL of morpholino solution at the left dorsal
muscle just above the dorsal fin using a 30-gauge Hamilton
syringe. After injection, each fish was subjected to electroporation
using a tweezer electrode with three pulses of a 50-V current,
50 ms each with 5-s intervals to ensure intracellular delivery
of morpholino (Fausett et al., 2008). During injection and
electroporation, aerated water was used to irrigate fish gill for
avoiding dehydration and ensuring proper respiration. After
electroporation, the fish were immediately moved into the water
tanks and maintained for ∼65 h at 26 ± 2◦C for collection of
skeletal muscle following sacrifice. The left dorsal muscle around
the injection site was dissected out and labeled as “ccn6/Control
morpholino injected.” Muscle from the right ventral side of the
same fish was also dissected and labeled as “uninjected.”

Tissue Lysate Preparation and
Immunoblotting
Tissue was homogenized with a motorized dounce homogenizer
using tissue lysis buffer [50 mM Tris (pH 8.0), 150 mM
NaCl, 0.1% SDS, 50 mM DTT, 2 mM PMSF, 1 mM EDTA,
5% glycerol, 5 mM NaF, 2 mM sodium orthovanadate,
0.5% sodium deoxycholate, and 1% Triton-X]. Total protein
concentration was measured using Bradford reagent. Following
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), the proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane and kept in a blocking solution
[5% bovine serum albumin (BSA) in Tris-buffered saline (TBS)
with 0.1% Tween-20] for 2 h. Membranes were then incubated
with specific primary antibodies overnight at 4◦C [primary
antibodies used: zebrafish-specific anti-Ccn6 and anti-Ndufb8
antibody (BioBharati Life Sciences), anti-β-actin antibody (Santa
Cruz), anti-Ndufs1 antibody (Thermo Fisher Scientific), anti-
Cox-IV antibody (Cell Signaling), anti-Vdac1 antibody (Abcam),
anti-Atp5a1 antibody (Thermo Fisher Scientific), and anti-
Uqcrc2 antibody (Thermo Fisher Scientific)]. Using appropriate
horseradish peroxidase (HRP)-conjugated secondary antibodies,
anti-rabbit and anti-mouse IgG (Sigma), the membranes were
visualized with a chemiluminescence reagent (Millipore) and
the chemiluminescence corresponding to each antibody was
documented in a chemi-documentation system.

Mitochondria Isolation
Mitochondria were isolated from the skeletal muscle tissue of
zebrafish by following previously published protocols (Spinazzi
et al., 2012; Patra et al., 2016; Padhan et al., 2020). The tissue
samples, flash frozen in liquid nitrogen and stored in a -80◦C
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freezer, were thawed on ice. Next, the samples were incubated in
isolation buffer 1 [225 mM mannitol, 75 mM sucrose, 0.1 mM
EGTA, and 30 mM Tris-HCl (pH 7.4)] and homogenized on
ice using a motorized dounce homogenizer for 3 min, followed
by 5 min ice incubation. The homogenization and incubation
process was repeated three times. The homogenate was then
collected and centrifuged at 600 × g for 5 min at 4◦C. The
pellets containing unbroken tissue and nuclei were discarded
and the supernatant was further centrifuged at 7,000 × g for
10 min to obtain a mitochondria-containing pellet and a cytosolic
supernatant. This pellet was washed with isolation buffer 2
[225 mM mannitol, 75 mM sucrose, and 30 mM Tris–HCl
(pH 7.4)] and centrifuged at 10,000 × g for 10 min at 4◦C.
The isolated crude mitochondrial pellet was resuspended in
mitochondrial resuspension buffer [250 mM mannitol, 0.5 mM
EGTA, and 5 mM HEPES (pH 7.4)] and either stored for blue
native PAGE (BN-PAGE) analysis or lysed for immunoblotting
with mitochondria lysis buffer [50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 0.1 mM EDTA, 1% Triton X-100, and 2 mM
6-amino hexanoic acid]. The protein content was estimated by
Bradford reagent.

Size Exclusion Chromatography
Size exclusion chromatography of endogenous muscle
mitochondria was performed using Sephacryl S-300 resin
packed with 30 mL bed volume. The column was first washed
with buffer containing 50 mM Tris–HCl (pH 8), 150 mM NaCl,
and 1 mM EDTA several times and then calibrated with specific
molecular weight markers (Sigma). A column calibration curve
was prepared using the elute volume of the molecular weight
markers and used as a reference scale for each experimental
sample elution. Of the mitochondrial lysate, 300 µg was run
through the column and fractions were collected (330 µL each).
From each fraction, protein was precipitated using 20% TCA
and washed with acetone. Dried precipitated samples were then
processed for SDS-PAGE and immunoblotting following the
protocol described earlier.

Blue Native PAGE
Frozen mitochondria suspended in resuspension buffer was
thawed on ice and estimated by Bradford reagent. About 25 µg
of mitochondria was centrifuged at 10,000 × g for 10 min at
4◦C, after which the pellet was incubated with 20 µl solubilization
buffer [50 mM NaCl, 2 mM 6-aminohexanoic acid, 1 mM EDTA,
and 50 mM imidazole–HCl (pH 7.0)] and 1 µl dodecyl maltoside
(20%) on ice for 10 min. The sample was then subjected to
centrifugation for 20 min at 20,000 × g at 4◦C. The clear
supernatant was mixed with 1.5 µL 50% glycerol and 1 µl
native loading dye (5% G250 Coomassie Blue in 500 mM 6-
aminohexanoic acid) before loading onto a 3–13% gradient
gel (Wittig et al., 2006). The gel was run in a cold room for
about 8 h at 80 V. After BN-PAGE, the gel was processed for
immunoblotting. Briefly, the proteins were transferred to a PVDF
membrane for 90 min at 30 V at room temperature using a semi-
dry transfer system (Hoefer). Following transfer, the attached
Coomassie dye on the membrane was removed by rinsing it with
methanol. Finally, the membrane was processed for antibody

staining and protein detection following the immunoblotting
procedure described earlier.

Measurement of Complex I Activity
Mitochondrial complex I (NADH dehydrogenase) activity was
measured from the isolated mitochondria by following published
protocol (Spinazzi et al., 2012; Patra et al., 2016; Padhan
et al., 2020), with minor modifications. Briefly, the protein was
estimated from freshly isolated mitochondria by the Bradford
method. Accordingly, equal amounts of mitochondria from the
experimental and control samples were taken and centrifuged
at 10,000 × g for 10 min at 4◦C to obtain mitochondria
pellet. The pellet was resuspended in 10 mM ice-cold hypotonic
Tris buffer (pH 7.6) and subjected to three cycles of freeze–
thawing. Subsequently, the sample was mixed with an assay
buffer [50 mM potassium phosphate buffer (pH 7.5), 3 mg/mL
BSA, and 3 mM sodium azide], to which 100 µM NADH and
100 µM ubiquinone were added. NADH reduction (extinction
coefficient, 6.22 mM−1 cm−1) was correlated with a decrease
in the absorbance of NADH (340 nm) at different time points
over a course of 5 min. Complex I activity (nmol min−1 mg−1)
was calculated as: (1Absorbance/min × 1,000)/[(extinction
coefficient × volume of sample used in mL) × (sample protein
concentration in mg mL−1)] (Spinazzi et al., 2012). Percent
change of activity was calculated considering activity of the
control sample as 100.

Measurement of Mitochondrial ATP
Synthesis
Mitochondrial ATP synthesis was measured by a
bioluminescence assay. Briefly, freshly isolated mitochondria
(100 µg/mL) from frozen tissue was energized by incubating in
a respiration buffer [0.6 M sorbitol, 1 mM MgCl2, 1 mM EDTA,
25 mM succinate, 5 mM ADP, and 25 mM potassium phosphate
buffer (pH 7.0)] for 15 min at 37◦C, based on published literature
(Mittal et al., 2009; Patra et al., 2016). The ATP generated was
quantified by using an ATP determination kit (Thermo Fisher
Scientific) following the manufacturer’s protocol. Luminescence
was measured by using HIDEX Sense Multimode Micro Plate
Reader 425-301 (HIDEX).

Histology and Immunofluorescence
Skeletal muscle was dissected out and fixed in 10% buffered
formalin overnight. The sample was then dehydrated in graded
alcohol, embedded in paraffin, sectioned using a microtome at
a thickness of 3 µM, and subjected to routine histology and
immunofluorescence. For histological study, the sections were
mounted in Mayer’s albumin-coated glass slides and stained with
hematoxylin–eosin following standard procedure (Feldman and
Wolfe, 2014). For immunofluorescence study, the tissue sections
were mounted on poly-L-lysine-coated glass slides and processed
accordingly following standard protocol (Scanziani, 1998; Joshi
and Yu, 2017). The prepared slides were immersed in Tris-
EDTA buffer [10 mM Tris base, 1 mM EDTA, 0.05% Tween
20 (pH 9.0)] and placed in a pressure cooker for heat-induced
antigen retrieval. The slides were then incubated with primary
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antibody (anti-Vdac1, anti-Ccn6, or anti-Cox4) overnight at 4◦C
after blocking with 10% normal serum and 1% BSA in TBS. An
appropriate fluorophore-conjugated secondary antibody [Alexa
Fluor 546 anti-rabbit antibody or Alexa Fluor 488 anti-mouse
antibody (Thermo Fisher Scientific)] was used to detect the
signal under a confocal microscope (Figures 1A,E, 3A) and a
fluorescence microscope (Supplementary Figure 1).

Analysis of Swimming Behavior
The swimming behavior of zebrafish after the administration
of morpholino was analyzed following published protocol of
“startle response” (Eddins et al., 2010; Miller et al., 2012), with
slight modifications. After injection, individual fish was kept
in a small white rectangular tank (28 cm length × 20 cm
width × 10 cm height) with 4 L of system water. After 48 or
72 h post-morpholino injection, a “single tap” on the tank was
used to create stimulus. Swimming behavior after tapping was
recorded up to 4 min with a digital video camera fixed at the
top of the tank. Uninjected fish was also used as a reference.
Captured video recordings were analyzed with video analysis
software (Filmora9) to determine the distance covered and the
turns taken per minute by each fish.

Statistical Analysis
All the data were presented as the mean ± SEM. Statistical
analysis was performed using GraphPad Prism software, and
p value was calculated by Student’s t test. For the evaluation
of differences between the experimental and control groups,
three to five fish were used for each group for a particular data
point. For experiments involving mitochondria, where samples
were pooled, each pool represented about 10 fish, and any one
data point represented at least three pools. For the analysis
of immunoblot band intensity, statistical analysis was done
after densitometry using GelQuant.NET software provided by
biochemlabsolutions.com.

RESULTS

Ccn6 Is Present as a Component of
Mitochondrial Respiratory Complexes in
Zebrafish Skeletal Muscle
Earlier studies using human cell lines demonstrated that CCN6 is
associated with the mitochondria, regulates respiratory complex
assembly and activity, and controls ATP production (Patra et al.,
2016; Padhan et al., 2020). Since mitochondrial assembly and
activity are essential for muscle function (Vincent et al., 2016), we
wanted to decipher whether Ccn6 is in any way associated with
the respiratory complexes of muscle mitochondria. This study
was particularly important for understanding CCN6 function
in the context of PPRD, where CCN6 mutations are associated
with muscle fatigue and wasting (Alawbathani et al., 2018; Al
Kaissi et al., 2019). Accordingly, we used zebrafish as a model
organism for our study.

Initially, we demonstrated that Ccn6 is expressed in zebrafish
skeletal muscle both by immunostaining and immunoblotting

with an anti-Ccn6 antibody. Mitochondrial distribution of Ccn6
with respect to whole tissue was also evaluated [Figures 1A(i–
iii),B]. Subsequently, we observed that Ccn6 is present not
only in its native molecular weight form but also in the
form of high-molecular-weight complexes in the range of 66–
1,000 kDa and beyond in zebrafish skeletal muscle mitochondria.
This was demonstrated by size exclusion chromatography of
the zebrafish skeletal muscle mitochondrial lysate followed
by immunoblotting of the collected fractions with the anti-
Ccn6 antibody (Figure 1C). BN-PAGE of the zebrafish muscle
mitochondria (Figure 1D, panel i) and immunoblotting using
the same anti-Ccn6 antibody validated that, in zebrafish muscle
mitochondria, a significant fraction of Ccn6 exists as high-
molecular-weight complexes (Figure 1D, panel vi). Additional
immunoblotting after BN-PAGE, separately with antibodies
against mitochondrial respiratory complex subunits, revealed
that the high-molecular-weight fraction of Ccn6 is at least
partially present in association with complex I (panel ii: Ndufb8),
complex III (panel iii: Uqcrc2), complex IV (panel iv: Cox4), and
complex V (panel v: Atp5a1). Antibodies against the NDUFB8
subunit (complex I), UQCRC2 subunit (complex III), COX4
subunit (complex IV), and the ATP5A1 subunit (complex V)
have been widely used for verifying mitochondrial respiratory
complexes (Wittig et al., 2006; Acín-Pérez et al., 2008; Padhan
et al., 2020). Complex I activity, as depicted in panel vii of
Figure 1D by in-gel nitro blue tetrazolium chloride (NBT)
assay (Padhan et al., 2020) validated complex assembly. The
association of Ccn6 with mitochondrial respiratory complexes
was furthermore verified by immunostaining, where Ccn6 was
found to co-localize with Cox4. The co-localization of Ccn6 and
Cox4 along the edges of the muscle fibers and in small patches, as
depicted by arrow marks, was indicative of their association with
the mitochondria, which are present both in connection with
the sarcolemma and in inter-myofibril spaces (Figure 1E, i–iv;
Percival et al., 2013; Lee et al., 2016). Given the potential of CCN6
for inter-protein interactions by virtue of its modular architecture
(Hurvitz et al., 1999), these results led us to investigate whether
Ccn6 stabilizes the assembly and activity of mitochondrial
respiratory complexes through chaperone-like activity.

Ccn6 Depletion in Zebrafish Skeletal
Muscle Leads to Diminished
Mitochondrial Respiratory Complex
Assembly and Activity
Having demonstrated that Ccn6 is associated with mitochondrial
respiratory complexes in zebrafish skeletal muscle, we
investigated whether Ccn6 controls mitochondrial respiratory
complex assembly and activity therein. In this context, the
effect of Ccn6 depletion was assessed. Depletion of Ccn6
was obtained by injecting ccn6-specific morpholino (4 µL of
200 µM morpholino solution in water) into the dorsal side
of zebrafish muscle followed by electroporation. For each
morpholino-injected muscle tissue sample excised from the
left dorsal side of a fish, an uninjected sample of equal size
was excised from the right ventral side as a negative control.
A similar procedure was exercised with an equal concentration
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FIGURE 1 | Ccn6 is expressed in zebrafish skeletal muscle and remains associated with mitochondrial respiratory complexes. (A) Immunostaining and confocal
microscopy demonstrating Ccn6 expression in zebrafish skeletal muscle. (i) Ccn6 expression in the fiber lining near the sarcolemma and in patches in inter-myofibril
spaces, as shown by arrows; (ii) DAPI stain showing nuclei; (iii) only secondary antibody control. (B) Ccn6 expression in skeletal muscle mitochondria in comparison
with whole tissue and cytosol. Vdac1 is used as a reference as a mitochondrial protein. (C) Sephacryl S-300 gel filtration of zebrafish muscle mitochondrial lysate
demonstrating the presence of Ccn6 in high molecular weights encompassing those of mitochondrial respiratory complexes. (D) Blue native (BN)-PAGE of muscle
mitochondria (i) and immunoblotting separately with antibodies to Ndufb8 of complex I (ii), Uqcrc2 of complex III (iii), Cox4 of complex IV (iv), Atp5a1 of complex V
(v), and Ccn6 (vi). Symbols on the blots (ii–v) denote the positions of different complexes corresponding with the Ccn6 bands in panel (vi). In-gel nitro blue
tetrazolium chloride (NBT) assay after BN-PAGE of the mitochondria demonstrates the activity of assembled complex I (vii). (E) Immunostaining demonstrating the
co-localization of Ccn6 with the mitochondrial respiratory complex. (i) Ccn6 expression; (ii) Cox4, representing mitochondrial respiratory complex IV expression; (iii)
merged view showing the co-localization of Ccn6 with Cox4; (iv) magnified view (inset) of the co-localization (arrowheads); and (v) secondary antibody control for
Cox4. The presented data (A,E) are representative of three independent experiments. For pooled experiments (B–D), the number of fish used were 3, 25, and 10,
respectively.
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of a non-targeted morpholino as an additional negative control.
All experimental and control samples were collected about 65 h
post-electroporation after sacrificing the fish.

Figure 2A (immunoblotting with Ccn6 antibody) and
Figure 2B (corresponding densitometry) depict that an average
of about 60% depletion of Ccn6 expression in the skeletal muscle
of individual fish was obtained by ccn6 morpholino, but not
the non-targeted (control) morpholino injection, with reference
to the uninjected control. Depletion of Ccn6 by morpholino
administration was also demonstrated by immunostaining of the
skeletal muscle tissue (Supplementary Figure 1).

ccn6-specific morpholino-mediated depletion of Ccn6 in
zebrafish skeletal muscle resulted in a significant reduction in
the assembly of complexes I, III, IV, and V in zebrafish muscle
mitochondria. Non-targeted (control) morpholino injection did
not result in a similar change in the respiratory complex
assembly, confirming the specific effect of ccn6 morpholino on
mitochondrial respiratory complexes. This was demonstrated by
BN-PAGE of equal amounts of skeletal muscle mitochondria
from the experimental (ccn6 morpholino) and control (non-
targeted morpholino and uninjected) samples, followed by
immunoblotting separately with antibodies to mitochondrial
respiratory complex subunits (complex I: Ndufb8, complex
III: Uqcrc2, complex IV: Cox4, and complex V: Atp5a1)
and subsequent densitometry. Vdac1 (mitochondrial porin), a
mitochondrial structural protein, was used as the reference
in the analysis (Figures 2C–F). Defective assembly of the
respiratory complexes upon Ccn6 depletion moreover resulted
in a significant drop in complex I activity (Figures 2G,H). This
finding is in accordance with the already reported involvement
of complexes III–V in complex I function (Mimaki et al.,
2012; Moreno-Lastres et al., 2012; Milenkovic et al., 2017).
The inhibited complex I activity upon Ccn6 depletion was also
linked with a marked reduction in mitochondrial ATP synthesis
(Figure 2I), indicating a blockade in mitochondrial respiration.
The observed changes in the mitochondrial respiratory complex
assembly/activity and ATP synthesis upon Ccn6 depletion
were associated with the altered distribution of Ccn6 itself
among the different respiratory complexes, validating that
Ccn6 regulates mitochondrial respiration as a component of
the different respiratory complexes. Clearly, ccn6 morpholino-
injected but not control morpholino-injected muscle had
overall less mitochondrial Ccn6 protein as well as alteration
in its relative distribution among the different mitochondrial
respiratory complexes as compared to the uninjected control
(Supplementary Figure 2).

Defective Mitochondrial Respiratory
Complex Assembly and Activity in
Ccn6-Depleted Skeletal Muscle
Dampens Mitochondrial Integrity,
Causing Anomalous Muscle
Organization and Function
We were interested in investigating how loss of mitochondrial
respiratory complex assembly and activity in zebrafish skeletal

muscle upon Ccn6 depletion, as described in Figure 2,
influences mitochondrial integrity and muscle physiology. This
was particularly important on account of the need of a functional
mitochondria for proper muscle function (Sunitha et al., 2016;
Vincent et al., 2016).

Microtome sections generated from ccn6 morpholino-injected
experimental and matched control zebrafish skeletal muscle
samples were prepared for immunofluorescence microscopy
with antibody against Vdac1, which, being a mitochondrial
structural protein, serves as an indicator of mitochondrial
integrity (Padhan et al., 2020). Vdac1 stain was visible both
along the edges of the muscle fibers and in patches denoting
inter-myofibril spaces, as depicted for Ccn6 and Cox4 in
Figure 1. The markedly low level of Vdac1 in the sections
prepared from Ccn6-depleted muscle samples as opposed to the
controls indicated loss of mitochondrial abundance (Figure 3A).
This result was corroborated by immunoblotting muscle lysates
obtained from ccn6 morpholino/control morpholino-injected
and uninjected fish with Vdac1 antibody (Figure 3B). As
depicted by densitometry with reference to β-actin, while
there was about a 50% reduction in Vdac1 level in ccn6
morpholino-injected muscle as compared to the uninjected
muscle, no significant difference was noted between the
uninjected and control morpholino-injected muscle samples.
Thus, the marked reduction in respiratory complex assembly
and activity in zebrafish skeletal muscle upon Ccn6 depletion
was associated with loss of mitochondria, indicating a decline in
mitochondrial integrity.

In light of the fact that muscle physiology is dependent
on mitochondrial function (Vincent et al., 2016), we examined
whether the loss of mitochondria in zebrafish skeletal muscle
due to Ccn6 depletion correlated with alterations in skeletal
muscle structure and function. Accordingly, microtome sections
generated from ccn6 morpholino-injected experimental and
matched control zebrafish muscle samples were prepared for
histology (hematoxylin and eosin staining). As depicted in
Figure 3C, histology revealed that the mitochondrial defects in
zebrafish muscle observed upon Ccn6 depletion are associated
with a widening of the interstitial spaces between the muscle
fibers and inflammatory infiltrates, features which have been
linked with muscle wasting (Rayavarapu et al., 2013; Yang et al.,
2019). Unlike the ccn6 morpholino-treated muscle samples,
the control morpholino samples appeared more or less like
the uninjected samples in the histology. The very minor
variations in the interstitial spaces that were observed in some
control morpholino samples were perhaps due to injury during
electroporation or were just naturally occurring differences in
the tissue architecture of different fish. These results confirmed
a specific role of Ccn6 in the maintenance of muscle integrity.

The altered skeletal muscle structure upon Ccn6 depletion was
reflected in the hindered locomotion in the experimental fish as
compared to the corresponding controls in response to stimulus.
As depicted in Figure 4, ccn6 morpholino-injected zebrafish, at
both 48 and 72 h post-injection, were unable to travel the same
distance and perform as many turns as the controls (uninjected
and control morpholino-injected zebrafish) after being subjected
to a startle, generated by a single tap on the fish tank. The
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FIGURE 2 | Ccn6 depletion inhibits mitochondrial respiratory complex assembly and activity in zebrafish muscle. (A,B) Immunoblotting of the total muscle lysate and
corresponding band densitometry demonstrating about 60% reduction in Ccn6 expression by ccn6 morpholino, but not control morpholino, as compared to the
corresponding uninjected control. β-actin is used as a reference for the estimation of Ccn6 expression. (C–F) Blue native (BN)-PAGE of the muscle mitochondrial
lysate followed by (i) immunoblotting separately with antibodies to Ndufb8 (complex I), Uqcrc2 (complex III), Cox4 (complex IV), and Atp5a1 (complex V) and (ii)
corresponding band densitometry projected by a distribution plot, demonstrating that ccn6 morpholino, but not non-targeted morpholino, inhibits respiratory
complex assembly as compared to no injection. Vdac1 expression from equal amounts of mitochondrial protein is used as a reference for this estimation. (G,H)
Spectrophotometric and bar graph representation of the decrease in complex I activity upon Ccn6 depletion by ccn6 morpholino, but not control morpholino. No
injection is a reference for this estimation. (I) ATP measurement assay demonstrating the decrease in ATP synthesis upon ccn6 morpholino (MO), but not control MO
injection, as compared to the uninjected control. Data are presented as the mean ± SEM of at least three independent experiments. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001; NS, not significant (Student’s t-test). For pooled experiments (C–I), the number of fish used were 10, 10, 10, and 5, respectively, in each experimental
group.
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FIGURE 3 | Ccn6 depletion causes loss of muscle mitochondrial abundance and alterations in muscle organization. (A) Immunofluorescence of the muscle sections
of ccn6 morpholino-injected and uninjected zebrafish using anti-Vdac1 antibody with Alexa Fluor 546 rabbit secondary antibody, demonstrating loss of Vdac1
(mitochondrial structural protein) expression upon Ccn6 depletion: representation of three different experimental sets. Arrow marks denote the presence of
mitochondria along the muscle fiber edges near the sarcolemma and in patches in the inter-myofibril spaces. (B) Immunoblot of the muscle lysate and corresponding
densitometry showing a reduction in Vdac1 levels in ccn6 morpholino, but not control morpholino-injected fish, as compared to the uninjected control. β-actin is used
as a reference protein for this estimation. Data are presented from two independent experiments; tissue was pooled from 10 fish in each experiment. (C) Histology
(hematoxylin and eosin staining) of the muscle sections from ccn6 morpholino/control morpholino-injected and uninjected zebrafish demonstrating an increase in the
interstitial gaps and presence of inflammatory infiltrates (arrow marks) in ccn6 morpholino-injected muscle: representation of five different experimental sets.

distance covered was measured separately for each fish after
the first, second, third, and fourth minutes following tapping
(Figures 4A–D). The setup of the “startle response experiment”
adapted from contemporary literature (Miller et al., 2012; Lebold
et al., 2013) is described in Figure 4E.

Overall, our results indicate that Ccn6 regulates skeletal
muscle organization and function through its influence on the
mitochondrial respiratory complex assembly and activity.

DISCUSSION

Based on studies in human chondrocyte lines demonstrating that
CCN6 localizes to the mitochondria and regulates mitochondrial
respiratory complex assembly and activity, we intended
to validate the function of CCN6 at the organism level.

Therefore, we characterized Ccn6 with respect to mitochondrial
function using zebrafish as a model organism. We found
that Ccn6 is present partly as a component of mitochondrial
respiratory complexes in zebrafish skeletal muscle tissue and that
depletion of Ccn6 in the skeletal muscle damages respiratory
complex assembly/activity along with mitochondrial integrity.
Moreover, loss of mitochondria due to Ccn6 depletion is
associated with defects in skeletal muscle morphology and
locomotion in zebrafish.

Prior studies describing the role of CCN6 in mitochondrial
function using human chondrocyte lines revealed that about
35% depletion of CCN6 elevates mitochondrial mass and raises
mitochondrial respiratory complex assembly and activity (Patra
et al., 2016; Padhan et al., 2020). This result may seem
contradictory to the current finding where about 60% Ccn6
depletion in skeletal muscle tissue leads to loss in mitochondrial
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FIGURE 4 | Depletion of Ccn6 expression in zebrafish skeletal muscle inhibits locomotion in response to stimulus. (A,B) Ccn6 depletion in skeletal muscle by ccn6
morpholino restricts the distance covered by zebrafish in response to stimulus as compared to the corresponding controls (control morpholino-injected and
uninjected) at 48 and 72 h post-injection (n = 3). (C,D) Significantly less number of turns by ccn6 morpholino-injected fish as compared to the corresponding
controls at 48 and 72 h post-injection (n = 3). Data are presented as the mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; NS, not significant (Student’s t test).
(E) Representation of the experimental setup.

abundance as well as respiratory complex assembly and activity.
It must be noted, however, that on account of the potential
of CCN6 to interact with multiple proteins, its regulatory
influence on the mitochondria may include both repression and
activation, depending on its protein interacting partners, which
may vary between tissue and cell types. Thus, the extent of CCN6

depletion may have different effects on the mitochondria. While
about 35% depletion of CCN6 in cartilage chondrocytes may
abolish the formation of CCN6-associated repressor complexes,
leading to an overall increase in mitochondrial function (Patra
et al., 2016; Padhan et al., 2020), more than 60% depletion
of Ccn6 in zebrafish muscle tissue may very likely produce a
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more global effect on Ccn6 activities, causing mitochondrial
dysfunction. Accordingly, CCN6 mutations that are similar to
those associated with PPRD lead to loss of mitochondrial activity
in chondrocytes, possibly on account of a totally collapsed CCN6
function (Padhan et al., 2020).

Since most tissues and cell types need a functional
mitochondria for survival, one may wonder why PPRD-related
defects due to CCN6 mutations are manifested only in skeletal
tissues (Hurvitz et al., 1999; Dalal et al., 2012; Garcia Segarra
et al., 2012; Sun et al., 2012; Ekbote et al., 2013; Yang et al.,
2013; Liu et al., 2015; Luo et al., 2015; Shahi et al., 2020).
Perhaps the mitochondrial distribution pattern of Ccn6 varies
among the different cell and tissue types, and accordingly,
the influence of ccn6 mutations is more marked in skeletal
tissues as compared to others. From Supplementary Figure 3,
it is in fact clear that the Ccn6 distribution patterns in the
mitochondria of the skeletal muscle, brain, and heart of
zebrafish are distinctly different. Supplementary Figure 3A
demonstrates the relative levels of the Ccn6 protein in the
mitochondria of the muscle, brain, and heart in relation to
Vdac1 (mitochondrial structural protein) and subunits of the
mitochondrial respiratory complexes (Ndufb8, Ndufs1: complex
I; Cox4: complex IV). It appears that the levels of Ccn6 are
different in the mitochondria of these tissues, with muscle
containing the most. Also importantly, the mitochondria of
these tissues have different forms of Ccn6. While the muscle
mitochondria harbor mostly a 43-kDa form of Ccn6, the
heart mitochondria harbor mostly a 33-kDa form. The brain
mitochondria, on the other hand, harbor almost equal amounts
of both forms. Although not clearly understood how, Ccn6
distribution among the different respiratory complexes is clearly
more prominent in zebrafish skeletal muscle as compared to
the brain and heart (Supplementary Figure 3B). Ccn6 protein
distribution in the mitochondria of other skeletal tissues could
be the same as in skeletal muscle, thus rendering the skeletal
system more susceptible to the deleterious effects of ccn6
mutations. It is not to be ruled out, however, that in view of
the distribution of Ccn6 in subcellular organelles other than
the mitochondria (Figure 1B), skeletal muscle damage due to
Ccn6 mutations or depletion may also occur independent of
the mitochondria.

Taken together, our study on zebrafish reveals a crucial role
of Ccn6 in mitochondrial respiration and the maintenance of
muscle integrity. In light of the fact that CCN6 mutations
cause muscle weakness in PPRD (Hurvitz et al., 1999; Dalal
et al., 2012; Garcia Segarra et al., 2012; Sun et al., 2012;
Ekbote et al., 2013; Yang et al., 2013; Liu et al., 2015; Luo
et al., 2015; Alawbathani et al., 2018; Shahi et al., 2020),
our findings open up a new theme in the study of CCN6
in the context of PPRD pathogenesis. The results garnered
from this new direction of research may lead to significant
progress in the diagnosis and understanding of PPRD and similar
musculoskeletal disorders.
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6§4ḧ 54

77e©ª«¬®«̄°±²°²³́ µ¶°³² ²̄·²̄°«̧ ¹º«ª±«¬́ ®º³̄6f4»

25¼³¬́ 7³½¾

�pq�w{sy�qm�|nw�smux�sptspyxtw�mpxqnzqspyiijkzx
nwyu{zqspyqmqz{vw{{u{zn�¥�~�s{{wnzpt�wpl������w|uts
wqz{�l���}�l�ww�z�spwts�iijksp�{uwpvwx�sqmv�mptnsz{�¥�
zvvu�u{zqsmpspzxxmvszqsmp�sq��sqmv�mptnsz{���x�pq�wxsxzpt
iz�¿ zqq�wxqwzt�xqzqw�¥unsp�wxqsyzqsmp�zx�unq�wn�mnw
|nm�|qwt��xw�wnz{nw|mnqxtmvu�wpqspyq�wspqwnnw{zqsmpm�
�sqmv�mptnsz{�¥�l���zptiz�¿ ~�nmm�wxwqz{�l�����
£w�pspywnl������
À|mptw|{wqsmpm�iijkspq�wv�mptnmv�qw{spwir��¦��q�nmuy�

qnzpx�wvqsmpm�x�z{{spqwn�wnspy~xs��j�x~iijkxs�j��lz
�mtwnzqw{�z�|{s�swt�sqmv�mptnsz{�¥�nwx|mpxw�zxtwqwvqwt
��uxspy�sqm�nzv�wni� �Ánmxlzxvm�|znwtqmvmpqnm{
u|mp�{m�v�qm�wqn�zpz{�xsx~�sy������w|{wqsmpm�iijk
w�|nwxxsmp sp iijkrxs�j�rqnzpx�wvqwt ir��¦�� vw{{x �zx
tw�mpxqnzqwt��|wn�mn�spy�mq�nw�wnxwrqnzpxvns|qzxw~���r�i�
zpts��upm�{mqqspyzpz{�xsxmp�j�zpt|nmqwsp�zn�wxqwt�nm��.̀.�Â.0$̂ Ã� &�#Ä+Å$̂Æ�̀ .̀/".0Ç�/#��+Å$̂

È
ÉÊËÌÍÎÏÐÑÒÑÓÔÊËÕÖË×ÒÊØØÊÙÑÎÔÚÐÛÑÎÕÍÎÚÐÜÐÛÐÑËÝÉÞÖßàÖËÕÐÊËÐËÛÙÐÙáÙÍÑ×
ÉâÍØÐÌÊÒÏÐÑÒÑÓÔÝãàßÊäÊÞåÉåæáÒÒÐÌçßÑÊÕÝèÊÕÊÜéáÎÝêÑÒçÊÙÊëìììíîÝÖËÕÐÊå
î
æÍÙÊïÑÒÐÌðâÔÛÐÑÒÑÓÔÊËÕñÒÙÎÊÛÙÎáÌÙáÎÍÏÐÑÒÑÓÔòÊïÑÎÊÙÑÎÔÝñËÐÜÍÎÛÐÙÔÑ×
ÉÊÒÐ×ÑÎËÐÊÝÞÊËÚÐÍÓÑÝÉóôîìôíàìëíîÝñÞóå

í
õÍÙÍÎÊËÛó××ÊÐÎÛÞÊËÚÐÍÓÑ

öÍÊÒÙâÌÊÎÍÞÔÛÙÍØÝÞÊËÚÐÍÓÑÝÉóôîÈ÷ÈÝñÞóå

øóáÙâÑÎ×ÑÎÌÑÎÎÍÛéÑËÕÍËÌÍùØÛÍËúÐÐÌïåÎÍÛåÐËûÛÍËØÊÒÐËÐúÔÊâÑÑåÌÑØü

æåðåÝììììàìììÈà÷ýëìàôôíýûÚåêåðåÝììììàìììíàîÈþôàþýììûæåÞåÝììììàìììÈà
þôìíàþôãí

MNÿU

�M�U�IC�:�����:GR�	��9��G������������X������������	��B����@M�U�DUM�<MNÿU>MN�U����U�IUMÿMO���IUN�Mÿ	


�
�
�
�
�
�
�
�
�
��
��
��
�
��



�������������	��

����������������������������
���	
�������	��
���������	� 
���	��

����
	!������������
�
������
��"���������������������	������#�$�%�� �$&
'(()��*�������	�������	��
!���
����!�
���� ��+��
�		����

$	� 
�$�	���
���	�������	��
����������
��������,�����������	��

������������	������,�-
�$������&�� 	������	 !$ 
�������� ���#�$ ��������
%������	��
,�-�����!���	&��
���� ���
$&������+���
	
!������������
��

�
��,�-
�#�
��������	� 
���	��

�
�����.��,�������	�������	��
,�-�$������� ������
	� 
���������
���	+���������	�������	��
��'/�������&��
0�	��	!$ ���������
�+�$������$�����1&*���	�������

������� $�����2��*�������	�������	��
��'/������
	� 
���	��

�+��#�
	���	���������
���
3���������	'
���'/���	%������"��.������������	�����	������	+��
4�����"���
$���%�#���&'��	��������������	���	
����
�������������	��
,�-�$��������	��'/�������&��

	����������	����&�	�������� ��������
���������
�������	��
���'/���	���	����5�����
3��������������	
1���&�)6789�������&�)6(8:

����

�������
�&'(�;��

<<=>?@ABCDE@FGHEIJKILM?HDCG@GN?DL@OIE@LEHDC

*�������	�������	��
���&,�-��	��'/
�#�
�������
	� 
���	��

�� 
������������
������������#�$��
����������	��
�����������������!���� ������
��
��� ����������	����#��
�	��������
����������� ���&
+��5����	����������	��
���!���� ������
�������
	� 
���	��

������ ���	����������������� ��	��������

��

�&����!���%������"����	��	���	�����';�,��#	���
���� �
�+ �$������$���
$��&��������,�����������	��

�
���!���	���������	 �� ����� ��%������"�����	���	
���	������';������#���� ����������	������� ���	��
��� ������ ��	�� ������
�����',������� ������� �
�������	��
���!���� ������
� ������	� 
����+��
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EFGHIHJJKLMNOPMFQRSTNUFTNOVNWXYFPHZ[\]̂ _̂̀abcadef̂ àgdhidj̀kdlfmhfgf̀nfaoppqrj̀dlf̂ jdanlàehjicohindjà Zsjda\tnudagacjnohindjà Zpu\ìe

vlacfwnfcccugidfZx\aopwyz{]ynfccg|p}~w]�ìe�windj̀vfhf_gfeiĝ jdanlàehjicìenudagacjnohindjà caiej̀knàdhacgthfgmfndj�fcu|Z�\sjdanlàehjiohâ

pwyz{]ynfccgvfhfg_b�fndfedaaĝ adjnh_md_hfoaĥ jdamcigdmhfmihidjà|]̂ _̂̀abcadaomhadfj̀igfw�wejkfgdfeZ�had|�\̂ jdamcigdnahhabahidfecanicj�idjà ao

ppqrtvljnlvigigganjidfevjdl̂ jdanlàehji|q�����ìe[x��[�vfhf_gfeiĝ jdanlàehjicj̀̀ fhwnâ mihd̂f̀d̂ ih�fhg|Zp\]̂ _̂̀abcadaoiqiyp}�
Zm���|�\mhfmihidjà aojgacidfê jdanlàehjiohâ ppqr�sunwdhìgofndfe���y��nfccgthfmhfgf̀dfeigdadicZx\t̂ f̂ bhìfwhjnlmfccfdZ�\ìe

g_mfh̀idìdZ�\|x}sy�ìe���r�vfhf_gfeighfofhf̀nfgoaĥ jdanlàehjica_dfĥ f̂ bhìfìê jdanlàehjicj̀̀ fĥ f̂ bhìfìê idhj�thfgmfndj�fcu|

Z�\pàoaniĉjnhagnamuaopwyz{]ynfccgZf̀eakf̀a_g\ìeppqr�sunwdhìgofndfepwyz{]ynfccghf�ficfenacanicj�idjà aô jdanlàehjiZsjdaxhin�fh�hff̀ �st

khff̀\vjdlppqrZhfe\|Z�t�\���j̀df̀gjdumcadgaô jdanlàehjiZsjdaxhin�fh�hff̀ �stkhff̀\ìeppqrZhfe\j̀pwyz{]ynfccgZf̀eakf̀a_gt��dhìgofndfe

vjdlppqr�sunt�\efmjndj̀kppqrcanicj�idjà j̀ ĵdanlàehji|Z�\�fihgà�gnafoojnjf̀daonacanicj�idjà bfdvff̀ sjdaxhin�fh�hff̀ Zsx�\ìeppqrvig

nicn_cidfeohâ dlfnàoaniĉ jnhagnamfeidihfmhfgf̀dfej̀mìfc�ìe�jk|��|]̀nicn_cidj̀k�fihgà�gnafoojnjf̀doahf̀eakf̀a_gppqrZhfe\ìesx�

Zkhff̀\tnàoanicĵikfgaonàdhac]k�oahppqrìesx�Z�jk|��[\vfhf_gfeignàdhac|�ahnicn_cidjà ao�fihgà�gnafoojnjf̀daonacanicj�idjà j̀ppqr�

sunwdhìgofndfenfccgtnàoanicĵikfgaof̂ mdu�fndahZ��\wdhìgofndfenfccgZ�jk|���\vfhf_gfeignàdhacZ���\|�hfmhfgf̀dgdlf̀ _̂ bfhaoj̀efmf̀ef̀d

f�mfhĵf̀dg|}̀ fviu[q}�[oaccavfebu�àofhhàjmagdwlandfgdvigmfhoaĥfedanicn_cidfdlfgdidjgdjnicgjk̀jojnìnfao�fihgà�gnafoojnjf̀d�eidiihf

hfmhfgf̀dfeiĝ fì�g|f|̂|t������|���|
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;O8O6;O:O�

UJ
«�JRjSRhJ J�JRHSReJ�.K��J. KJKRpSgSRe�
�J
R�SRU�	k��
RpS�SRH�� J
n�k��R�SUSRp�I.
����RmSHSRf�.��RiSfSJ�.hJ J�JRHSgSA:78qB�?�������
>�����������E�������1�������������������%�����������������
���������1%�������������������1���0�������D�D��Z[\\¬_��|[�[�Y���%
9cd6P8:�

U����!JRmSRH�J�
��RjS�SR��I
 RVS�SRQ�KRhS�SRiJ�	��!�RmS�SRi��RVSR
e	�
 RVSRjJ��K �IIRiS�SRm���IReSRi��RhS��JISA8ccOB��?$)�����
��0�������������D��������(�������������1��������6���������(��6

:Oq7

QfHf�Q�n�Qjo�if ��������>��$����A:789B8:c%:O;86:Oq8���M87�8:;:4N���8O9:;P

®̄
°
±²
³́
µ̄
¶
·́́
¹̧º
·
²
¹·



����������	
��
������
������
���
��
�����	��������	��������������
��� �!�"�#!�$%&�'(�(��'())�
*+,-./0123)4�56�778����
���9��
�����:
���		����������
�;��<�=�>?��
>�@@AB�!"CB���D&�EF��((�
*G.HI.JKLG0M2N20M.,,.O.P0Q2R201.-GS+,0N2.HJRT/GU.H0V2123)44W6�X
	

���Y
���
���
Y���
��������	��������������Y
�
���Z��8��)�	
����
�
�������������������������
���
������������������>"���[?\�]̂_&�)5)��)'4�
.̀H0a2N20VLT0*2b20c,GdeI0f20Nd.,O./.0g20RhKII0b2N2.HJie.Hd0a23)4�56�
j
��	

�Y��

���Y����Y��
7klmnk�7��F����
	������������o&))W��)54W�
+̀pTJG0R2̀ 20*.I,.0Q2.HJR+H0Q23)4�56�qlmn5�ljr����
��������
Y���
�
����������
���
��������=�>?��!�"�]st&�Eu4��EuW�
G̀vvTIK0̀ 20Q.,heG0R201KHK,.0Q20NdTG.,G0*201KHKHG0N20b+RI+w.HG0b20
xGK,dG0M20y+K0R20̀GU+LLG0N20RGzG+,K0̀2+I./23)44F6�7�3){6������
����	��

|k ��	�����������9;�
�&��; ���;���}"��~"@�}"��~�\�����]DoD&
�5')��5u��
R.O.J.0�20fG.Hd0N20�.SGv.O.0a20R.wJ.,0N20Q.HGS.0N20�+LU+HGILSP0�20
�.Hd0�2��201GLheKww0f20�./O.0V20R.,IK,+IIK0f2y2+I./23)4�'6�|�����
��
nj7������	
����
�Z�����������������������
�
��>?���?����]$&)'E�)uW�
R+H0Q20Me+Hd0�2�V20xK/J,GHd0Q2120yKIv0Q2�2.HJM.,LKH0b2N23)44'6�
qlmn5��
�
��
���
Y�����������
ll���Y
�����YY�
���������������
����������
�����~�"�"\[~?A@�%̂&'WW�'F(�
RpG+d+/U.H012Q23)44(6�����������������������	�����������
�
�Y�
	
������	�����Y���
nj7�������Z������������"\��AB !�@��soD&E4�E5�
����������E5�EF�
RI�*G+,,+0f20b,K,G0R20�/J,P0Q20RG/z.ddG0f2Q20̀e++0f20f.�d+,0R20V.HJLheGH0
M20ie+Hd0�20yGH0f20�.Hd0c2+I./23)44E6�m����
��������
����Z
���Y
�
��
��
�����
����
Y
�
����������
nj7����������������������Z������>?��
]sD&5F(�'4W�
RTH0a2�M20c+G0R20yG0M2�c20Me.Hd0�2�R20Me.K0M2�M2.HJy.G0�2��23)44E6�
�����:�������jkn(W��	��������������
���
�����
�����
���
�����
�
}"��~?@�=�_$t&5��5F�
�.H.S.0R20RTdGU.heG0�20Q.+e.,.0R2��20ReGU.J.0Q2.HJQ.+e.,.0�23)4456�
��������������	���������qlmn5�
��Z
����		�������
��
������
Y������
�������	����\���?B�?����C�]s%&�uE5��uE'�
gG//.�1+//KLI.0̀ 20̀ Gz+,.��K,,+L0f20�LK,GK0a2x20NhGH�*+,+v0̀ 20�H,G�T+v0
f2N20yKp+v��IGH0M2.HJ NHJ,+L0g23)4�56��
�
���Z
 
�����
���

������������
	
������	���	��
�Z���������������������	���
	��
��
X����������j��������Y
���������	
�������	
�����
���������������

��
��	
���>"��A���"�B]sD&)'')�)'u��

c.S.-.P.LeG0�20RSKSK0f2f20Me.,IKTUp+SGL0b2g20�GUT,.0R20R/KhTU0R2y20
�KJ.0�20*.//GP.dT,T0b2y20aT�GUT,K0Q201K/+P0*2N20�.H.S.0�2+I./23)4�'6�
8�����8��)����9�
Y��������8��)Y
�

���
����������������
������������
��Y����Y�����>?���}"���_�&Eu5�EE5�

c+Hv0�23)44F6�nj7����������Z����������
���
��������������	�����������
���
��
��#}�}�"�?t]&�4u���4E)�

cG+hSKOLSG0Q2̀ 20xGK,dG0M20y+-G+JvGHLS.0Q20bTLvPHLSG0f2.HJ*GHIKH0*2
3)44F6�l���������	��������������������
�	
	����
����	��������������	
���	������
�����
��������������&�uW)��uF4�

cT0i20*TGdL+,z+,0*20NHJ+,LLKH0�20ie.Hd0M20NJ+/U.HI0x20QKKIe.0g20
�,KP0N20MGHIG0R20yKO+//0120Rh.,pT//.0̀ 2M2+I./23�FFF6��
������	�
��������Y	��������������Y
�
�������
��������������Y���
��
�	�Y
���
������Z����nj7���>?��$o&��u��)'�

�G.K0�20�.,H.IG0R20�G.H0x20�+HGhT0N20a.H0c20�he.I./-.he+z0R20VK�/.HJ0
N20VKLL.GH0V20xTG//KT0a20yT�+,L0x2V2+I./23)4�)6�7�
�	
����
����
��
���
����������
���
�����
Z
�&�
������	
���Y
�
������	
������	&
���������������������		�������Y����Y����;�������!���D&
'�4F(�

�.Hd0�20RKHd0�2.HJ�KHd0�23)4�56����Y�����������Y�����
��	
����
���Y�
���Z
��
�����
�	���������������������;����
Z
�
�����������
��
������������������=�"B�}�B?!�"B?ô&Eu4�Eu)�

i.Up+L+0�20a.LK/.IK0M20�Gp.HPT/.0Q2f201K,IK/KvvG0Q20*Kvv.H0�2.HJ
*GvvK0*23)4��6�n�
�
���� ) 	�����
� 
������	�� �
�����	 3|k6�
	��������������
�����������7�){��������<�������������� �!�"�#!�]̂o&
)(((�)(W)�

ieKT0M20VT.Hd0�20Re.K0�20Q.P0f20*,KT0b20*+,G+,0M20b.T+,0c20RheKH0
�2N2.HJ*,v+J-K,LSG0R23)44W6���
<����
��	�����	�����������nl8 �
���
���
�������	�������������� �!�"�#!�]̂%&�)4))��)4)(�

ieKT0̀20�.vJG0N2R20Q+HT0*2.HJ�LheKpp0f23)4��6����
���	�������������
8�kn5����		���	
����Z���������A�?�t$&))��))u�

ieKT0V20ie+Hd0M20RT0f20Me+H0120aT0�20�G+0�20�.Hd0�20MeKT0R2�V2.HJ
V+0f23)4�E6�7������
��:������������������
�����
	�����j�n�����;�������
��������������
�����;��������
���������
��
��
�
����
��!�"�[?��t&
)4W(��

)Wu�
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First published: 20 April 2020
https://doi.org/10.1096/fasebj.2020.34.s1.02868

Abstract

Deepesh Kumar Padhan, Archya Sengupta, Milan Patra, Sushil Kumar Mahata, Ananya Ganguly, Malini Sen

Background
CCN6 is a multidomain protein of mesenchymal origin. Mutations in CCN6 lead to PPRD
(Progressive Pseudo Rheumatoid Dysplasia), which is associated with cartilage loss, muscle wasting
and restricted skeletal development. Mechanism of PPRD pathogenesis and its connection with
CCN6 is unclear. Previously we documented that CCN6 localizes to mitochondria and regulates ATP
production. Here we have investigated the molecular mechanism of this regulation in context of
PPRD.

Objective

1. To check whether CCN6 regulates mitochondrial respiratory complex assembly and activity.
2. To check if engineering PPRD causing CCN6 mutations alters the function of the

mitochondrial respiratory complex.

Methods
CCN6 expression was depleted by siRNA transfection in C28/I2 chondrocyte cell line. CCN6 mutants
were generated by CRISPR-Cas9 technology. CCN6 association with respiratory complex was
assessed by 2D BN/SDS PAGE & size-exclusion chromatography. Mitochondrial respiratory complex
activity/assembly was assessed spectrophotometrically and by BN-PAGE in-gel assay. Transmission
electron microscopy (TEM) was used to study mitochondrial morphology.

Results
Size-exclusion chromatography and 2D BN/SDS PAGE of mitochondria reveals that CCN6 is
associated with Complex I/Super complexes of mitochondrial electron transport chain. Partial
depletion of CCN6 by siRNA shows close association of RER with mitochondria and alteration of its
mitochondrial distribution relative to cytosol, thereby resulting in increased Complex I activity and
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assembly. CCN6 mutation (truncation in exon 5, similar to PPRD linked mutation), however, results
in disrupted complex I activity and assembly. CCN6 mutation also correlates with distorted
mitochondria and mitophagy.

Conclusion
CCN6 is required for the regulation of mitochondrial respiratory complex activity/assembly in
chondrocytes, which involves controlled juxtaposition of RER-mitochondria. Mutations in CCN6
disrupt respiratory complex activity/assembly and cause mitophagy.
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Figure 1
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CCN6 migrates as a high molecular weight complex with mitochondrial respiratory complex proteins.

CCN6 remains as high molecular weight complex in mitochondria along with subunits of mitochondrial electron transport chain

including complex I subunit NDUFB8 as shown by 2D BN-PAGE/SDS-PAGE (A) and size exclusion chromatography (B) of

mitochondrial lysate from C28/I2 cells (chondrocyte line).
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Figure 2
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CCN6 regulates mitochondrial respiratory complex assembly and activity.

(A) Increased Complex I assembly and activity was documented by BN-PAGE western blot with NDUFB8 (Complex I subunit)

antibody and in-gel Complex I activity assay in CCN6 siRNA transfected (CCN6 partially depleted) C-28/I2 cells (CCN6 si) as

compared to control cells (Cont.si). (B) Transmission Electron Microscopy (TEM) micrographs showing decreased RER-

Mitochondria distance in CCN6 siRNA transfected cells. (C) BN-PAGE western blot with NDUFB8 antibody and in-gel Complex I

activity of CRISPR Cas9 mediated PPRD causing CCN6 mutants shows reduced Complex I/Super complex assembly and activity.

(D) TEM micrographs shows presence of mitophagy in CCN6 mutant cells.. RER: Rough endoplasmic reticulum. M: Mitochondria
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