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[bookmark: _Toc535156502][bookmark: _Toc2692186]1.1 The Extracellular Matrix
The extracellular matrix (ECM) is critical for tissue development due to the presence of structural proteins and other secreted proteins responsible for signaling (Frantz et al., 2010; Luderman et al., 2017; Rozario et al., 2010). The extracellular matrix, being primarily structural, is critical for the development of many tissues, including the skin, bone, and cartilage (Gordon et al., 2010; Rotllant et al., 2008). These tissues rely heavily on ECM secretion and deposition to develop and function correctly. In order to function correctly, the ECM proteins need to be functional and fully assembled in the extracellular space (Yue, 2014). However, ECM proteins are not synthesized de novo extracellularly; they are synthesized within the endoplasmic reticulum (ER), trafficked to the Golgi, and secreted to the extracellular space (Emr et al., 2009a; Melville & Knapik, 2011b). As such, the regulation of ECM protein trafficking and secretion is equally critical for its function as the ECM protein’s structure itself. 
	There are a large number of structural components in the ECM (Theocharis et al., 2016; Yue, 2014). These include fibronectin, laminin, matrilin, and collagens (Aumailley, 2013; Deák et al., 1999; Gordon et al., 2010; Zollinger et al., 2017). Defects in any of these proteins results in a number of developmental disorders that affect a wide array of tissues. Fibronectin and matrilin mutations have been shown to influence the skeletal system (Costantini et al., 2019; Cotterill et al., 2005). Laminin mutations have been tied to the skin disorder epidermolysis bullosa (Kiritsi et al., 2013). Collagenopathies are a diverse set of syndromes arising from collagen mutations, with phenotypes affecting the skin, skeletal system, and eyes (Nishimura et al., 2005; Spranger et al., 1994). Overall, mutations in ECM proteins predominantly affect the tissues and organs that are rich in ECM. Thus, normal ECM development and function is essential for tissues across the body.


[bookmark: _Toc2692291]Figure 1.1. The extracellular matrix is a complex network of proteins.

[bookmark: _Toc535156503][bookmark: _Toc2692187]1.2 Collagens
	Collagens are a family of proteins characterized by a triple helix composed of three independent collagen peptides in either a homotrimeric or heterotrimeric organization (Shoulders et al., 2009; D. R. Walker et al., 2021). This triple helical structure is commonly known as the collagen helix due its prevalence within the collagen family (Brodsky et al., 2005). The collagen helix is a relatively “tight” helix, with many proline and hydroxyproline residues along the helical portion of the peptide (S. Xu et al., 2019). The prevalence of prolines contributes to a tight helical conformation and close inter-peptide interactions (Albaugh et al., 2017; Karna et al., 2020). Following secretion to the extracellular space, collagens oligomerize, adding strength and rigidity to the extracellular matrix (Bailey et al., 2011). The combination of sturdy inter-helix strength as well as the intra-helix strength are critical for tissue development, where collagens function as a major structural component (II et al., 2010; Mastropasqua, 2015). 
	There are different categorizations of collagens, normally being separated into “fibrillar” and “non-fibrillar” families (Bella et al., 2017; Chute et al., 2019; Exposito et al., 2010). Fibrillar collagens include collagens I, II, III, V, and XI, and are called fibrillar due to their ability to oligomerize into fibrils extracellularly (Bella et al., 2017; Canty et al., 2005; Exposito et al., 2010; Steplewski et al., 2007). These fibrils when oligomerized have extraordinary tensile strength (Y. Liu et al., 2016; Svensson et al., 2010). Due to this, they are commonly found in tissues dependent on ECM strength like skin, bone, and cartilage (Balasubramanian et al., 2013).
Non-fibrillar collagens are those that do not oligomerize to form a fibril (Chute et al., 2019). Rather, non-fibrillar collagens usually organize more loosely in the extracellular space allowing for networking within collagens along with other extracellular matrix proteins (Burgeson, 1988; Sutmuller et al., n.d.). Collagen IV is one of the most extensively studied non-fibrillar collagen, being important for the establishment of basement membranes (Boudko et al., 2018; Mak et al., 2017; McCall et al., 2014). Other non-fibrillar collagens similarly form networks due to their longer disordered regions or interrupted helices (Shaw et al., 1991). Due to their more flexible structure, it is likely they can be trafficked more easily by cells than fibrillar collagens.

[bookmark: _Toc535156504][bookmark: _Toc2692188]1.3 Collagen Formation
	Collagen is formed from three independent alpha peptide precursor chains that are cotranslationally sorted into the ER based on an N-terminal signal sequence (Gordon et al., 2010; Muthukumaran et al., 1989). These strands are known as prepropeptides. Once inside the ER, the signal sequence is removed, leaving a propeptide (Lindert et al., 2018). Enzymes with hydroxylase activity then begin to hydroxylate proline and lysine residues using ascorbate as a co-factor (Murad et al., 1981). Following hydroxylation, glucotransferases and galactotransferases will then add glucose and galactose modifications onto hydroxylysines (De Giorgi et al., 2021; Terajima et al., 2019). Hydroxylysine has a free –OH group, making it an excellent substrate for O-linked glycosylation (Banushi et al., 2016). Once glycosylation has occurred, three propeptide chains wind around each other, forming a procollagen molecule with the canonical collagen helix (M. Tang et al., 2020). This step depends on the hydroxylation of proline to form hydroxyproline, as this modification adds stabilizing hydrogen binding sites along the length of the chains, encouraging a tight bond amongst all three peptide chains (Jenkins et al., 2003; S. Xu et al., 2019). The collagen helix may compose most of the protein length or in small interrupted chains, depending on the collagen type. However, all collagens have “unwound” regions on both ends of the procollagen (Prockop et al., 1979). These are important for signaling and trafficking regulation (Holmes et al., 2017; Hong et al., 2017). Procollagen is then ready to be moved to the Golgi.
	Once in the Golgi, the glycosylated hydroxylysine residues undergo further post-translational modification. Oligosaccharide chains are added to the monosaccharide glucose and galactose sugars added in the ER (Alberts et al., 2002). Following this modification, collagen is packaged from the Golgi to be secreted to the extracellular space. Once secreted extracellularly, collagen peptidases recognize and cleave the unwound ends of each procollagen molecule, making tropocollagen (Hulmes, 2002). At this point, lysyl oxidases can act upon free hydroxylysine groups to cross-link adjacent tropocollagen molecules, forming collagen fibrils (Herchenhan et al., 2015; Siegel et al., 1976). As more and more tropocollagens polymerize to form fibrils, the extracellular matrix increases in stiffness and rigidity (V. W. Tang, 2020). However, this final oligomerization would not be possible without every single process already listed, demonstrating the need for proper regulation and enzymatic function at each step of collagen synthesis. As a result, tissues rich in collagens are dependent on all of the essential collagen modifying enzymes for development and function. 


[bookmark: _Toc2692292]Figure 1.2. Collagen processing involves both intracellular and extracellular modifications.

[bookmark: _Toc535156508][bookmark: _Toc2692189]1.4 Collagen-rich tissues
	Collagen trafficking and secretion is critical in tissues with high amounts of extracellular collagen (Balasubramanian et al., 2013). The five most common collagen types are those numbered one through five (Ricard-Blum, 2011). Collagen I, the most abundant collagen in the body, is a fibrillar collagen, critical for the rigidity and structural support of the ECM (Naomi et al., 2021). Collagen I is found in diverse tissues including the bones, skin, tendons, and blood vessels (Naomi et al., 2021). Defects in the collagen I peptide have been linked to Osteogenesis Imperfecta (Claeys et al., 2021). Collagen II, contrary to collagen I, is almost exclusively found in cartilage tissue (Eyre, 1991). During development, some cartilage elements may later be replaced by bone, making their development essential for the formation of a functional template (Mackie et al., 2008). Other cartilage elements persist throughout adulthood, including in the nose, ribs, ears, joints, and intervertebral disks. In addition to cartilage, collagen II is also found in the vitreous of the eye (Ponsioen et al., 2005). Collagen III is less tissue-specific, though it is important for supporting many of the hollow organs including the uterus and intestines (Kuivaniemi et al., 2019). Collagen IV, the only non-fibrillar of the first five collagens, is essential for the formation of the basement membrane, a tissue critical for the adhesion of epithelial cell layers (Gatseva et al., 2019). Collagen V is commonly found in collagen I-rich tissues, though it is also found in the placenta (Iwahashi et al., 1996). Together, the first five collagens are expressed across tissues and are important for development and tissues maintenance. Disorders have been linked to a variety of these collagens, with each collagen possessing a slightly different phenotype. For example, Ehlers Danlos syndrome has been mapped to mutations in collagen I, III, V, and XII with slightly different presentations depending on the gene involved (Adikaram et al., 2018; Parapia et al., 2008). As such, collagen regulation and function is essential for tissue and organismal development.


[bookmark: _Toc2692293]Figure 1.3. The zebrafish craniofacial skeleton is a tissue rich in collagen and other ECM proteins.

[bookmark: _Toc535156509][bookmark: _Toc2692190]1.5 Craniofacial Development
Of the collagen-rich tissues in the human body, the head skeleton is perhaps the most important. The head skeleton provides structural support for key tissues like the brain, mandibular muscles, and sense organs (Anderson et al., 2022). The diverse processes that the head skeleton performs require a complexity of specialized cell types and tissues. As such, the head contains neurons, muscles, and skeletal components in precise organization, all of which develop somewhat simultaneously. Most of these cell types depend on normal skeletal development for their normal development and function (Delezie et al., 2018; Karasik et al., 2010). As such, misregulation of craniofacial skeletal morphogenesis can have profound developmental effects on the neurological, muscular, and sensory tissues of the head. 

[bookmark: _Toc535156510][bookmark: _Toc2692191]1.6 Ossification
The craniofacial head skeleton is composed of a mixture of bone and cartilage that changes over developmental time (Breeland et al., 2022). Bone can form through one of two processes, termed endochondral ossification or intramembranous ossification (Franz-Odendaal, 2011; Mackie et al., 2008). In endochondral ossification, neural crest cells can migrate to specific sites of cartilage formation (Mackie et al., 2008). Once the progenitors are localized, neural crest cells can differentiate into chondrocytes, the predominant cell type present in cartilage. Chondrocytes begin to proliferate and undergo hypertrophy, filling the extracellular space with type II collagen. The collagen II-rich ECM forms a cartilage tissue. Following cartilage development, chondrocytes begin to die, leaving a thick, collagen II-rich cartilage ECM devoid of cells. At this point, osteoprogenitor cells can then migrate into the area and begin to calcify the extracellular matrix to form bone. This is a process that is responsible for the formation of the skull base, a critical structure for supporting the brain (Jin et al., 2016). Additionally, there are some areas within the head skeleton where cartilage persists into adulthood. Those areas include the ears, nose, and at the joint where the lower jaw meets the skull (Ulici et al., 2022). 
	The second method of ossification, intramembranous ossification, occurs in the absence of preliminary cartilage tissue (Breeland et al., 2022; Franz-Odendaal, 2011). In intramembranous ossification, mesenchymal progenitor cells migrate into a tissue and collect in specific sites that are sparse in extracellular collagens. Once there, the cluster of stem cells will begin to undergo morphological changes until they differentiate into osteoprogenitor cells. From there, the progenitors continue developing into osteoblasts, cells that are essential for the formation of bone. Osteoblasts then begin to secrete type I collagen, an essential part of bone ECM. As osteoblasts continue to fill the extracellular matrix with collagen I, some of the osteoblasts will terminally differentiate into osteocytes, the resident cells of bone tissue. The collagen I-rich ECM will begin to ossify, leading to bone formation. This process is essential for the development of the majority of the head skeleton, being essential for most of the bones that compose the skull (McBratney-Owen et al., 2008). 

[bookmark: _Toc535156511][bookmark: _Toc2692192]1.7 Rab GTPases
Rabs are a member of the Ras family of GTPases, meaning they are capable of hydrolyzing GTP to GDP intrinsically (Schwartz et al., 2007). Rabs are often associated with regulating membrane trafficking events (Hutagalung et al., 2011; Pfeffer, 2017). They do so by cycling between active and inactive conformations depending on whether they are bound to GTP or GDP (Hutagalung et al., 2011; Pfeffer, 2017; Schwartz et al., 2007). Rabs, as GTPases, possess endogenous GTP hydrolysis activity, but it is a kinetically slow reaction (Schwartz et al., 2007). Cells often utilize GTPase Activating Proteins (GAPs) that catalyze the conversion of GTP-bound Rabs to GDP-bound Rabs (Veigel et al., 2005). Conversely, GEF proteins exchange the hydrolyzed GDP for GTP (Ishida et al., 2016). This shifts the Rab protein into an active conformation where it can then mediate intracellular trafficking pathways.
	In addition to cycling between active and inactive depending on the nucleotide a particular Rab is bound to, Rabs also change localization based on activity. Inactive Rabs are largely hydrophilic, dispersed amidst the cytosol waiting for activation or recruitment (Gabe Lee et al., 2009). Often, Rabs are bound to proteins known as GDP Dissociation Inhibitors (GDIs) that maintain the GDP-bound form of the Rab protein within the cytosol (Soldati et al., 1993). Upon Rab requirement, a GDI Displacement Factor (GDF) displaces the bound GDI and recruits the Rab protein to the target membrane (Dirac-Svejstrup et al., 1997). Rabs have a C-terminal domain that is post-translationally modified with gernaylgeranylation (Gabe Lee et al., 2009). That creates a hydrophobic tail that can then be inserted into the phospholipid membrane for stable association.
Once associated with the membrane, a Rab GEF can act on the cognate Rab, converting it from its inactive, GDP-bound form to its active, GTP-bound form (Hutagalung et al., 2011). When a Rab is activated, it assists in the recruitment of necessary factors for vesicle transport. Often, these factors include proteins like motor proteins, vesicle fusion machinery, or even other Rab proteins (Horgan et al., 2011; Pfeffer, 2012). Once a Rab has reached its target membrane, it is acted on by a GAP to convert the bound GTP to GDP and inactivate the Rab (Veigel et al., 2005). A Rab GDI may then bind the inactive Rab, mask the hydrophobic C-terminal tail, and allow the Rab to diffuse into the cytosol before being reused later (Soldati et al., 1993).
Rabs often function in coordinated series with other Rab proteins as trafficking is mediated between different intracellular membrane compartments. This term is often called a “Rab cascade” (Pfeffer, 2012). In such a cascade, a GTP-bound, active Rab protein will recruit the GEF proteins for another Rab GTPase to the specific target membrane. At this point, GEF recruitment can activate the subsequent Rab in the cascade, such that the second Rab can then recruit additional trafficking factors or a GEF complex for another Rab protein.
The field originally believed that one Rab GAP or GEF could affect one specific cognate Rab. However, the field is now beginning to identify overlap where one GAP or GEF complex may be capable of acting upon many different Rab proteins depending on cell type or cargo in question (Harris et al., 2021; Homma et al., 2016). Especially in the context of Rab cascades, it is clear that Rab proteins are capable of interacting with GEF complexes for other Rab proteins. As such, the identity and specificity of Rab/GEF/GAP interactions remains an interesting field of study within the trafficking community.


[bookmark: _Toc2692294]Figure 1.4. Rab GTPases cycle between their inactive or active conformations depending on their association with GDP or GTP.

[bookmark: _Toc535156512]

[bookmark: _Toc2692193]1.8 Rab6
Rabs are present in trafficking pathways all throughout the cell, and may be involved in multiple different pathways or just a single pathway (Van Ijzendoorn et al., 2003). Many studies of Rabs were performed in yeast, so those Rab proteins with a yeast homolog are often best understood (Novick et al., 1980). One of the yeast Rabs, Ypt6, is conserved all the way to mammals, with those orthologs in the Rab6 family (Hengst et al., 1990). Rab6 regulates Golgi trafficking in the anterograde and retrograde direction, specifically in the ERcis-Golgi, cis-Golgitrans-Golgi, trans-Golgiendolysosome, and trans-Golgiplasma membrane trafficking routes (Del Nery et al., 2006; Fourriere et al., 2019; Grigoriev et al., 2007; S. Liu et al., 2015). As such, Rab6 is essential to Golgi function and stability. 

[bookmark: _Toc2692295]Figure 1.5. Rab6 regulates anterograde and retrograde trafficking within and around the Golgi.

Rab6 has three orthologs in humans: RAB6A, RAB6A’, and RAB6B (Del Nery et al., 2006; Opdam et al., 2000). RAB6A is expressed ubiquitously across all tissues, while RAB6B is expressed primarily in the central nervous system. RAB6A’ is a splice variant of RAB6A differing in only three amino acids that is exclusive to primates (Del Nery et al., 2006). Found to function similarly to RAB6A, RAB6A’ actually has both distinct and overlapping functions with RAB6A in the Golgi. RAB6B has been less studied due to its primary localization in the nervous system, but it has been similarly shown to regulate trafficking at the Golgi (Opdam et al., 2000; Wanschers et al., 2008). As such, it is likely that the mechanism of action across Rab6 paralogs is similar, though their exact cargoes may differ depending on tissue-specific secretory demands.
Rab6 in zebrafish also has three orthologs: rab6a, rab6ba, and rab6bb (T. E. Hall et al., 2017). Rab6a in zebrafish is homologous to human RAB6A, sharing 98% amino acid identity (Ensembl Genome Browser 108, n.d.). As with many zebrafish genes, rab6b was affected by a genome duplication event, leading to the two genes rab6ba and rab6bb (Howe et al., 2013). The Rab6ba and Rab6b protein products are about 88% identical, though it is not very well understood how these two proteins could function differently from each other.









	% Identity (% Similar)
	hRAB6A
	hRAB6B
	zRab6a
	zRab6ba
	zRab6bb

	hRAB6A
	
	97
(91)
	98
(98)
	88
(93)
	87
(92)

	hRAB6B
	97 
(91)
	
	91 
(96)
	93 
(94)
	90 
(95)

	zRab6a
	98 
(98)
	91 
(96)
	
	87 
(92)
	87 
(92)

	zRab6ba
	88 
(93)
	93 
(94)
	87 
(92)
	
	88 
(92)

	zRab6bb
	87 
(92)
	90 
(95)
	87 
(92)
	88 
(92)
	


[bookmark: _Toc2692286]Table 1.1. Homology between zebrafish and human Rab6 paralogs (Consortium et al., 2023)
[bookmark: _Toc535156513][bookmark: _Toc2692194]1.9 Rgp1
Ypt6, the yeast Rab6 homolog, was originally found to be activated by a GEF complex composed of Rgp1p and Ric1p (Siniossoglou et al., 2000). These two proteins form an obligate heterodimer consisting of equal parts Rgp1p and Ric1p, though it may contain more than one unit of each protein. Independently, neither Rgp1p nor Ric1p has any detectable enzyme activity. Together, the GEF complex catalyzes the exchange of GDP for GTP on Ypt6, a process critical for trafficking regulation of retrograde traffic. As such, Rgp1p and Ric1p were identified as key regulators of Ypt6-dependent intracellular trafficking.
In human cells in culture, the conservation of function for RGP1, RIC1, and RAB6A was interrogated (Pusapati et al., 2012). It was determined that RGP1 and RIC1 still form a complex and act as a GEF for RAB6A. Additionally, it was found that RGP1 and RIC1 also interact with another Rab, RAB33B. While RGP1 and RIC1 have increased affinity for GDP-RAB6A, they showed increased affinity for the active, GTP-RAB33B. This suggests that RGP1 and RIC1 are not a GEF for RAB33B, but that they could be recruited to the Golgi by active RAB33B as part of a cascade to activate RAB6A. When looking at RIC1 structure, it was identified which part of the protein binds RGP1, RAB6A, and RAB33B. All three of these regions are distinct, suggesting the possibility for a multi-protein complex centered around RIC1 for a Rab cascade. However, the structural interactions for the RGP1 protein were not elucidated. This study identified a potential medial-to-trans-Golgi cascade of RAB33B to RAB6A using RGP1/RIC1 as an effector to regulate exocytic Golgi trafficking.
Though the structure of RGP1 has not yet been solved, the amino acid sequence is predicted to form a series of β-sheets and a single α-helix (Yang et al., 2015). When compared to other structural motifs from solved crystal structures, these motifs showed high structural homology with arrestins and arrestin-fold proteins (Aubry et al., 2013). Since arrestins associate with G proteins, which cycle between active and inactive states by associating with GTP or GDP, it seems plausible that an arrestin fold motif could be important for binding specificity amongst GTPases (Claing, 2013). Additionally, one of the arrestin family proteins that is predicted to share high structural homology is VPS26, a protein component of the retromer complex that regulates trafficking from the endosome to the trans-Golgi (Collins et al., 2008; Shi et al., 2006). As such, it is feasible that the predicted arrestin folds that compose the Rgp1 structure are important for its trafficking regulatory interactions. 


[bookmark: _Toc2692296]Figure 1.6. Predicted protein structures of RGP1 (blue) and Rgp1 (red) show high levels of conservation. Models were generated using I-TASSER (Yang et al., 2015).

[bookmark: _Toc535156505][bookmark: _Toc2692195]1.10 Collagen Trafficking from the ER to the Golgi
	Collagen trafficking is an essential process for secretion to the extracellular space. However, due to collagen molecules’ unusually large triple helical structure, specific adaptor proteins are required for collagen trafficking (Raote, Chabanon, et al., 2020; Saito et al., 2009, 2011). Fibrillar procollagen is approximately 300 nm in length, which far exceeds the range of trafficking vesicle diameters of 30-100 nm (Exposito et al., 2010). As such, there has been a large amount of work seeking to understand the mechanisms that regulate collagen trafficking from the ER to the Golgi (Hirata et al., 2022; Malhotra et al., 2011).
	Similar to other proteins trafficked from the ER to the Golgi, collagen II has been shown to utilize COPII coat proteins (Gorur et al., 2017; Malhotra et al., 2011). The coat proteins consist of Sar1, Sec23, Sec24, Sec13, and Sec31 (Cox et al., 2018). During traffic, Sar1, a GTPase, first associates with the ER membrane at ER exit sites devoid of ribosomes following GEF activation by Sec12 (Saito et al., 2017). Then, the inner coat complex consisting of Sec23 and Sec24 assembles and decorates the cytosolic side of the ER membrane (Fromme et al., 2008; Hutchings et al., 2021). Sec24 has a transmembrane domain that it can use to function as a cargo adapter, selectively binding to the appropriate cargo proteins to be trafficked (Miller et al., 2003). Following inner coat assembly and membrane curving, Sec13 and Sec31 associate as an outer coat for the budding vesicle (Townley et al., 2008). The COPII components are required for vesicle formation, but are insufficient to traffic the vesicle to the target Golgi membrane (Lord et al., 2013).
	In addition to the COPII components, collagen II also utilizes specific adaptor proteins like Ctage5 and Tango1 (Saito et al., 2009, 2011). Ctage5 has been shown to be critical for COPII initiation by recruiting Sec12 to ER membranes such that it can activate Sar1 (W. Ma et al., 2016). It appears to remain on the ER membrane associating with the inner coat, and it further interacts with Tango1 (Malhotra et al., 2011). Together, the Ctage5/Tango1 complex delays vesicle fission, creating an elongated vesicular bud (Raote, Ernst, et al., 2020). This longer, elliptical vesicular membrane allows for the retention and trafficking of large procollagen trimers to the Golgi.
	Some studies using live trafficking dynamics have actually suggested that procollagen can traffic between the ER and the Golgi in the absence of typical COPII components (McCaughey et al., 2019; Mironov, 2014). Furthermore, it suggests that procollagen is not trafficked in large structures that would be expected for its 300 nm length (Hirata et al., 2022). In this model, there is the possibility of direct ER to Golgi trafficking without vesicles, similar to what could be expected from a sort of cisternal maturation. Furthermore, they postulate that the collagen helix can become more flexible such that it can fit into normal vesicles if the pH and salinity differs greatly from physiological luminal levels. 
	Overall, there have been many proteins found to regulate trafficking of collagens from the ER to the Golgi. Though the model of procollagen trafficking aligns closely with the canonical COPII model with the addition of specific adapters, it remains possible that other, non-canonical pathways could exist for inter-organelle trafficking of procollagen. One organelle that remains much less understood for collagen trafficking is the Golgi apparatus.


[bookmark: _Toc2692297]Figure 1.7. Proteins found to regulate collagen trafficking from the ER to the Golgi include general (COPII) and specific (cTAGE5/TANGO1) adaptors.

[bookmark: _Toc535156506][bookmark: _Toc2692196]1.11 Two Models of Intra-Golgi Trafficking
	Trafficking through the Golgi remains an area of debate, with two prevailing models existing to explain the sequential progression of cargoes without loss of identity in each Golgi cisternae (Beznoussenko et al., 2022; Emr et al., 2009b; Farquhar et al., 1998; Glick et al., 2009). The original model, called the vesicular transport model, consists of a set of static Golgi stacks (Jamieson et al., 1967; Nickel et al., 2002). Here, the Golgi cisternae and their resident enzymes remain static, while vesicles containing cargoes freely bud and dock between cisternae is required. This model remained commonplace for decades before the introduction of the cisternal maturation model (Beznoussenko et al., 2022).
	The cisternal maturation model suggests that rather than cargoes trafficking between cisternae, cisternal enzymes are instead trafficked (Mani et al., 2016; Matsuura-Tokita et al., 2006). At the ER-face of the Golgi, incoming vesicles fuse together to form the cis-Golgi. The enzymes commonly associated with the cis-Golgi would then be trafficked in the retrograde direction from the medial Golgi to the cis-Golgi, where they can act on cargoes. As time progresses, more anterograde vesicles from the ER form another cisterna behind the cis-Golgi. The enzymes then traffic in the retrograde direction to act on the new cis-Golgi compartment. Simultaneously, new enzymes enter the maturing cisterna, converting it into the medial Golgi. This continues until maturation through the trans-Golgi and subsequent vesicle release. In this model, cargos never leave the cisternae, and resident Golgi enzymes are the only proteins that undergo dynamic vesicular trafficking. This model aligns better with collagen trafficking, as collagen’s large size makes it difficult to constantly traffic through vesicular trafficking between cisternae. Additionally, there are publications demonstrating that collagen is not observed between cisternae in trafficking vesicles, but is rather consistently found within Golgi lumen, suggesting that each Golgi stack undergoes maturation as the cargo is being processed (Bonfanti et al., 1998; Luini, 2011).


[bookmark: _Toc2692298]Figure 1.8. There remain two prevailing models of intra-Golgi protein transport.

[bookmark: _Toc535156507][bookmark: _Toc2692197]1.12 Collagen Trafficking from the Golgi to the Plasma Membrane
	While there are canonical coat proteins associated with trafficking from the ER to the Golgi (COPII) and from the Golgi to the ER (COPI), trafficking from the Golgi to the plasma membrane appears to have a much broader set of trafficking regulators and adaptors, even for small proteins (Di Martino et al., 2019; Ford et al., 2021). Vesicles that bud from the Golgi en route to the plasma membrane are sometimes uncoated, while other vesicles are coated with clathrin (Bard et al., 2006). In addition to coat proteins, Rab GTPases can regulate coordination of vesicle movement (S. Liu et al., 2015; Thomas et al., 2020). Of the Rab proteins, Rab3, Rab6, Rab8, Rab10, Rab11, Rab25, Rab27, and Rab37 all coordinate trafficking from the trans-Golgi to the plasma membrane, each trafficking their own respective groups of cargoes (Chen et al., 1998; Del Nery et al., 2006; Gross et al., 2021; Henry et al., 2008; Jena et al., 1994; Matsunaga et al., 2017; Schuck et al., 2007; Tsai et al., 2014). Of all of the trafficking regulators, only a subset are critical for collagen trafficking, and most collagens utilize different combinations of trafficking components from the Golgi. Collagen IV, a highly studied collagen due to its role in basement membrane formation, is trafficked by Rab8, while Rab10 and Rab25 have been found to contribute indirectly to collagen IV secretion (Devergne et al., 2017; Gross et al., 2021). The post-Golgi trafficking of collagen type X, a short chain collagen, is regulated by Rab6 (Fourriere et al., 2019). Rab6 also regulates collagen II trafficking post-Golgi (Unlu et al., 2020). ELKS, a protein required for Rab6 vesicle docking at the plasma membrane, has similarly been shown to be important for collagen II and collagen X secretion (Levic et al., 2022; Pereira et al., 2022). Aside from a few specific examples, most of the post-Golgi collagen trafficking proteins have not been identified.

[bookmark: _Toc535156514][bookmark: _Toc2692198]1.13 Chondrocyte Cell Shape Changes
	Chondrocytes undergo cell shape changes during development in coordination with their function at that specific developmental time. In zebrafish, chondrocytes begin as neural crest cells that migrate to the craniofacial region to their sites of development (Wang et al., 2011). Starting around 48-60 hpf, chondrocytes organize in a “condensed” stage of development (Le Pabic et al., 2014). During this time period, chondrocytes are spherical, maintain many cell-cell contact sites, and do not possess great secretory capacity. Between 60-72 hpf, chondrocytes begin to undergo elongation (Levic et al., 2022). During the elongation phase of development, chondrocytes begin to grow preferentially in one direction, forming an ellipsoid cell shape. Also during this time, chondrocytes begin to organize into their specific tissues (Kimmel et al., 1995). In tissues like the hyosymplectic cartilage element, the distal arm is composed of a monolayer of chondrocytes (Eames et al., 2013). As such, chondrocytes begin to intercalate and organize to form a single cell layer in this tissue. Their elongation occurs such that they grow in the axis perpendicular to adjacent chondrocytes. During the next stage of chondrocyte development, chondrocytes undergo isometric growth. This developmental stage, found after 84 hpf, is characterized by uniform growth in all directions (often known as hypertrophy), loss of cell-cell contacts, and secretion of large amounts of ECM, primarily collagen II (Kimmel et al., 1998). As chondrocytes lose cell-cell contacts, they replace their membrane cadherin profile with an integrin profile, meant to bind and hold onto the surrounding ECM (Loeser, 2014; Woods et al., 2007). Though these cell shape changes are readily observed during zebrafish craniofacial cartilage development, the forces and mechanisms governing these cell shape changes are not well understood.
	
[bookmark: _Toc535156515][bookmark: _Toc2692199]1.14 Regulators of Cell Shape Changes
	When considering cell shape changes, most studies look at the cytoskeleton (D. A. Fletcher et al., 2010). The cytoskeleton, composed primarily of actin filaments and microtubules, is a major driving factor during cell shape changes (Hohmann et al., 2019; Tian et al., 2015). Actin microfilaments are the smallest component of the cellular cytoskeleton. Composed of individual actin monomers, actin filaments are critical for cellular function around the cortex of the cell by forming a network parallel to the plasma membrane (Chalut et al., 2016; Pollard et al., 2009). As such, they can play a large role in cellular dynamics happening at the cell periphery. Actins serve as a track for myosin motor proteins and a number of other actin binding proteins (Cooper, 2000). Together, these complexes play a role in cell shapes in a variety of cell types. In humans, cells like sperm, neurons, glia, and erythrocytes all maintain their shape using specific actin filament organization (Breitbart et al., 2005; Gokhin et al., 2016; Konietzny et al., 2017). Additionally, lamellipodia observed at the leading edge of cells during migration are actin-based structures (Ballestrem et al., 2000). Overall, the actin cytoskeleton, in combination with the microtubule cytoskeleton, plays a critical role in cell shapes across a number of different cell types.
	Microtubules, made of individual tubulin dimers, are one of the larger structures composing the cytoskeleton (Goodson et al., 2018). They are dynamic, polarized polymers, with their elongation primarily occurring at the plus-end of the tubule, the site of tubulin dimer addition (Brun et al., 2009). The minus-end often serves as an anchor, originating from the centrioles and membrane-bound organelles within the cytosol (Zhu et al., 2013). While actin filaments are primarily oriented parallel to the plasma membrane, microtubules are often perpendicular to the plasma membrane, with the plus-end more proximal to the cell cortex. The microtubule network within a cell is critical for its plasma membrane shape (Rodionov et al., 1993). Some cells have flagella or cilia, threadlike projections from the cell membrane, that are formed by parallel microtubules running through the length of the structure (Loreng et al., 2017). In hair cells and other specialized sensory cell types, these membrane protrusions are essential for cell function, making the cell shape a critical process to regulate (Furness et al., 1990). In addition to membrane protrusions, microtubules are important for vesicular trafficking, as many motor proteins like kinesins or dyneins rely on the microtubule tracks to navigate and move around the cell (Le et al., 2021; Santos-Ledo et al., 2017). Trafficking vesicles can contain a number of different proteins, but they also invariably contain a lipid membrane. This membrane incorporates into the plasma membrane during vesicle fusion, adding a small amount of surface area to that specific region of the cell’s plasma membrane. As a result, large-scale trafficking events can be used to alter cell morphology by delivering membrane lipids and other cellular components to a specific site of membrane growth (J. H. Li et al., 2023; Shaye et al., 2008). This microtubule dependent process is an important method of cell migration in polarized cells (S. J. Fletcher et al., 2010; Vaidžiulytė et al., 2022).
	Another component of cell shape comes not from within the cell, but from the extracellular environment surrounding the cell. More specifically, mechanical forces exerted by the ECM or adjacent cells can alter cell morphology as a normal part of development (Humphrey et al., 2014; Schlunck et al., 2008; V. W. Tang, 2020). Cells in culture conditions survive, grow, and differentiate at different rates when grown on different surfaces (Park et al., 2011). While many cells grown in vitro are accustomed to growing on plastic dishes, cells developing in vivo are never grown without some matrix or other substrate upon which to grow (Bentley et al., 1985; Kapałczyńska et al., 2018). The environment is key for cell adhesion and influences the cytoskeletal and developmental properties of cells. As the matrix stiffness increases, cells develop more focal adhesions using transmembrane integrins to attach to the ECM (Park et al., 2011; M. Sun et al., 2018). Integrins are connected to the actin cytoskeleton, thus inducing cytoskeletal remodeling (Humphrey et al., 2014; Loeser, 2014). Additionally, matrix stiffness has been shown to directly influence downstream gene expression and developmental trajectory (Schlunck et al., 2008). Thus, the extracellular environment is also critical for regulating cell shape.
[bookmark: _Toc535156516]	In combination, many components intracellularly and extracellularly contribute to a cell’s shape and function. Epithelial cells are a classical example of a polarized cell that has distinct shapes and domains corresponding to different cellular functions in each region (Cao et al., 2012). Extracellularly, secreted factors in the ECM induce transcriptional changes that alter cell shape (Haftbaradaran Esfahani et al., 2020). Additionally, matrix composition alters interactions with integrin complexes to influence the cytoskeleton (Humphrey et al., 2014; Loeser, 2014). Intracellularly, trafficking pathways are regulated through the microtubule cytoskeleton, which is organized to regulate specialized delivery of cargoes to either the apical or basolateral regions of the plasma membrane (Cao et al., 2012). Thus, components in the intracellular and extracellular spaces are critical for the development and function of specialized cells in vivo.

[bookmark: _Toc2692200]1.15 Zebrafish as a Model Organism
	Zebrafish (Danio rerio) are a freshwater species of fish originally isolated from lakes in the Himalayas (Dooley et al., 2000). It became commonly used as a model organism following the pioneer work by George Streisinger at the University of Oregon in the 1970 and 1980s (Varga, 2018). His work was the first to clone a vertebrate, and he did so using a zebrafish (Streisinger et al., 1981). Zebrafish make for an excellent vertebrate model organism for a few different reasons, listed below.
	First, zebrafish are small. Embryos are about 3 mm in length, and they grow to a full size of approximately 1-2 inches as adults over the course of three months (Kimmel et al., 1995). As such, it is easy to house and grow large numbers of zebrafish in a small space. When zebrafish mate, the female releases eggs that sink to the bottom of the tank for fertilization. A single mating pair of zebrafish can generate upwards of 200 fertilized eggs at one time (Hoo et al., 2016). These eggs are fertilized in the tank and develop externally, allowing for continued visualization of the embryo beginning at the point of fertilization and progressing through each subsequent cell division. Zebrafish develop a heart tube by 24 hours post fertilization (hpf) and have a fully functional nervous system (Bakkers, 2011). By 3 dpf, embryos can hatch from their protective casing, called a chorion, and swim freely (Thirumalai et al., 2008). By 5 dpf, embryos have absorbed most of the nutrition from their yolk sacs, and embryos will begin swimming and foraging for food to eat (Hernandez et al., 2018). As such, zebrafish are excellent models to study vertebrate developmental processes.
	Zebrafish are also transparent organisms during development. They are largely optically clear, though there are some areas of pigmentation that begin to develop around 24 hpf and continue throughout development into adulthood (Vacaru et al., 2014). There are three main cell types responsible for pigment formation in zebrafish: melanophores, xanthophores, and iridiophores (Quigley et al., 2002). Embryos can be grown in a low dose of propylthiourea as a way to reduce pigmentation even further, as it blocks melanin formation in melanophores and xanthophores, leaving only iridiophores, responsible for the zebrafish’s silvery, reflective appearance (Karlsson et al., 2001). This leaves much of the embryo accessible for in vivo analysis or imaging. Additionally, there are a number of genetic mutations that affect pigmentation across all three cell types, allowing for consistent analysis in the absence of pigmentation (Antinucci et al., 2016; R. M. White et al., 2008).


[bookmark: _Toc2692299]Figure 1.9. Zebrafish embryos are transparent, making in vivo visualization of transgenic constructs a valuable resource.

[bookmark: _Toc535156517][bookmark: _Toc2692201]1.16 Zebrafish are Genetically Tractable
	Zebrafish are an excellent model for genetics because they are genetically tractable, meaning that the genome can readily be manipulated or mutated (Howe et al., 2013). The zebrafish genome was fully sequenced in 2013 and published among databases for easy analysis. The genome shares 70% of genes with humans, though there was a duplication event that affected the zebrafish genome (Howe et al., 2013; R. J. White et al., 2017). Human genes with splice variants are sometimes represented by two individual genes in zebrafish, allowing for better manipulation and understanding of isoform-specific function (Lambert et al., 2015).
	As mentioned previously, zebrafish embryos develop externally, allowing for immediate introduction of foreign genetic material into the single cell. A number of common knockdown and knockout strategies have become commonplace in the zebrafish community including morpholinos, TALENs, and CRISPR/Cas9 (Hwang et al., 2013; Stainier et al., 2017). While all have their advantages and disadvantages, they are entirely dependent on a reliable reference genome. Thanks to a reliable reference genome, there are also a number of tools used for overexpression analysis like mRNA or stable DNA integration (Rosen et al., 2009). Technology has been developed to utilize the transposable elements within the zebrafish genome to integrate DNA sequences into the genome for stable, mosaic expression and heritability (Kawakami, 2007). These techniques are readily used throughout my data and highlight the benefits of working with zebrafish as a model organism.
	While CRISPR/Cas9 gene editing has some uses within cell culture, the ease of microinjection within zebrafish embryos meant that CRISPR could be readily utilized to generate zebrafish knockout models. Zebrafish were the first vertebrate model for which CRISPR/Cas9 was shown to efficiently edit a genome in vivo (Hwang et al., 2013). Many papers from the early 2010s demonstrated that microinjection of the individual CRISPR components at the one cell stage of a developing zebrafish embryo could generate biallelic indels and striking phenotypes (Hoshijima et al., 2019; M. Li et al., 2016). The simultaneous injection of multiple gRNAs became a strategy to confidently disrupt the gene of interest, or to simultaneously mutate many different genes in a single embryo. Though CRISPR/Cas9 gene editing is mosaic across the embryo, high-efficiency gRNAs were capable of inducing phenotypes similar to those observed following morpholino injection (Trubiroha et al., 2018).
	However, later studies found that zebrafish injected with CRISPR/Cas9 sometimes presented with a very different phenotype than those injected with morpholinos (Kok et al., 2015). Zebrafish were sometimes susceptible to genetic compensation following CRISPR/Cas9-induced mutagenesis, leading to a muted phenotype. It was determined that generation of premature termination codons within mutated mRNAs could trigger a compensatory response in a number of different genes (El-Brolosy et al., 2019; Rossi et al., 2015).
	Zebrafish remain readily susceptible to compensatory gene regulatory mechanisms, in part due to the genome duplication event previously described (Howe et al., 2013). The compensatory mechanism following mutant mRNA degradation results in a less severe phenotype than that assessed using morpholino knockdown strategies (Hug et al., 2016; Z. Ma et al., 2019). As such, it became obvious that CRISPR was not quite as easy and straightforward of a technique as was originally believed. CRISPR still remains a valid tool within zebrafish geneticists’ toolboxes, though care must be taken in the interpretation of results (K. Liu et al., 2019). CRISPR mutants (crispants) require genetic replacement experiments to validate that the resulting phenotype is due to specific loss of function within the gene of interest, and not due to disruptions elsewhere within the genome (Hruscha et al., 2013). Additionally, crispants generated for genes with many paralogs sometimes do not present with an obvious phenotype, due to compensatory mechanisms (Sarmah et al., 2010). Thus, it is important to specifically target genes where compensation seems unlikely, due to target genes lacking genetic paralogs or by targeting genes that seem to function uniquely, suggesting the absence of endogenous compensatory pathways. 

[bookmark: _Toc2692300]Figure 1.10. Single-cell zebrafish embryos can be microinjected to introduce foreign material (red)

[bookmark: _Toc535156518][bookmark: _Toc2692202]1.17 Conclusions and Hypotheses
	Intracellular trafficking of collagen II is critical for the development and function of cartilage (Kannu et al., 2012; Reddi et al., 1977). Despite this, the proteins that regulate intracellular collagen II trafficking, particularly from the Golgi to the plasma membrane, are not well understood. Due to the involvement of Rab6a in regulating a large number of Golgi trafficking processes, we sought to understand how Rab6a activation by Rgp1 and Ric1 influences collagen II trafficking from the Golgi (Del Nery et al., 2006; Miserey-Lenkei et al., 2017; Pusapati et al., 2012; Siniossoglou et al., 2000).
	At the beginning of this study, stable vertebrate models of Rgp1 loss-of-function did not exist. Based on data of Ric1 function in zebrafish, we hypothesized that Rgp1 regulated novel processes in zebrafish chondrocytes, namely collagen II secretion and cell shape regulation (Unlu et al., 2020). Since these phenotypes were not previously identified in vitro, our new model system for Rgp1 loss-of-function will add critical mechanistic understandings about how Rgp1 influences cellular, tissue, and organismal development (Pusapati et al., 2012; Siniossoglou et al., 2000). We hypothesized that loss of Rgp1 would lead to cartilage skeleton malformations due to defects in collagen II trafficking. Rgp1 has been shown to activate Rab6a in vitro, so this mechanism is likely conserved in zebrafish as well (Pusapati et al., 2012; Siniossoglou et al., 2000). As such, it is likely that any cellular phenotypes we observe are from defective activation of Rab6a. However, there are likely other post-Golgi proteins that coordinate with Rab6a for trafficking (Fernandes et al., 2009). Rab8a has already been shown to cooperate with Rab6a for exocytic post-Golgi trafficking regulation (Grigoriev et al., 2011; Shibata et al., 2016). As such, it is likely that Rab8a would be important for collagen II secretion in zebrafish chondrocytes. We hypothesized that this pathway would be important for both collagen II secretion and chondrocyte cell shape development in zebrafish chondrocytes. We expect findings from this work to identify a role for Rgp1 in skeletal development, with the possibility that Rgp1 could be a candidate gene for cartilage developmental disorders.


CHAPTER 2

[bookmark: _Toc535156519][bookmark: _Toc2692203]Rgp1 contributes to craniofacial cartilage development and Rab8a-mediated collagen II secretion

This chapter of my thesis is published in Frontiers in Endocrinology:

Ritter DJ, Choudhary D, Unlu G, Knapik EW. Rgp1 contributes to craniofacial cartilage development and Rab8a-mediated collagen II secretion. Front Endocrinol (Lausanne). 2023 Feb 9;14:1120420. doi: 10.3389/fendo.2023.1120420. PMID: 36843607; PMCID: PMC9947155.

[bookmark: _Toc535156520][bookmark: _Toc2692204]2.1 Abstract
	Rgp1 was previously identified as a component of a guanine nucleotide exchange factor (GEF) complex to activate Rab6a-mediated trafficking events in and around the Golgi. While the role of Rgp1 in protein trafficking has been examined in vitro and in yeast, the role of Rgp1 during vertebrate embryogenesis and protein trafficking in vivo is unknown. Using genetic, CRISPR-induced zebrafish mutants for Rgp1 loss-of-function, we found that Rgp1 is required for craniofacial cartilage development. Within live rgp1-/- craniofacial chondrocytes, we observed altered movements of Rab6a+ vesicular compartments, consistent with a conserved mechanism described in vitro. Using transmission electron microscopy (TEM) and immunofluorescence analyses, we show that Rgp1 plays a role in the secretion of collagen II, the most abundant protein in cartilage. Our overexpression experiments revealed that Rab8a is a part of the post-Golgi collagen II trafficking pathway. Following loss of Rgp1, chondrocytes activate an Arf4b-mediated stress response and subsequently respond with nuclear DNA fragmentation and cell death. We propose that an Rgp1-regulated Rab6a-Rab8a pathway directs secretion of ECM cargoes such as collagen II, a pathway that may also be utilized in other tissues where coordinated trafficking and secretion of collagens and other large cargoes is required for normal development and tissue function.

[bookmark: _Toc535156521][bookmark: _Toc2692205]2.2 Introduction
	The extracellular matrix (ECM) is a complex network of proteins that provides architectural support for cellular and tissue development (Frantz et al., 2010; Luderman et al., 2017; Rozario et al., 2010). Among ECM proteins, collagens are the most abundant in vertebrates, composing over a quarter of the dry body mass in humans (Gordon et al., 2010; Ishikawa et al., 2013). In order for collagen to function, it must be trafficked from the site of synthesis, the endoplasmic reticulum (ER), to the Golgi complex before being secreted to the extracellular space (Emr et al., 2009a; Hellicar et al., 2022; Melville & Knapik, 2011a). Previous studies have identified components of the secretory machinery contributing to collagen trafficking from the ER to the Golgi, including TANGO1, CREB3L2, and the Coat Proteins II (COPII) complex components Sec13-31, Sec23A, and Sec24D (Lang et al., 2006; Malhotra et al., 2011; McCaughey et al., 2021; Melville, Montero-Balaguer, et al., 2011; Raote, Chabanon, et al., 2020; Saito et al., 2009, 2011; Sarmah et al., 2010; Townley et al., 2008). Fewer studies addressed the role of the secretory machinery components in collagen transit through the Golgi complex (Bergen et al., 2017; Unlu et al., 2020). Thus, this stretch of the collagen secretory pathway is less well understood. Consistently, studies in animal models, including zebrafish, have revealed that proper functioning secretory pathway is essential for craniofacial development (Fromme et al., 2007; Kague et al., 2016; Luderman et al., 2017; Marí-Beffa et al., 2021). Following initial mesenchymal condensations, chondroblasts are normally positioned and form individual cartilage elements (B. K. Hall et al., 2004; Kague et al., 2012; Levic et al., 2022). However, later steps of cartilage development depend on ECM secretion and isometric growth of cells. Chondroblasts at this stage are most affected by defects in the secretion of collagen and other cargoes to ECM, resulting in a thin matrix and clinically brittle skeletal elements (Claeys et al., 2021). 
Fibrillar collagens oligomerize extracellularly into cable-like fibrils and are indispensable for three-dimensional structural stability of cartilage and other tissues (Bella et al., 2017; Exposito et al., 2010; Steplewski et al., 2007). Mutations in the collagen II 1 peptide, the predominant fibrillar collagen in cartilage, contribute to a category of diseases known as type II collagenopathies (Barat-Houari et al., 2016; Kannu et al., 2012; Nenna et al., 2019; Spranger et al., 1994; L. Xu et al., 2014). In addition to mutations in the collagen II 1 peptide itself, mutations in its processing enzymes, including LH2 and LH3, have also been found to cause developmental defects in skeletal tissues (Lang et al., 2006; S. W. Li et al., 1995; Melville, Montero-Balaguer, et al., 2011; Mumm et al., 2020; Reddi et al., 1977; Salo et al., 2008; Sarmah et al., 2010; Unlu et al., 2020). Despite considerable knowledge of the early, ER-to-Golgi trafficking of fibrillar collagens, the mechanisms governing collagen transit from Golgi-to-plasma membrane remain relatively unknown (Bonfanti et al., 1998; Di Martino et al., 2019; Gorur et al., 2017; Stalder et al., 2020). 
The central regulators of the secretory pathway are small GTPases that need to be activated by selective GEFs (Ishida et al., 2016).  Like other Rabs, Rab6a is only active in intracellular traffic when it is bound to GTP and a cellular membrane following interactions with its cognate heterodimer GEF composed of Rgp1 and Ric1 (Hattula et al., 2002; Homma et al., 2016; Ishida et al., 2016; Pfeffer, 2017; Pusapati et al., 2012; Schwartz et al., 2007; Siniossoglou et al., 2000). When bound to GDP, Rabs are inactive, cytosolic proteins and do not participate in trafficking processes. Previous biochemical studies and cell culture experiments identified the obligatory nature of this GEF complex and its role in activation of Rab6a (Pusapati et al., 2012; Siniossoglou et al., 2000). The UniProt database associates RGP1 with ECM organization and vesicular transport (Consortium et al., 2023). However, Mendelian diseases were not linked to RGP1 deficiency and the impact on clinical phenome was only tested as part of genome wide analyses.  Thus, little is known about the role of RGP1 in clinical and developmental settings. 
	To address the biological function of Rgp1, we generated CRISPR-edited zebrafish knockout models and found that mutants have abnormal craniofacial cartilage development and defective collagen II secretion from chondrocytes. Furthermore, we show that Rab6a and Rab8a are critical contributors to the Rgp1-dependent secretion of collagen II in chondrocytes. Specifically, our results suggest that Rgp1, Rab6a, and Rab8a coordinate the traffic of collagen II to the extracellular space as part of a post-Golgi Rab pathway. We expect that our in vivo findings at the cellular and tissue levels will contribute to a greater understanding of protein trafficking across tissues specialized for large cargo secretion.
[bookmark: _Toc535156522][bookmark: _Toc2692206]2.3 Materials and Methods

[bookmark: _Toc2692207]2.3.1 Ethics approval statement
All experiments were conducted according to the guidelines established and approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center (Protocol no. M1700020-01).

[bookmark: _Toc2692208]2.3.2 Fish maintenance and breeding
Zebrafish were raised under standard laboratory conditions at 28.5oC with a constant photoperiod (14 h light: 10 h dark) as previously described (Unlu et al., 2020). 

[bookmark: _Toc2692209]2.3.3 CRISPR/Cas9 genome editing
CRISPR/Cas9 target sites within the zebrafish rgp1 gene were identified using the CHOPCHOP web tool (Montague et al., 2014). sgRNA templates were generated as previously described (Bayraktar et al., 2020). gRNAs were synthesized with the MEGAshortscript T7 transcription kit (AM1354, ThermoFisher Scientific; Waltham, MA).
To generate mutations with CRISPR/Cas9 system, a mixture of 500 pg purified Cas9 protein (CP01, PNA Bio Inc.; Newbury Park, CA) and 150 pg gRNA was injected into one-cell stage WT AB embryos. Injected embryos were grown to 5 dpf for phenotypic analysis and to identify founders carrying mutant alleles in the germline. Founders were then outcrossed to transgenic or WT lines to generate stable lines carrying the listed mutations (Fig. 2.1B). in silico protein translation was based on cDNA sequences obtained from mutant larvae (Fig. 2.1C).

[bookmark: _Toc2692210]2.3.4 Live imaging of larvae for body length analysis
Larvae were anesthetized at 5 dpf in 0.15 mg/mL Tricaine (TRS1, Pentair; Cary, NC) and mounted in 3% methylcellulose on a bridge slide. Body lengths were measured from jaw protrusion to caudal fin fold from dorsal views in FIJI software (Schindelin et al., 2012). Head lengths were measured from jaw protrusion to the pectoral fin attachment point.

[bookmark: _Toc2692211]2.3.5 Cartilage staining
Larvae at 5 dpf were fixed in 2% PFA and stained overnight in 0.02% Alcian Blue (A5268, Sigma; St. Louis, MO) and 60 mM MgCl2 in 70% EtOH as previously described (M. B. Walker et al., 2009). Larvae were then bleached (1.5% H2O2, 1% KOH), washed in 0.25% KOH/25% glycerol, and cleared in 0.25% KOH/50% glycerol. 

[bookmark: _Toc2692212]2.3.6 RNA isolation and cDNA synthesis
RNA was isolated from at least 30 3 dpf larvae from independent mating crosses of fish. Larvae were homogenized in TRIzol Reagent (15596018, ThermoFisher Scientific; Waltham, MA), and RNA extraction was performed as previously described (Müller et al., 2006). RNA (1 µg) obtained from samples was treated with DNase I before inactivation by EDTA chelation. Samples were mixed with an 18-nucleotide poly-T primer and allowed to anneal before adding dNTPs and M-MLV Reverse Transcriptase (M1701, Promega; Madison, WI).

[bookmark: _Toc2692213]2.3.7 mRNA overexpression and phenotypic assessment
rgp1 cDNA was isolated from total WT zebrafish cDNA by PCR amplification and purification (28104, Qiagen; Hilden, Germany). The cDNA was inserted into pGEM-T using TA subcloning (A1360, Promega; Madison, WI). Following restriction enzyme digestion, the insert was moved into pCS2+ and linearized by NotI digestion. Synthesized capped mRNA transcripts were produced via in vitro transcription with mMESSAGE mMACHINE SP6 transcription kit (AM1340, ThermoFisher Scientific; Waltham, MA). 400 pg of mRNA diluted in 0.3X Danieau Buffer was micro-injected into single cell-stage embryos. Embryos were grown to 4 dpf for subsequent visualization and live imaging. An observer blinded to injection content scored larvae for the extent of the protruding jaw phenotype.

[bookmark: _Toc2692214]2.3.8 Generation of transgenic constructs for injection
Transgenic constructs for overexpression of zRgp1, zRab6a, and hRAB8A were generated as previously described using the Gateway cloning-based Tol2kit method (Cox et al., 2018). Full-length constructs for pME were PCR-amplified with attB1 and attB2 sequences and cloned into pDONR221 using BP clonase II (11789020, ThermoFisher Scientific; Waltham, MA). p3E constructs were PCR-amplified with attB2R and attB3 sites and cloned into pDONR p2R-p3 using BP clonase II. A Multisite Gateway Cloning LR reaction was performed using the p5E-1.7-kb Col2a1a promoter, pME vectors, p3E vectors, pDEST-Tol2pA2, and LR clonase II enzyme mix (11791020, ThermoFisher Scientific; Waltham, MA) (Dale et al., 2011; Kawakami, 2007). The resulting destination clones were used for mosaic overexpression experiments. 
	Zebrafish embryos at the one-cell stage were injected with 50-100 pg medaka transposase mRNA and 10-100 pg recombined pDEST plasmid. Larvae were collected at 3 dpf for sample processing and imaging.

[bookmark: _Toc2692215]2.3.9 Site-directed mutagenesis
Site-directed mutagenesis was performed on plasmids using the Q5 Site-Directed Mutagenesis Kit (E0554S, NEB; Ipswich, MA) as previously described with the following modifications (Granero-Moltó et al., 2008). Template DNA was combined with sequence-specific SDM primers generated using NEBaseChanger online software (Table 2.1). Following Q5 PCR amplification, template DNA was degraded, and the newly synthesized product was ligated using the included Kinase/Ligase/DpnI enzyme mix. The final plasmid product was transformed into DH5α E. coli for subsequent plasmid isolation.

[bookmark: _Toc2692216]2.3.10 Cryosectioning and immunohistochemistry
Larvae at 3 dpf were fixed overnight in 4% PFA, washed, and moved to 30% sucrose overnight. The following day, larvae were mounted in OCT embedding medium (6769006, ThermoFisher Scientific; Waltham, MA), frozen, cryosectioned, and transferred onto Superfrost slides (12-550-15, ThermoFisher Scientific; Waltham, MA) as previously described (Luderman et al., 2022). Slides were dried on a heat block, rehydrated in PBS, and mounted onto a Sequenza staining rack. Sections were incubated with Proteinase K for antigen retrieval and permeabilized in PBS+0.5% Triton X-100, then blocked in 2% BSA and 2% NGS. Samples were stained with primary antibodies (Table 2.2) diluted in blocking solution and incubated overnight at 4oC. The following day, samples were rinsed and incubated in secondary antibodies (Table 2.2), rinsed again, and incubated in DAPI before being mounted using Prolong Gold Antifade Agent (P36930, ThermoFisher Scientific; Waltham, MA). Fluorescent imaging was carried out using an AxioImager Z1 equipped with an Apotome and an EC Plan Neofluar 100X/1.30 Oil objective and ORCA-Flash4.0 Digital CMOS Camera. Co-localization analysis of CHP and LBPA was performed using FIJI’s Coloc2 function. Cell boundaries were used to highlight a region of interest, which was then used to make a mask. Pearson’s R values were collected from cells across WT and rgp1-/- larvae.

[bookmark: _Toc2692217]2.3.11 Intracellular Col2 quantification
Images of collagen IF were analyzed in FIJI. For collagen accumulation in chondrocytes, the intracellular area of each cell (demarcated by caax-eGFP signal), collagen area (Col2 signal), and nuclear area (DAPI) were measured. The following formula was used to calculate the percent intracellular collagen area per cell (Unlu et al., 2020):


[bookmark: _Toc2692218]
2.3.12 Electron microscopy
Larvae were fixed at 3 dpf in 2.5% glutaraldehyde in 0.1 M sodium cacodylate by incubating at room temperature for 1 hour first, then overnight at 4°C, as previously described (Unlu et al., 2020). After rinsing in 0.1 M sodium cacodylate, samples were post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 hour. After additional rinsing, specimens were sequentially dehydrated in increasing concentrations of ethanol and then propylene oxide, infiltrated with resin step-wise, and then embedded in resin for 48 hours at 60°C. Coronal sections of 10 µm were collected until craniofacial chondrocytes were visible under low magnification microscopy based on their location in the jaw, characteristic stacking arrangement, and surrounding ECM. 70-nm sections were collected on TEM grids following sectioning on a Leica Ultracut Microtome and analyzed on a Phillips CM-12 Transmission Electron Microscope provided by the Vanderbilt Cell Imaging Shared Resource. Images of the hyosymplectic element were acquired from tiled images and stitching across single sections. Individual ultrastructural elements were identified by morphological characteristics and were pseudo colored.

[bookmark: _Toc2692219]2.3.13 Live vesicle movement and tracking
Live vesicle movement in WT and rgp1-/- transgenic larvae was performed on a Zeiss LSM880 confocal microscope. Embryos obtained from gRNA-generated stable mutant lines crossed to mosaic (Col2a1a:caax-eGFP) adults were injected with a Tol2 construct expressing Col2a1a:mCherry-zRab6a for transient, transposon-mediated DNA integration. Zebrafish larvae at 3 dpf that were grown in PTU were selected for imaging if they expressed caax-eGFP and expressed substantial mCherry-zRab6a in the hyosymplectic cartilage. Larvae were anesthetized in 0.15 mg/mL Tricaine, embedded in 1.2% low-melt agarose (A20070, RPI; Mount Prospect, IL) on glass-bottom confocal dishes, and overlaid with embryo media containing 0.4 mg/mL Tricaine. For time-lapse imaging, larvae were imaged under a 40X/1.1 LD C-Apochromat water-immersion objective. Frame intervals of 300 ms were collected over the course of 300 frames for each sample with 300 ms delay between acquisitions. Individual frames were deconvolved using Airyscan (Zeiss; Jena, Germany). 
	Confocal time-lapse images from live transgenic larvae were analyzed in Imaris 9.7.2 (Oxford Instruments; Abingdon, United Kingdom). Analysis was performed using the automated Spots feature. Spots in the red channel were filtered by their quality and fit to the autoregressive motion-tracking algorithm. Tracks generated over longer than 5 frames were selected for analysis. All tracks collected were measured for track length and mean track speed.

[bookmark: _Toc2692220]2.3.14 TUNEL assay
To identify double-stranded DNA breaks indicative of cell death, TUNEL assays were performed as previously described with the following modifications (D. Liu et al., 2011). Larvae were fixed overnight in 4% PFA, moved to 30% sucrose in PBS, and cryosectioned. TUNEL was performed using the Roche In Situ Death Detection Kit (12156792910, Sigma; St. Louis, MO). Larvae were co-stained with WGA-488 or GFP-488 and DAPI.

[bookmark: _Toc2692221]2.3.15 qPCR
Synthesized cDNA was diluted 1:1 with water before use in qPCR. Three biological replicates were performed, with each biological replicate consisting of an independent RNA extraction. qPCR was performed using forward and reverse primers (Table 2.1), cDNA, and 2X SYBR Green PCR Master Mix (4309155, ThermoFisher Scientific; Waltham, MA) as previously described (Unlu et al., 2019). Samples were run in technical triplicates, and curves were normalized to ef-1 transcript levels.

[bookmark: _Toc2692222]2.3.16 Statistical analysis
Statistical analyses were performed with GraphPad Prism 9.3.1 (GraphPad, 2012). Statistical significance between WT and rgp1-/- larva gross morphology was assessed by Mann-Whitney U-test (two-tailed) with 95% confidence intervals. For head length and cartilage size measurements, symbols on the graph represent individual larvae, with lines representing means ± SEM. 
	Statistical significance for jaw protrusion phenotypes following mRNA injection was analyzed by Chi-Square analysis. Numbers on the graph represent larvae across pooled clutches from injections across at least three independent mating crosses. 
	Statistical significance between mCherry-zRab6a puncta dynamics in WT and rgp1-/- chondrocytes was assessed by Mann-Whitney U-test (two-tailed) with 95% confidence intervals. Symbols on graph represent individual vesicles with red lines representing means.
	Comparisons of intracellular collagen II staining between fluorescent and non-fluorescent chondrocytes were determined by one-way ANOVA with Tukey’s multiple comparison test. Symbols on the graph represent measurements of individual chondrocytes with lines representing means ± SEM. 
	Statistical analysis of cell death phenotypes in TEM of chondrocytes was not performed. Numbers on the graph represent the fraction of total individual chondrocytes with each phenotype.
	Statistical analysis between qPCR expression levels was assessed by Mann-Whitney U-test (two-tailed) with 95% confidence intervals. Symbols on the graph represent individual biological replicates from technical triplicates with lines representing means ± SEM. 
	No data points or measurements were omitted across any experiment. The number of larvae, vesicles, or cells required for each experiment was determined based on power analysis with 95% confidence intervals. Significance is represented by *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant. 



[bookmark: _Toc2692287]Table 2.1: Primers
	Name
	Forward
	Reverse

	sgRNA Oligo
	TTTTGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

	zrgp1 g1 sequencing
	CGTCTCCGGTTGTTTTGTTT
	GGTGTGACATTGGGTTTGTG

	zrgp1 g3 sequencing
	AGGAGCAGTATCAGAGACGACC
	ATACTCATGTGACTGGCTTTGTG

	zrgp1 cDNA
	CGTCTCCGGTTGTTTTGTTT
	CGGCACAAGGTAAAACCAGT 

	zrgp1 coding sequence
	ATGATTGAGGTGGTGGCATC
	TCAAATATTGATGCTGTTTG 

	zrgp1-eGFP pCS2+ cloning
	CTTAAGATGATTGAGGTGGTGGCATC
	CTCGAGCTTGTACAGCTCGTCCATGC

	zrgp1 B1-B2
	GGGGACAAGTTTGTACAAAAAAGCAGGCTATGATTGAGGTGGTGGC
	GGGGACCACTTTGTACAAGAAAGCTGGGTTGCAAATATTGATGCTGTT

	zrgp1 B2-B3
	GGGGACAGCTTTCTTGTACAAAGTGGCCATGATTGAGGTGGTGGCATC
	GGGGACAACTTTGTATAATAAAGTTGCTCAAATATTGATGCTGTTTG

	zrgp1 ∆5bp SDM
	GGGCCTGTGTTTTTGGCC
	CCATAGATGCCACCACCTC

	zRab6a B2-B3
	GGGGACAGCTTTCTTGTACAAAGTGGTTATGTCTGCAGCAGGAGATTT
	GGGGACAACTTTGTATAATAAAGTTGCTTACATTCAGTTCTTTGGCT

	hRAB8A B2-B3
	GGGGACAGCTTTCTTGTACAAAGTGGCCATGGCGAAGACCTACGA
	GGGGACAACTTTGTATAATAAAGTTGCTCACAGTAGCACACAGC

	hRAB8A Q67L SDM
	ACGGCAGGACtGGAACGATTT
	GTCCCATATCTGTAACTTTATCTTC

	hRAB8A T22N SDM
	GTCGGGAAGAaCTGTGTGCTG
	TCCGGAATCCCCGATTAAC

	zrgp1 g1 gRNA
	AATTAATACGACTCACTATAggtggtggcatctatggcacGTTTTAGAGCTAGAAATAGC

	zrgp1 g3 gRNA
	AATTAATACGACTCACTATAggtgtgacgttaagaggcacGTTTTAGAGCTAGAAATAGC

	edem1 qPCR
	ATCCAAAGAAGATCGCATGG
	TCTCTCCCTGAAACGCTGAT

	hspa5 qPCR
	AAGAGGCCGAAGAGAAGGAC
	AGCAGCAGAGCCTCGAAATA

	ddit3p qPCR
	AAGGAAAGTGCAGGAGCTGA
	TCACGCTCTCCACAAGAAGA

	ef1 qPCR
	GCATACATCAAGAAGATCGGC
	GCAGCCTTCTGTGCAGACTTTG

	arf4a qPCR
	CCCATCAGCGAGTTGACAGA
	CCCTCGTATAAACCCGTCCC

	arf4b qPCR
	AGAGAATCTCAGCCTCGCAC
	ACAGACGCGTCCAAAGGTTA

	tfe3a qPCR
	CGCACGCTGATAGAGGAACT
	ACCGATAGCAACCTGTGAGC

	tfe3b qPCR
	AGCCCCATGGCACATCTTAAT
	CTCTGGCCTCTGTTTCGATCA

	acbd3 qPCR
	AAACCCTGAGCAGAGTGTCG
	AGCATCTGGGTTGTAAGGGC






[bookmark: _Toc2692288]Table 2.2: Antibodies/IF Reagents
	Antibody
	Catalog No.
	Vendor
	RRID
	Dilution
	Species

	Collagen II
	II-II63B
	DSHB
	AB_528165
	1:250
	Mouse IgG1

	mCherry
	16D7
	ThermoFisher Scientific
	AB_2536611
	1:250
	Rat IgG2a

	GFP
	A10262
	Vanderbilt Molecular and Cell Biology Core
	AB_2534023
	1:500
	Chicken IgY

	GFP-488
	A21311
	Invitrogen
	AB_221477
	1:250
	Rabbit IgG

	WGA-488
	W11261
	Invitrogen
	N/A
	1:500
	N/A

	CHP-Biotin
	B-CHP
	3Helix
	N/A
	1.4µM
	N/A

	LBPA
	Z-PLBPA
	Echelon Biosciences
	AB_11129226
	1:100
	Mouse IgG1

	Rhodamine-phalloidin
	R415
	ThermoFisher Scientific
	N/A
	1:500
	N/A

	DAPI
	D1306
	Invitrogen
	N/A
	1:4000
	N/A

	Mouse IgG-Alexa647
	A32787
	Invitrogen
	AB_2762830
	1:500
	Donkey

	Rat IgG-Alexa555
	A21434
	Invitrogen
	AB_2535855
	1:500
	Goat

	Mouse IgG-Alexa555
	A21422
	Life Technologies
	AB_2535844
	1:500
	Goat

	Chicken IgY-Alexa488
	A11039
	Invitrogen
	AB_2534096
	1:500
	Goat

	Streptavidin-Alexa555
	S32355
	Invitrogen
	N/A
	1:500
	N/A




[bookmark: _Toc535156523][bookmark: _Toc2692223]2.4 Results
[bookmark: _Toc2692224]2.4.1 CRISPR-generated rgp1-/- zebrafish larvae have craniofacial defects
Zebrafish begin to develop a protruding jaw around 3 days post-fertilization (dpf), a process essential for feeding that begins at 5 dpf. Previous work from our laboratory noted that mosaically reduced Rgp1 expression contributes to defects in jaw morphology and craniofacial development (Unlu et al., 2020). However, it remains unknown how genetic mutations in Rgp1 affect craniofacial cartilage development. To generate stable mutant lines, we used CRISPR/Cas9 genome editing and two guide RNAs (gRNAs) targeting exons one (g1) and seven (g3) to generate three independent rgp1 mutant alleles (Fig. 2.1A-B). All three zebrafish alleles are predicted to induce frameshift mutations, which would likely result in the translation of a shorter peptide or nonsense mediated decay (Fig. 2.1C). All three rgp1-/- alleles showed a lack of a protruding jaw and were shorter when compared to wild-type (WT) controls (Fig. 2.1D). The embryonic zebrafish craniofacial skeleton is primarily cartilaginous until 5 dpf (Eames et al., 2013). To assess the cartilage structure and integrity, we stained larvae with Alcian blue, a dye that binds glycosaminoglycans commonly found in the cartilage extracellular matrix (Fig. 2.1E) (M. B. Walker et al., 2009). In rgp1-/- larvae, we found malformed craniofacial cartilage elements, leading to an overall shortening of the head skeleton by approximately 20% compared to WT controls (Fig. 2.1F, p<0.0001). The Meckel’s cartilage, corresponding to the lower jaw, is significantly shorter in rgp1-/- larvae (Fig. 2.1E; Fig. 2.1G, p<0.0001). Additionally, the ceratohyal cartilage element, a ventral structure of the head skeleton, was bent at a wider angle in mutants compared to WT controls (Fig. 2.1E; Fig. 2.1H, p<0.0001).
	To validate our new model and rule out the possibility of CRISPR-induced off-target effects, we performed an mRNA genetic replacement experiment and assessed jaw morphology in live larvae to determine if clutches overexpressing rgp1 had a majority of larvae with normal protruding jaws (Fig 2.1I-J) (El-Brolosy et al., 2019; Z. Ma et al., 2019; Rossi et al., 2015). There was an increase in the proportion of larvae showing a protruding jaw in WT mRNA injected larvae, compared to the non-injected control of 75% larvae with protruding jaws, typical for a recessive phenotype (Fig. 2.1K, p<0.0001). On the contrary, injection of an mRNA coding for the mutant rgp1g1 -5 allele did not result in phenotypic jaw rescue (Fig. 2.1K, p=0.502). The rgp1g1 -5 allele was used in panels D-K, although all three alleles presented with a similar phenotype. Similarly, trans-heterozygote larvae for different rgp1 mutant alleles had similar jaw protrusion defects to homozygous mutant alleles, further ruling out the possibility of off-target effects in individual rgp1 mutant lines (data not shown). From the mRNA genetic replacement experiment, we concluded that the observed craniofacial skeletal defects were due to mutations in rgp1 and its subsequent loss of function.


[bookmark: _Toc2692301]Figure 2.1. Rgp1 is required for zebrafish craniofacial skeletal development
(A) Zebrafish rgp1 intron/exon map showing locations of g1 and g3 gRNA target sites. (B) Sequences from three different alleles isolated from the use of g1 and g3 gRNAs. (C) Predicted peptide lengths for alleles shown in Fig. 2.1B.  (D) Live imaging of 5 dpf WT and rgp1-/- larvae from ventral and lateral view showing jaw protrusions (black arrowhead). (E) Alcian blue staining and imaging of 5 dpf WT and rgp1-/- cartilage in the ventral craniofacial head skeleton. The Meckel’s cartilage (red), and ceratohyal (yellow, dashed) are marked. (F) Quantification of larva head length. (G) Quantification of Meckel’s cartilage length. (H) Quantification of ceratohyal cartilage angle. (I) Schematic for zebrafish rgp1 mRNA injection and rescue experiment. (J) Lateral images of larvae showing jaw protrusion, partial protrusion, and no protrusion phenotypes (black arrowheads). (K) Quantification of jaw phenotype percentages in groups of injected and non-injected embryos.

[bookmark: _Toc2692225]2.4.2 Rab6a activation is reduced in rgp1-/- chondrocytes
Rgp1 was previously identified as a component of the Rab6a GEF complex in yeast and mammalian cells (Pusapati et al., 2012; Siniossoglou et al., 2000). To test whether mutations in rgp1 disrupt Rab6a activation and vesicle movement in our zebrafish model, we generated and injected a Tol2 DNA construct to overexpress mCherry-fused WT zebrafish Rab6a (WT zRab6a) under a Col2a1α promoter (Dale et al., 2011; Kawakami, 2007; Yan et al., 1995). We co-injected the construct along with transposase into the single-cell progeny of heterozygote mutant fish carrying a transgene that labels chondrocyte membrane with caax-eGFP (Fig. 2.2A) (Gao et al., 2009). Because transposase integration is mosaic, not all cells express the construct, and the mCherry fusion protein highlights specific vesicular compartments. This gave us the opportunity to compare activation of Rab6a and vesicular compartment movements as puncta in movies. We chose to analyze hyosymplectic chondrocytes that stack horizontally, develop around 3 dpf, and are close to the zebrafish skin, making them amenable to in situ live imaging (Fig. 2.2B-C) (Eames et al., 2013). We found that the mCherry-zRab6a+ vesicular compartments in rgp1 mutants traveled shorter distances (Fig. 2.2D, p<0.0001) and moved slower (Fig. 2.2E, p<0.0001) than WT control. These data suggest that Rgp1 is needed for Rab6a+ vesicular compartment dynamics within chondrocytes. 


[bookmark: _Toc2692302]Figure 2.2. Rab6a vesicle trafficking is reduced in rgp1-/- chondrocytes
(A) Experimental design for mosaic overexpression of WT mCherry-zRab6a fusion protein in Tg(Col2a1α:caax-eGFP) transgenic zebrafish chondrocytes for live imaging. (B) Representative images from movies of mCherry-zRab6a vesicular compartment movement in chondrocytes (Supplemental Movies 2.1 and 2.2). (C) Montage of mCherry-zRab6a puncta progression at specific times in WT and rgp1-/- chondrocytes (yellow arrowheads) showing path of indicated vesicle over time (white line). (D) Quantification of vesicular compartment distances traveled in WT and rgp1-/- chondrocytes. Red lines indicate means.  (E) Quantification of vesicular compartment speeds in WT and rgp1-/- chondrocytes. Red lines indicate means.




[bookmark: _Toc2692226]2.4.3 Rgp1 is required for collagen II secretion
Craniofacial chondrocytes predominantly secrete collagen II during larval craniofacial development (Yan et al., 1995). To assess secretion of collagen II, we performed immunofluorescence with a collagen II antibody in WT and rgp1-/- larvae crossed to a transgenic zebrafish line expressing membrane-bound caax-eGFP under the Col2a1α promoter (Fig. 2.3A) (Dale et al., 2011; Gao et al., 2009; Linsenmayer et al., 1980). The caax-eGFP transgene labeled the cell membrane boundary to distinguish intracellular from extracellular space. We identified two prominent phenotypes in the rgp1-/- chondrocytes: collagen II secretion defects and an abnormal cell shape; we have chosen to focus on the collagen II secretion phenotype. We found that rgp1-/- chondrocytes had significantly higher amounts of intracellular collagen II when compared to WT controls (Fig. 2.3B; Fig. 2.3C, p<0.0001). We also observed reduced extracellular collagen II staining in rgp1-/- cartilage. Thus, we conclude that Rgp1 is required for secretion of collagen II in chondrocytes.
	To test whether the intracellular collagen II accumulations stem specifically from loss of Rgp1, we overexpressed WT zebrafish Rgp1 (zRgp1) under a Col2a1α promoter using a Tol2 construct (Fig. 2.3D). We took advantage of a viral p2A self-cleavable peptide sequence to identify cells over-expressing WT zRgp1 (Cox et al., 2018; Kim et al., 2011). Single-cell embryos were injected, and the construct mosaically integrated, with cytosolic mCherry expression only visible in cells where the Tol2 construct integrated (Fig. 2.3E). WT chondrocytes had no significant difference in the amount of intracellular collagen II regardless of whether they overexpressed zRgp1 or not (Fig. 2.3F, p=0.960). In rgp1-deficient chondrocytes, expression of zRgp1-p2A-mCherry (Fig. 2.3E) reduced accumulations of intracellular collagen II compared to mCherry- chondrocytes (Fig. 2.3E; Fig. 2.3F, p<0.0001). Thus, overexpression of WT zRgp1 in rgp1-/- chondrocytes was sufficient to rescue collagen II secretion defects in a cell-autonomous manner. 
	To assess the abundance of extracellular matrix proteins in an antibody-independent method, we used TEM. We found that at 3 dpf, WT chondrocytes have secreted a large amount of protein to the ECM, with increasing crosslinking further away from the cell membrane (Fig. 2.3G). However, rgp1-deficient cartilage ECM was significantly less dense compared to WT (Fig. 2.3H, p<0.0001), although there were ECM proteins present in the extracellular space. This supports our observation that although collagen II is likely not secreted by rgp1-/- chondrocytes, other ECM proteins are secreted to the extracellular space.



[bookmark: _Toc2692303]Figure 2.3. Rgp1-/- chondrocytes accumulate collagen II intracellularly
(A) Experimental design for immunohistochemical analysis of chondrocytes in the craniofacial head skeleton. (B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic larvae in WT and rgp1-/- cartilage (Col2, magenta; eGFP, green). Yellow arrowhead identifies intracellular collagen II. (C) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. (D) Experimental design for mosaic overexpression of zRgp1-p2A-mCherry in zebrafish chondrocytes. (E) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; eGFP, green; Col2, white). Yellow arrowhead identifies collagen II in mCherry- cells while empty arrowhead identifies collagen II in mCherry+ cells. (F) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. (G) TEM images of chondrocyte membranes and adjacent ECM proteins. (H) Quantification of TEM staining density from craniofacial chondrocyte plasma membrane to edge of cartilage tissue using ImageJ.
[bookmark: _Toc2692227]2.4.4 Collagen II accumulates in an endolysosomal compartment
To assess where collagen II accumulates in rgp1-/- chondrocytes, we compared TEM images of WT and rgp1-/- hyosymplectic chondrocytes (Fig. 2.4A). In rgp1-/- cells, we found large vacuolar-like structures, (Fig. 2.4B) some of which were filled with striated assemblies (Fig. 2.4B’-B”). Previous studies have identified this striated TEM ultrastructure as a fully assembled, mature collagen fibril, which is typically found exclusively extracellularly (Piez et al., 1974; Shoulders et al., 2009). Collagen II is normally trafficked with N- and C-terminal telopeptide domains that prevent aberrant oligomerization intracellularly (Hirata et al., 2022; Ishikawa et al., 2013; Prockop et al., 1979). The presence of striated collagen intracellularly suggests that endopeptidases cleaved the procollagen trimer, thus allowing for spontaneous fibril assembly within the observed vacuolar-like structures.
	Lysosomes are small, vacuolar compartments that concentrate proteolytic peptidases for enzymatic digestion (Ballabio et al., 2020). To test whether the structures observed in TEM carry hallmarks of lysosomal membranes containing collagen, we co-stained for markers of endolysosomal compartments and collagen. To perform this co-localization assay, we used an antibody against a lipid enriched in endolysosomal membranes, lysobisphosphatidic acid (LBPA), and a collagen hybridizing peptide (CHP; Fig. 2.4C) (Gruenberg, 2020; Wherrett et al., 1972). We chose to use CHP instead of a collagen II antibody since the collagen II antibody and the LBPA antibody were generated in the same host species. In WT chondrocytes, we found LBPA staining in small puncta, consistent with staining of endolysosomal compartments; we also found very little co-localization between LBPA and CHP, suggesting that collagen is not normally found in LBPA+ compartments (Fig. 2.4C). However, CHP and LBPA staining often co-localized in rgp1-/- chondrocytes (Fig. 2.4C; Fig. 2.4D, p<0.0001) and was as large as the inclusions in the TEM images. This suggests that collagen II accumulates in an endolysosomal compartment in rgp1-/- chondrocytes. 



[bookmark: _Toc2692304]Figure 2.4. Collagen II accumulations in rgp1-/- chondrocytes localize to endolysosomes
(A) TEM images of 3 dpf WT craniofacial chondrocytes. (B) TEM images of 3 dpf rgp1-/- craniofacial chondrocytes showing vacuolar structures (yellow arrowhead) (B’) Enlarged image of boxed area showing striated ultrastructure of intracellular collagen fibrils (yellow arrowhead). (B”) Further enlargement of boxed area. (C) Representative images of chondrocytes in WT and rgp1-/- cartilage (CHP, magenta; LBPA, green). Insets are enlargements of white dashed boxes, and an intracellular accumulation is labeled with a yellow arrowhead. (D) Quantification of the Pearson R value for co-localization in individual chondrocytes.

[bookmark: _Toc2692228]2.4.5 Rab8a is required for collagen II trafficking, and constitutive activation of Rab8a partially rescues rgp1-/- collagen II secretion defects
Rab8a has been shown to mainly associate with exocytic trafficking from the trans-Golgi network (TGN) to the plasma membrane and co-localizes with Rab6a+ vesicular carriers (Grigoriev et al., 2007; Huber et al., 1993; Hutagalung et al., 2011; Markgraf et al., 2007; Shibata et al., 2016). To test whether overexpression of hRAB8A is sufficient to affect collagen II secretion in zebrafish chondrocytes, we used WT mCherry-hRAB8A under a Col2a1α promoter (Fig. 2.5A). In WT larvae, there was no difference in intracellular collagen II levels between mCherry+ and mCherry- cells (Fig. 2.5B, Fig. 2.5C, p=0.9999). In rgp1-/- chondrocytes, we found that overexpression of the WT mCherry-hRAB8A also had no effect on intracellular collagen II when compared to mCherry- cells (Fig. 2.5B, Fig. 2.5C, p=0.9993). Thus, simple overexpression of WT hRAB8A does not alter collagen II secretion.
	Point mutations in Rab proteins can alter their affinity for GTP or GDP to lock it in the “constitutively-active” (CA), GTP-bound conformation or the “dominant-negative” (DN), GDP-bound conformation (Bravo-Cordero et al., 2007; Del Nery et al., 2006; Hattula et al., 2002; Moritz et al., 2001). To test whether inactivating Rab8a blocks collagen II secretion in zebrafish chondrocytes, we expressed a Tol2 fusion construct of GFP and DN human RAB8A (T22N) under a Col2a1α promoter (Fig 2.5D) (Moritz et al., 2001). We found that GFP+ WT chondrocytes accumulated large inclusions of collagen II in higher amounts compared to their adjacent GFP- counterparts (Fig. 2.5E; Fig. 2.5F, p=0.0004). In rgp1-/- chondrocytes that already accumulate large collagen II inclusions, there was no change in intracellular collagen II staining in GFP+ vs GFP- cells (Fig. 2.5F, p>0.9999). This result is consistent with Rab8a being required for cargo secretion, including collagen II in chondrocytes.
	To test whether constitutive activation of hRAB8A would be sufficient to rescue collagen II accumulations in rgp1-/- chondrocytes, we expressed a Tol2 fusion construct of GFP and CA hRAB8A (Q67L) under a Col2a1α promoter (Fig. 2.5G) (Bravo-Cordero et al., 2007). In WT chondrocytes, there was no difference in intracellular collagen II levels between GFP+ and GFP- cells (Fig. 2.5H; Fig. 2.5I, p=0.9890). In rgp1-/- chondrocytes, we found that expression of CA GFP-hRAB8A (Fig. 2.5H) reduced levels of intracellular collagen II compared to GFP- cells (Fig. 2.5H; Fig. 2.5I, p<0.0001). Therefore, overexpression of CA Rab8a is sufficient to partially rescue secretion of intracellular collagen II in rgp1-/- chondrocytes, suggesting that Rgp1 functions upstream of the Rab8a activation step.



[bookmark: _Toc2692305]Figure 2.5. Collagen II trafficking is regulated by Rab8a
(A) Experimental design for mosaic overexpression of WT mCherry-hRAB8A fusion protein in zebrafish chondrocytes. (B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; caax-eGFP, green; Col2, white). (C) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. (D) Experimental design for mosaic overexpression of DN GFP-hRAB8A fusion protein in zebrafish chondrocytes. (E) Representative images of chondrocytes in WT and rgp1-/- cartilage (phalloidin, magenta; eGFP, green; Col2, white). Yellow arrowhead identifies intracellular collagen II. (F) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. (G) Experimental design for mosaic overexpression of CA GFP-hRAB8A fusion protein in zebrafish chondrocytes. (H) Representative images of chondrocytes in WT and rgp1-/- cartilage (phalloidin, magenta; eGFP, green; Col2, white). Yellow arrowhead identifies collagen II in GFP- cells while empty arrowhead identifies collagen II in GFP+ cells. (I) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. 
[bookmark: _Toc2692229]2.4.6 Rgp1-/- chondrocytes activate Golgi stress and undergo cell death
In TEM analysis at 3 dpf, we observed rgp1-/- chondrocytes with abnormal nuclei when compared to WT cells (Fig. 2.4A-B). The observed mixture of electron-dense and electron-sparse material within the nucleus is suggestive of nuclear condensations, an early sign of cell death. To identify hallmarks of cell death, we further assessed chondrocyte ultrastructure using TEM on hyosymplectic chondrocytes (Burattini et al., 2013; Elmore, 2007). While WT chondrocytes did not have any abnormalities in nuclear structure, rgp1-/- chondrocytes had begun to undergo nuclear condensation and presented with clear cytoplasmic vacuolar structures (Fig. 2.6A-B). Specifically, binary scoring for the presence or absence of these phenotypes revealed that hallmarks of cell death were only sporadically observed in the WT chondrocytes (Fig. 2.6C). As such, these findings suggest that rgp1-/- chondrocytes undergo cell death at higher rates than WT chondrocytes.
	To test if rgp1-/- chondrocytes underwent DNA fragmentation consistent with the nuclear condensation observed in TEM, we performed a TUNEL assay. As a co-stain, we used wheat germ agglutinin (WGA) to label N-glycosylated proteins in the extracellular matrix and to help detect cell boundaries (Fig. 2.6D). We found more TUNEL+ nuclei in rgp1-/- chondrocytes compared to WT nuclei, indicative of higher levels of DNA fragmentation (Fig. 2.6E, p<0.0001). Together, the nuclear changes detected by TEM and TUNEL staining support the increase in chondrocyte cell death in Rgp1-deficient cells.
	It remained unclear whether the observed cell death occurred as a result of collagen II accumulations or if another Rgp1-related phenotype induced cell death. To test whether collagen II accumulation induced cell death, we overexpressed DN GFP-hRAB8A (Fig. 2.5D) in WT chondrocytes and compared TUNEL staining in GFP+ cells with intracellular collagen II accumulations to GFP- chondrocytes with no collagen II backlogs (Fig. 2.6F). We found no difference in the percentage of nuclei with DNA fragmentation between the GFP+ and GFP- chondrocytes at 3 dpf (Fig. 2.6G, p>0.9999); this observation was consistent even after prolonged accumulation of collagen II at 4 dpf (Fig. 2.6G, p=0.3294). Thus, we conclude that the chondrocyte cell death in rgp1-/- chondrocytes is caused independently from collagen II accumulation.
Since collagen II accumulation was not sufficient to induce cell death, we investigated whether defects in Golgi trafficking could cause cellular stress responses along the secretory pathway. To test this possibility, we used qPCR to measure transcript levels of three ER stress transcripts, edem1, hspa5 (BiP), and ddit3 (CHOP), and five Golgi stress transcripts, arf4a, arf4b, tfe3a, tfe3b, and acbd3 in 3 dpf larvae (Fig. 2.6H). However, rgp1-/- larvae significantly upregulated expression of arf4b (Fig. 2.6H, p=0.0286), an ortholog of human ARF4 (GTPase of the Ras superfamily of small G proteins), that was previously shown to be upregulated in response to Golgi stress conditions impinging on Golgi integrity and homeostasis (Reiling et al., 2013).  Upregulation of Arf4b and the fact that TEM imaging of rgp1-/- chondrocytes failed to identify canonical Golgi stacks (data not shown) similar to those observed in WT siblings, suggests that rgp1 loss-of-function leads to Golgi stress and Golgi fragmentation.



[bookmark: _Toc2692306]Figure 2.6. rgp1-/- chondrocytes undergo cell death and induce a Golgi stress marker
(A) TEM images of 3 dpf WT chondrocytes showing normal cellular morphology. (B) rgp1-/- craniofacial chondrocytes showing partial nuclear condensation (yellow shading, blue arrow) and clear cytoplasmic vacuoles (blue shading, blue arrow). (C) Quantification of cell death-associated TEM phenotypes. (D) Representative images of chondrocytes labeled with TUNEL and WGA in WT and rgp1-/- cartilage (TUNEL, magenta; WGA, green). Yellow arrowhead identifies TUNEL+ nucleus. (E) Quantification of the percentage of nuclei that were TUNEL+ in each image. (F) Experimental design for mosaic overexpression of DN GFP-hRAB8A fusion protein in zebrafish chondrocytes, as used in Fig. 2.5A. (G) Quantification of the percentage of nuclei that were TUNEL+ in each image at 3 dpf or 4 dpf (H) qPCR panel of ER stress transcripts (edem1, bip, chop) and Golgi stress transcripts (arf4a, arf4b, tfe3a, tfe3b, acbd3) normalized to ef-1 transcript levels in 3 dpf larvae.
[bookmark: _Toc535156524][bookmark: _Toc2692230]2.5 Discussion
	While studies of trafficking mechanisms in vitro and in yeast have been informative, studies in multicellular organisms are critical to identify the trafficking mechanisms required for tissue organization. This is especially true in vertebrates where the coordinated secretion of large cargoes is essential for normal development. Prior work in the field recognized that the TGN serves as a sorting hub for exocytic vesicles shown to be heterogeneous in their cargoes, trafficking regulators, and destinations (Ford et al., 2021). Here, we show that Rgp1 is required for the post-Golgi secretion of select protein cargoes. As a result, Rgp1-deficient zebrafish larvae present with prominent craniofacial cartilage phenotypes including (i) disrupted collagen II trafficking and protein backlogs within chondrocytes, (ii) activation of a Golgi stress response and increased chondrocyte death, and (iii) altered chondrocyte cell shape.
	Studies in yeast and mammalian cells in culture identified Rgp1 as part of a GEF complex for Rab6a (Pusapati et al., 2012; Siniossoglou et al., 2000). In our study, we show that Rgp1 is essential for Rab6a activation in vivo in zebrafish chondrocytes (Fig. 2.2). Consistent with a conserved mechanism of Rgp1 function among vertebrates from zebrafish to humans, our in vivo rgp1-/- model revealed an essential role for Rgp1 in craniofacial development and collagen II secretion.
	Our results revealed that in chondrocytes, Rgp1 is required for the trafficking of a subset of ECM cargoes from the TGN. Using TEM imaging of rgp1-/- cartilage, we found a limited amount of protein in the extracellular space (Fig. 2.3). Additionally, immunofluorescence experiments revealed a small amount of collagen II present in the rgp1-/- cartilage extracellular space. These findings suggest that collagen II secretion is inefficient following reduced Rab6a pathway activation or there exists a potential compensatory mechanism for collagen II secretion. Previous work in the field has shown that the ER contacts the plasma membrane at distances sufficient for direct trafficking (C. Li et al., 2021; Wu et al., 2018; Zaman et al., 2020). It is plausible that in rgp1-/- cartilage, a small amount of collagen II is secreted directly from the ER to the extracellular space as an adaptive mechanism during Golgi stress. Alternatively, some collagen II in the Golgi could be packaged into exocytic vesicles regulated by other proteins, like Arf GTPases (Adarska et al., 2021; Stalder et al., 2020). Arf proteins, like Rabs, regulate trafficking from the trans-Golgi to different compartments within the cell, including the plasma membrane (Donaldson et al., 2011). 
	Previous findings from mammalian cell culture experiments show that Rab6a coordinates vesicle trafficking through a post-Golgi Rab cascade together with Rab8a (Grigoriev et al., 2011; Shibata et al., 2016). By overexpressing DN hRAB8A, we showed that Rab8a is required to traffic collagen II in zebrafish chondrocytes. Overexpression of CA hRAB8A rescued collagen II accumulations in rgp1-/- chondrocytes, suggesting that Rab8a acts downstream of Rgp1 within the secretory pathway. It has been appreciated that Rab8a regulates post-Golgi trafficking of small cargoes such as the transferrin receptor, vesicular stomatitis virus G protein, and matrix metalloproteinase 14 (Bravo-Cordero et al., 2007; Henry et al., 2008; Huber et al., 1993). Rab8a is also required in polarized cells to traffic collagen IV, a network collagen important for basement membrane organization (Devergne et al., 2017). Here, we provide evidence that in non-polarized chondrocytes, Rab8a regulates the trafficking of collagen II, a large fibrillar collagen in cartilage ECM. This suggests that in other tissues, Rab8a might also be involved in the traffic of diverse large cargoes, expanding the essentiality of Rab8a during development.
We found that in Rgp1-deficient chondrocytes, type II collagen accumulates in the endolysosomal compartment. Potentially, collagen II arrives at the late Golgi but is unable to continue along the secretory pathway because of the dysfunctional TGN. Stalled membrane bound compartments are likely recognized by a stress response mechanism (e.g. Arf4), leading to fusion with lysosomes to clear intracellular accumulations. Our TEM findings confirmed the presence of a large number of small, membrane-bound compartments loaded with electron dense material and large vacuolar-like structures containing processed and assembled collagen fibers. TEM images showing reduced cartilage ECM density further correlate the two findings. Furthermore, DN hRAB8A overexpression to block collagen II secretion was not sufficient to induce cell death, suggesting that another Rgp1-mediated process causes cell death. 
Our identification of an Arf4b-specific Golgi stress response aligns well with a previous study in human cells in culture that found Arf4 upregulation following application of Golgi-disrupting drugs (Reiling et al., 2013). While intriguing, that study used drugs known to induce both Golgi stress and ER stress (Prasad et al., 2014; Shinjo et al., 2013). In contrast, our model identifies a Golgi-specific stress response in the absence of an ER stress response. Arf4 has been implicated in regulating transport between the recycling endosome and TGN, and increased arf4 expression levels were shown to correlate with Golgi fragmentation (Nakai et al., 2013; Reiling et al., 2013). Thus, it is not surprising that in the absence of Rgp1 activity, leading to a dysfunctional TGN and buildup of matrix proteins in the endolysosomal compartment, arf4 becomes upregulated.
Extensive analyses of TEM images from rgp1-/- chondrocytes failed to identify canonical Golgi stacks similar to those observed in WT counterparts. It is conceivable that disturbed Rab6a-mediated traffic contributes to Golgi disorganization or even dispersion (S. Liu et al., 2015). Since Rgp1 GEF activity is associated with the TGN, it is feasible that Rgp1 deficiency could lead to Golgi dispersion and stress, despite a normally functioning ER (Pusapati et al., 2012). This is consistent with our live imaging data tracking Rab6a+ compartments, where WT chondrocytes showed perinuclear and condensed structures, while rgp1-/- chondrocytes showed more dispersed structures. Future studies will be needed to understand the relationship of Golgi morphology and Golgi stress. 
	Our study also poses new questions regarding mechanisms regulating cargo trafficking and developmental cell shape changes in mesenchymal cells such as chondrocytes. This highlights the existence of alternative pathways as compared to those identified in polarized, basement membrane oriented epithelial cells. Chondrocyte shape variation was observed in cells deficient in various components of the secretory pathway machinery including COPII (Sec23, Sec24) or post-Golgi elements (Ric1, Kif5b, Erc1) (Lang et al., 2006; Levic et al., 2022; Santos-Ledo et al., 2017; Sarmah et al., 2010; Unlu et al., 2020). Unlike genetic replacement of Rgp1 in rgp1-/- larvae that rescued all cellular phenotypes, overexpression of constitutively activated hRAB8A was not able to overcome the rgp1-/- cell shape phenotype, suggesting that increased exocytic pathway activation is not sufficient to restore cell shape (Fig. 2.5). This suggests that there are yet unknown processes in cell shape determination regulated by Rgp1. 
Despite a growing body of knowledge in the field of cartilage and bone biology, surprisingly few diseases have been described involving the secretory machinery, particularly in the post-Golgi compartment (Hellicar et al., 2022). Recently, we have described the novel CATIFA syndrome, where subjects carry variants in RIC1, the binding partner of RGP1 (Unlu et al., 2020). Deficiencies of RIC1 in CATIFA and Rgp1 in zebrafish models are consistent with type II collagenopathies, affecting collagen II secretion, and their common presentation includes scoliosis, cleft palate and a shorter jaw (Nishimura et al., 2005; Spranger et al., 1994). Although, no syndromes have been currently linked to the RGP1 gene, the zebrafish models presented here will provide a valuable tool to test other non-skeletal phenotypes potentially associated with RGP1 variants that might emerge from Whole Exome Sequencing of clinical cases.
	In closing, regulation of post-Golgi trafficking is an essential process in the development and function of tissues such as cartilage. The coordination of Rgp1, Rab6a, and Rab8a to regulate collagen II secretion demonstrates the complexity of intracellular interactions that govern vesicle dynamics. The continued identification of the individual components and pathways that regulate protein trafficking offers insight into biological mechanisms that are likely to apply broadly across tissues during development. 

CHAPTER 3

[bookmark: _Toc535156525][bookmark: _Toc2692231]Rgp1 regulates craniofacial chondrocyte cell shape through Rab11a

[bookmark: _Toc535156526][bookmark: _Toc2692232]3.1 Abstract
	Intracellular trafficking pathways are capable of controlling cell shape through the regulated delivery of specific cargoes. While mechanisms regulating cell shape have been well studied in vitro, cell shape development and abnormalities in vivo remain understudied. Using a previously described rgp1 loss-of-function zebrafish model, we determined that craniofacial chondrocytes adopt an abnormal cell shape in immunofluorescent cross-sections. Three-dimensional modeling of chondrocytes found that loss of Rgp1 resulted in increased surface area and adoption of a biconcave discoid structure, resembling mammalian erythrocytes. Overexpression of dominant-negative trafficking components identified that specifically blocking Rab11a resulted in a suppression of the rgp1-/- cell shape phenotype. This also determined that Rgp1-dependent regulation of cell shape is distinct from the previously-identified role of Rgp1 in collagen II secretion. Together, our results identify a novel, Rgp1-dependent cell shape regulation pathway that differs from a previously identified Rgp1 functional pathway in vivo. We propose that this endosomal trafficking pathway could regulate cell shape development in other tissues, particularly those that balance mass secretory events with cell shape changes.


[bookmark: _Toc535156527][bookmark: _Toc2692233]3.2 Introduction
	Across biology, structure determines function (Redfern et al., 2008; Reis et al., 2019). Cell shape is critical to cellular function, which is important for larger-scale function within tissues (Haftbaradaran Esfahani et al., 2020; Haupt et al., 2018). Cell shape can be regulated by a number of processes including cytoskeletal reorganization, membrane trafficking events, and interactions with the extracellular matrix (Loeser, 2014; Tian et al., 2015; Woods et al., 2007). The Golgi apparatus is closely integrated with cell shape regulation, as the Golgi serves as a scaffold for the cytoskeleton, a trafficking hub, and a regulator of extracellular secretion (Boncompain, 2013; Grigoriev et al., 2007; Zhu et al., 2013). Since Rab6a is a master regulator of Golgi morphology and Golgi trafficking, Rab6a is a compelling candidate regulator of cell shape (Dickson et al., 2020; Fourriere et al., 2019). Rab6a is activated by a guanine nucleotide exchange factor (GEF) complex composed of Rgp1 and Ric1, meaning that Rgp1 and Ric1 are similarly essential for Rab6a-dependent cell shape regulatory processes (Pusapati et al., 2012; Siniossoglou et al., 2000).
	Within the study of cell shape, intracellular trafficking pathways are becoming more appreciated for their roles in cell morphology. In polarized epithelial cells, specific trafficking routes are essential to supply proteins to their appropriate destination within the plasma membrane (Cao et al., 2012; S. J. Fletcher et al., 2010). In addition to trafficking proteins, intracellular traffic also traffics lipids from one membrane to another in the form of vesicle membranes (Johansen et al., 2012; Stefan et al., 2017). As lipids fuse with a target membrane, they expand the surface area of that membrane, allowing for membrane shape changes and growth. As such, the regulation of dynamic trafficking pathways is key for cellular growth and cell shape changes.
	Though Rab6a has been primarily studied in the context of intracellular trafficking, Rab6a and its binding proteins associate with microtubule hubs that could be involved in cell shape regulation (S. Jiang et al., 2005; Micaroni et al., 2013; Young et al., 2005). Rab6a trafficking is centered on the Golgi, a known microtubule-organizing center (Del Nery et al., 2006; S. Liu et al., 2015). Rab6a regulates Golgi morphology, and inactivation of Rab6a disrupts Golgi integrity, which destabilizes microtubules from the Golgi (Miserey-Lenkei et al., 2017; Rejman Lipinski et al., 2009; Y. Sun et al., 2007). Rab6a-interacting proteins like GAPCenA and Rab6-KIFL have been shown to directly interact with centrioles and the spindle pole respectively, showing a clear association with cytoskeletal regulatory compartments (Cuif et al., 1999; Fontijn et al., 2001; Miserey-Lenkei et al., 2006). Rab6a functions when activated by its guanine nucleotide exchange factors (GEF) Rgp1 and Ric1, meaning that Rab6a, Rgp1, and Ric1 serve as excellent candidates for cell shape regulation (Pusapati et al., 2012; Siniossoglou et al., 2000).
	In this study, we find that zebrafish carrying mutations in rgp1 exhibit abnormal craniofacial cartilage development due to defects in chondrocyte cell shape. We identify that chondrocytes have an increased surface area and adopt a biconcave discoid morphology. Expression of a dominant-negative (DN) hRAB11A is sufficient to suppress the rgp1-/- phenotype, suggesting a role for the recycling endosomal pathway in chondrocyte shape. We propose a model whereby Rgp1, Kif5ba, and Rab11a coordinate trafficking pathways that regulate cell shape. We expect that these findings will contribute to a greater understanding of how intracellular trafficking pathways can regulate cell shape changes during development.

[bookmark: _Toc2692234]3.3 Materials and Methods

[bookmark: _Toc2692235]3.3.1 Ethics approval statement
All experiments were conducted according to the guidelines established and approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center (Protocol no. M1700020-01).

[bookmark: _Toc2692236]3.3.2 Fish maintenance and breeding
Zebrafish were raised under standard laboratory conditions at 28.5oC with a constant photoperiod (14 h light: 10 h dark) as previously described (Unlu et al., 2020). 

[bookmark: _Toc2692237]3.3.3 RNA isolation and cDNA synthesis
RNA was isolated from at least 30 3 dpf embryos from independent mating crosses of fish. Embryos were homogenized in TRIzol Reagent (15596018, ThermoFisher Scientific; Waltham, MA), and RNA extraction was performed as previously described (Müller et al., 2006). RNA (1 µg) obtained from samples was treated with DNase I before inactivation by EDTA chelation. Samples were mixed with an 18-nucleotide poly-T primer and allowed to anneal before adding dNTPs and M-MLV Reverse Transcriptase (M1701, Promega; Madison, WI).

[bookmark: _Toc2692238]3.3.4 Cryosectioning and immunohistochemistry
Embryos at 3 dpf were fixed overnight in 4% PFA, washed, and moved to 30% sucrose overnight. The following day, embryos were mounted in OCT embedding medium (6769006, ThermoFisher Scientific; Waltham, MA), frozen, cryosectioned, and transferred onto Superfrost slides (12-550-15, ThermoFisher Scientific; Waltham, MA) as previously described (Luderman et al., 2022). Slides were dried on a heat block, rehydrated in PBS, and mounted onto a Sequenza staining rack. Sections were incubated with Proteinase K for antigen retrieval and permeabilized in PBS+0.5% Triton X-100, then blocked in 2% BSA and 2% NGS. Samples were stained with primary antibodies (Table 3.1) diluted in blocking solution and incubated overnight at 4oC. The following day, samples were rinsed and incubated in secondary antibodies (Table 3.1), rinsed again, and incubated in DAPI before being mounted using Prolong Gold Antifade Agent (P36930, ThermoFisher Scientific; Waltham, MA). Fluorescent imaging was carried out using an AxioImager Z1 equipped with an Apotome and an EC Plan Neofluar 100X/1.30 Oil objective and ORCA-Flash4.0 Digital CMOS Camera. 

[bookmark: _Toc2692239]3.3.5 Cell shape quantification
Images of caax-eGFP or phalloidin were analyzed in FIJI. For individual chondrocytes, the longest axis (cell height) and perpendicular midline axis (cell width) were measured using straight-line measurements. The following formula was used to calculate the approximate cell shape ratio:



[bookmark: _Toc2692240]3.3.6 RNA isolation and cDNA synthesis
RNA was isolated from at least 30 3 dpf larvae from independent mating crosses of fish. Larvae were homogenized in TRIzol Reagent (15596018, ThermoFisher Scientific; Waltham, MA), and RNA extraction was performed as previously described (Müller et al., 2006). RNA (1 µg) obtained from samples was treated with DNase I before inactivation by EDTA chelation. Samples were mixed with an 18-nucleotide poly-T primer and allowed to anneal before adding dNTPs and M-MLV Reverse Transcriptase (M1701, Promega; Madison, WI).

[bookmark: _Toc2692241]3.3.7 Generation of transgenic constructs for injection
Transgenic constructs for overexpression were generated as previously described using the Gateway cloning-based Tol2kit method (Cox et al., 2018). Full-length constructs for pME were PCR-amplified with attB1 and attB2 sequences and cloned into pDONR221 using BP clonase II (11789020, ThermoFisher Scientific; Waltham, MA). p3E constructs were PCR-amplified with attB2R and attB3 sites and cloned into pDONR p2R-p3 using BP clonase II. A Multisite Gateway Cloning LR reaction was performed using the p5E-1.7-kb Col2a1a promoter, pME vectors, p3E vectors, pDEST-Tol2pA2, and LR clonase II enzyme mix (11791020, ThermoFisher Scientific; Waltham, MA) (Dale et al., 2011; Kawakami, 2007). The resulting destination clones were used for mosaic overexpression experiments. 
	Zebrafish embryos at the one-cell stage were injected with 50-100 pg medaka transposase mRNA and 10-100 pg recombined pDEST plasmid. Embryos were collected at 3 dpf for sample processing and imaging.

[bookmark: _Toc2692242]3.3.8 Chondrocyte 3D reconstruction
Fluorescent imaging for 3D chondrocyte reconstruction in WT and rgp1-/- transgenic larvae was performed on a Zeiss LSM880 confocal microscope. Embryos were obtained from gRNA-generated stable mutant lines crossed to mosaic (Col2a1a:caax-eGFP) adults. Zebrafish larvae at 3 dpf that were grown in PTU were selected for imaging if they expressed caax-eGFP. Larvae were anesthetized in 0.15 mg/mL Tricaine, embedded in 1.2% low-melt agarose (A20070, RPI; Mount Prospect, IL) on glass-bottom confocal dishes, and overlaid with embryo media containing 0.4 mg/mL Tricaine. For imaging, larvae were imaged under a 40X/1.1 LD C-Apochromat water-immersion objective with a z-stack step size of 0.55 µm. 
	Confocal time-lapse images from live transgenic larvae were analyzed in Imaris 9.7.2 (Oxford Instruments; Abingdon, United Kingdom). Analysis was performed using the manual Surfaces feature. In each plane of the z-stack, the caax-eGFP membrane was traced to generate surfaces from the collection of traces for a single cell. This process was repeated for all chondrocytes.

[bookmark: _Toc2692243]3.3.9 Site-directed mutagenesis
Site-directed mutagenesis was performed on plasmids using the Q5 Site-Directed Mutagenesis Kit (E0554S, NEB; Ipswich, MA) as previously described with the following modifications (Granero-Moltó et al., 2008). Template DNA was combined with sequence-specific SDM primers generated using NEBaseChanger online software (Table 3.2). Following Q5 PCR amplification, template DNA was degraded, and the newly synthesized product was ligated using the included Kinase/Ligase/DpnI enzyme mix. The final plasmid product was transformed into DH5α E. coli for subsequent plasmid isolation.

[bookmark: _Toc2692244]3.3.10 Intracellular Col2 quantification
Images of collagen II IF were analyzed in FIJI. For collagen accumulation in chondrocytes, the intracellular area of each cell (demarcated by caax-eGFP signal), collagen area (Col2 signal), and nuclear area (DAPI) were measured. The following formula was used to calculate the percent intracellular collagen area per cell (Unlu et al., 2020):



[bookmark: _Toc2692245]3.3.11 Statistical analysis
Statistical analyses were performed with GraphPad Prism 9.3.1 (GraphPad, 2012).
	Comparisons of cell height:width ratios in WT and rgp1-/- chondrocytes were determined by Mann-Whitney U-test (two-tailed) and 95% confidence intervals. Symbols on the graph represent measurements of individual chondrocytes with lines representing means ± SEM.
	Comparisons of 3D reconstructed chondrocyte surface area, volume, and surface area:volume ratio in WT and rgp1-/- chondrocytes were determined by Mann-Whitney U-test (two-tailed) and 95% confidence intervals. Symbols on the graph represent measurements of individual chondrocytes with lines representing means ± SEM.
	Comparisons of cell height:width ratios in fluorescent and non-fluorescent chondrocytes were determined by one-way ANOVA with Tukey’s multiple comparison test. Symbols on the graph represent measurements of individual chondrocytes with lines representing means ± SEM. 
	 Comparisons of intracellular collagen II staining between fluorescent and non-fluorescent chondrocytes were determined by one-way ANOVA with Tukey’s multiple comparison test. Symbols on the graph represent measurements of individual chondrocytes with lines representing means ± SEM. 
	No data points or measurements were omitted across any experiment. The number of larvae, vesicles, or cells required for each experiment was determined based on power analysis with 95% confidence intervals. Significance is represented by *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant.



[bookmark: _Toc2692289]Table 3.1: Antibodies/IF Reagents
	Antibody
	Catalog Number
	Vendor
	Dilution
	Species

	Collagen II
	II-II63B
	DSHB
	1:250
	Mouse IgG1

	mCherry
	16D7
	ThermoFisher Scientific
	1:250
	Rat IgG2a

	GFP
	A10262
	Vanderbilt Molecular and Cell Biology Core
	1:500
	Chicken IgY

	Rhodamine-phalloidin
	R415
	ThermoFisher Scientific
	1:500
	N/A

	DAPI
	D1306
	Invitrogen
	1:4000
	N/A

	Mouse IgG-Alexa647
	A32787
	Invitrogen
	1:500
	Donkey

	Rat IgG-Alexa555
	A21434
	Invitrogen
	1:500
	Goat

	Mouse IgG-Alexa555
	A21422
	Life Technologies
	1:500
	Goat

	Chicken IgY-Alexa488
	A11039
	Invitrogen
	1:500
	Goat





[bookmark: _Toc2692290]Table 3.2: Primers
	Name
	Forward
	Reverse

	zrgp1 cDNA
	CGTCTCCGGTTGTTTTGTTT
	CGGCACAAGGTAAAACCAGT 

	zrgp1 coding sequence
	ATGATTGAGGTGGTGGCATC
	TCAAATATTGATGCTGTTTG 

	zrgp1 B1-B2
	GGGGACAAGTTTGTACAAAAAAGCAGGCTATGATTGAGGTGGTGGC
	GGGGACCACTTTGTACAAGAAAGCTGGGTTGCAAATATTGATGCTGTT

	hRAB8A B2-B3
	GGGGACAGCTTTCTTGTACAAAGTGGCCATGGCGAAGACCTACGA
	GGGGACAACTTTGTATAATAAAGTTGCTCACAGTAGCACACAGC

	hRAB8A Q67L SDM
	ACGGCAGGACtGGAACGATTT
	GTCCCATATCTGTAACTTTATCTTC

	hRAB8A T22N SDM
	GTCGGGAAGAaCTGTGTGCTG
	TCCGGAATCCCCGATTAAC

	hRAB11A S25N SDM
	TGTTGGAAAAaacAATCTTCTATCTCG
	CCAGAATCTCCAATAAGG





[bookmark: _Toc2692246]3.4 Results
[bookmark: _Toc2692247]3.4.1 Rgp1 is required for chondrocyte cell shape development
Zebrafish craniofacial cartilage begins to develop around 3 days post-fertilization (dpf), a process essential for feeding at 5 dpf (Eames et al., 2013). Previous work from our laboratory has determined that Rgp1 is required for craniofacial cartilage development and collagen II secretion (Ritter et al., 2023). It was also determined that rgp1-/- chondrocytes do not have a normal cell shape, suggesting that Rgp1 is critical for cell shape regulation. Using the previously developed rgp1-/- stable genetic model, we performed immunofluorescence on WT and rgp1-/- embryos crossed to a transgenic zebrafish line expressing caax-eGFP under the Col2a1α promoter (Fig. 3.1A) (Dale et al., 2011; Gao et al., 2009). The caax-eGFP transgene labeled the cell membrane, helping to determine the chondrocyte cell shape. While WT chondrocytes were rounded, we found that rgp1-/- chondrocytes had a midline constriction, looking like hourglasses (Fig. 3.1B-C, p<0.0001).
	To test whether the observed cell shape defect stems specifically from loss of Rgp1, we performed a mosaic, cell-autonomous genetic replacement by over-expressed WT zebrafish Rgp1 (zRgp1) under a Col2a1α promoter using a Tol2 construct (Fig. 3.1D) (Kawakami, 2007). We took advantage of a p2A self-cleavable peptide sequence to also overexpress mCherry as a cytosolic protein to identify cells over-expressing WT zRgp1 (Cox et al., 2018; Kim et al., 2011). Single-cell embryos were injected, and the construct mosaically integrated, with cytosolic mCherry expression only visible in collagen II-expressing cells where the Tol2 construct integrated (Fig. 3.1E) (Yan et al., 1995). WT chondrocytes had no significant change in their height:width ratio regardless of whether they overexpressed zRgp1 or not (Fig. 3.1F, p=0.9976). In rgp1-deficient chondrocytes, expression of zRgp1-p2A-mCherry reduced the height:width ratio compared to mCherry- chondrocytes (Fig. 3.1E-F, p<0.0001). Thus, overexpression of WT zRgp1 in rgp1-/- chondrocytes was sufficient to restore chondrocyte cell shape defects in a cell-autonomous manner. This validates that the observed cell shape defect is specifically due to loss of Rgp1 and can be rescued cell-autonomously.
	We have isolated a novel rgp1 splice variant expressed in zebrafish that lacks the third of its eight coding exons (zRgp1-exon3). To determine if this splice variant of zRgp1 functionally rescues the observed rgp1-/- cell shape defect, we used a Tol2 construct to overexpress zRgp1-exon3 under a Col2a1α promoter (Fig. 3.1G). Similar to WT zRgp1, overexpression of zRgp1-exon3 did not have any effect on WT chondrocyte cell shape (Fig. 3.1H-I, p=0.9869). In rgp1-/- chondrocytes, overexpression of zRgp1-exon3 reduced the cell height:width ratio to WT levels (Fig. 3.1I, p<0.0001). This demonstrates that the zRgp1-exon3 splice variant is functional in restoring WT cell shape. 


[bookmark: _Toc2692307]Figure 3.1. Rgp1 is required for craniofacial chondrocyte cell shape
A) Experimental design for immunohistochemical analysis of chondrocytes in the craniofacial head skeleton. B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic embryos in WT and rgp1-/- cartilage (Col2, magenta; eGFP, green). Yellow arrowhead identifies abnormal cell shape. C) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal. D) Experimental design for mosaic overexpression of WT zRgp1-p2A-mCherry in zebrafish chondrocytes. E) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; eGFP, green; Col2, white). Yellow arrowhead identifies cell shape of mCherry- cells. F) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal. G) Experimental design for mosaic overexpression of zRgp1-p2A-mCherry with exon 3 of zRgp1 missing in zebrafish chondrocytes. E) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; eGFP, green; Col2, white). Yellow arrowhead identifies cell shape of mCherry- cells. F) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal.

[bookmark: _Toc2692248]3.4.2 Rgp1-/- chondrocytes have an abnormal 3D cell shape
To determine the three-dimensional effect that Rgp1 loss has on cell shape, we performed live imaging of caax-eGFP+ WT and rgp1-/- embryos. We chose to study the hyosymplectic chondrocytes that stack horizontally, develop around 3 dpf, and are close to the zebrafish skin, making them amenable to in situ live imaging (Fig. 3.2A) (Unlu et al., 2020). WT chondrocytes appear oval shaped, and stack in a single monolayer horizontally (Fig. 3.2B). While the rgp1-/- chondrocytes also form a single cellular layer, they have a much more abnormal shape, resembling hourglasses (Fig. 3.2B). To determine the overall architecture of the rgp1-/- chondrocytes, we performed 3D reconstruction from fluorescent z-stacks (Fig. 3.2C). We found that in three dimensions, WT chondrocytes maintain their rounded shape, appearing as a flattened ball (Fig. 3.2D). rgp1-/- chondrocytes are shaped like biconcave discoids, reminiscent of human erythrocytes (Fig. 3.2D). Based on our 3D reconstruction, we determined that rgp1-/- chondrocytes have an increased surface area (Fig. 3.2E, p=0.0002), but no significant change in cell volume (Fig. 3.2F, p=0.1479). Together, rgp1-/- chondrocytes have an elevated surface area:volume ratio when compared to WT chondrocytes (Fig. 3.2G, p=0.0001). These findings identify Rgp1 as a critical regulator of chondrocyte cell shape development in three dimensions.


[image: Macintosh HD:Users:dylanritter:Dropbox (Personal):LHK2016:Dylan:Thesis:Cell Shape:Pngs:2.png]
[bookmark: _Toc2692308]Figure 3.2. rgp1-/- chondrocytes have an abnormal 3D structure
A) Experimental design for live imaging of WT and rgp1-/- Tg(Col2a1α:caax-eGFP) zebrafish hyosymplectic chondrocytes. B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic embryos in WT and rgp1-/- hyosymplectic cartilage. C) 3D reconstruction of chondrocytes in Fig. 3B. D) Representative 3D shape of WT and rgp1-/- chondrocytes. E) Quantification of cell surface areas in 3D-reconstructed chondrocytes. F) Quantification of cell volumes in 3D-reconstructed chondrocytes. G) Quantification of cell surface area:volume ratios in 3D-reconstructed chondrocytes.

[bookmark: _Toc2692249]3.4.3 Rab8a does not regulate chondrocyte cell shape
Rab8a is required for the secretion of collagen II and other proteins from the trans-Golgi in conjunction with Rab6a (Huber et al., 1993; Shibata et al., 2016). However, its role in rgp1-/- chondrocyte cell shape has not been determined. To test whether blocking Rab8a would impair chondrocyte cell shape development, we overexpressed a Tol2 fusion construct of DN GFP-hRAB8A (T22N) under a Col2a1α promoter (Fig 3.3A) (Bravo-Cordero et al., 2007; Moritz et al., 2001). We found no difference between the cell shapes in GFP+ and GFP- WT chondrocytes (Fig. 3.3B-C, p=0.6040). There were some GFP+ WT cells with an abnormal cell shape like rgp1-/-, though these were infrequent. In rgp1-/- chondrocytes, there was also no change in chondrocyte cell shape in GFP+ vs GFP- cells (Fig. 3.3C, p=0.8207). As previously described, we found increased collagen II in GFP+ WT chondrocytes, despite no change in cell shape (Fig. 3.3D, p=0.0004). Thus, DN hRAB8A is not sufficient to induce an abnormal cell shape in WT chondrocytes.
Constitutive activation of hRAB8A partially alleviates intracellular collagen II backlogs within rgp1-/- cells. To test whether constitutive activation of hRAB8A would also be sufficient to rescue the rgp1-/- chondrocyte cell shape, we expressed a Tol2 fusion construct of CA GFP-hRAB8A (Q67L) under a Col2a1α promoter (Fig. 3.3E) (Kobayashi et al., 2014). In WT chondrocytes, there was no difference in cell shape between GFP+ and GFP- cells (Fig. 3.3F-G, p>0.9999). In rgp1-/- chondrocytes, we similarly found that expression of CA GFP-hRAB8A also had no effect on chondrocyte cell shape (Fig. 3.3G, p=0.6550). Despite no change in cell shape, rgp1-/- chondrocytes expressing CA hRAB8A have reduced intracellular collagen II (Fig. 3.3H, p<0.0001). Therefore, constitutive activation of hRAB8A is not sufficient to rescue cell shape defects in rgp1-/- chondrocytes.

[image: Macintosh HD:Users:dylanritter:Dropbox (Personal):LHK2016:Dylan:Thesis:Cell Shape:Pngs:3.png]
[bookmark: _Toc2692309]Figure 3.3. Rab8a does not regulate chondrocyte cell shape
A) Experimental design for mosaic overexpression of DN eGFP-hRAB8A in zebrafish chondrocytes. B) Representative images of chondrocytes in WT and rgp1-/- embryos (phalloidin, magenta; eGFP, green; Col2, white). C) Quantification of cell height:width ratios in chondrocytes as measured by phalloidin signal. D) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes. E) Experimental design for mosaic overexpression of CA eGFP-hRAB8A in zebrafish chondrocytes. F) Representative images of chondrocytes in WT and rgp1-/- embryos (phalloidin, magenta; eGFP, green; Col2, white). G) Quantification of cell height:width ratios in chondrocytes as measured by phalloidin signal. H) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes.
[bookmark: _Toc2692250]3.4.4 DN zKif5ba recapitulates rgp1-/- phenotype
Kinesin-1 (Kif5b) is a canonical kinesin involved in the plus-end directed trafficking of cargoes along microtubules (Zhao et al., 2020). A previous study of Kif5b in mouse tibial cartilage found that Kif5b was required for collagen trafficking and chondrocyte cell shape (He et al., 2017). As such, we wanted to examine if kinesin-1 dependent exocytic regulation was critical for collagen II secretion or chondrocyte cell shape in our zebrafish model. To examine the role of Kif5b in zebrafish chondrocytes, we expressed a Tol2 construct containing mCherry and DN zKif5ba lacking the head domain separated by a p2A sequence (Fig. 3.4A) (Levic et al., 2022). When inhibiting kinesin-1, we found that WT chondrocytes frequently adopted an abnormal cell shape similar to that observed in the rgp1 mutants (Fig. 3.4B-C, p<0.0001). We also found that kinesin-1 is required for collagen II secretion, with mCherry+ WT chondrocytes containing elevated intracellular collagen II levels (Fig. 3.4D, p<0.0001). In rgp1-/- chondrocytes, expression of DN zKif5ba had no effect on cellular morphology or collagen II secretion (Fig. 3.4C, p=0.9926, Fig. 3.4D, p=0.9944). Together, our findings identify zKif5ba as a regulator of both chondrocyte cell shape and collagen II secretion.


[bookmark: _Toc2692310]Figure 3.4. DN zKif5ba recapitulates rgp1-/- collagen II accumulations and abnormal cell shape
A) Experimental design for mosaic overexpression of DN zKif5ba-p2A-mCherry in zebrafish chondrocytes. B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; eGFP, green; Col2, white). C) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes. D) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal.





[bookmark: _Toc2692251]3.4.5 DN hRAB11A rescues rgp1-/- chondrocyte cell shape
Anterograde traffic from the trans-Golgi can either be directed towards the plasma membrane or the endosomal system (Coutinho et al., 2012; Progida et al., 2016). Within the endosomal system, traffic between early, late, and recycling endosomes is frequent, but specific (O’sullivan et al., 2020). Rab11a is a critical regulator of exocytic traffic from recycling endosomes to the plasma membrane (Goswami et al., 2021; Miserey-Lenkei et al., 2007). To test whether exocytic traffic from the recycling endosome to the plasma membrane was related to cell shape, we overexpressed a Tol2 DN mCherry-hRAB11A (S22N) fusion protein (Fig. 3.5A) (Stone et al., 2016). In WT chondrocytes, overexpression of DN hRAB11A had no effect on chondrocyte cell shape (Fig. 3.5B-C, p=0.9996). However, mCherry+ rgp1-/- chondrocytes had a more WT cell height:width ratio when compared to their adjacent mCherry- counterparts (Fig. 3.5B-C,  p<0.0001). We also assessed the role of hRAB11A on collagen II secretion, and we found that overexpression of DN hRAB11A did not affect collagen II secretion in WT or rgp1-/- chondrocytes (Fig. 3.5D, p=0.9971, p=0.9357). Thus, inhibition of Rab11a is sufficient to suppress the rgp1-/- cell shape phenotype.
	Since blocking Rab11a in rgp1-/- chondrocytes rescued cell shape, we wanted to examine if expression of CA GFP-hRAB11a (Q70L) in WT chondrocytes would induce an abnormal chondrocyte cell shape (Fig. 3.5E) (Uhlig et al., 2006). We found that CA hRAB11A had no effect on chondrocyte cell shape in WT embryos (Fig. 3.5F-G, p=0.9771). Similarly, we found no change in cell shape in rgp1-/- chondrocytes that expressed CA GFP-hRAB11A (Fig. 3.5F-G, p=0.4740). CA hRAB11A also had no effect on collagen II secretion in either WT or rgp1-/- chondrocytes (Fig. 3.5H, p=0.9969, p=0.5311). Thus, DN hRAB11A suppresses the rgp1-/- cell shape defect, but this cannot be induced using CA hRAB11A.




[bookmark: _Toc2692311]Figure 3.5. DN hRAB11A rescues rgp1-/- chondrocyte cell shape
A) Experimental design for mosaic overexpression of DN mCherry-hRAB11A in zebrafish chondrocytes. B) Representative images of chondrocytes in WT and rgp1-/- embryos (mCherry, magenta; eGFP, green; Col2, white). C) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal. D) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes. E) Experimental design for mosaic overexpression of CA eGFP-hRAB11A in zebrafish chondrocytes. F) Representative images of chondrocytes in WT and rgp1-/- embryos (phalloidin, magenta; eGFP, green; Col2, white). G) Quantification of cell height:width ratios in chondrocytes as measured by phalloidin signal. H) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes.

[bookmark: _Toc2692252]3.4.6 DN hRAB5C cannot recapitulate the DN hRAB11A cell shape rescue
After finding that DN hRAB11A rescues rgp1-/- chondrocyte cell shape, we wanted to test how Rab11a traffic was involved in cell shape maintenance. Since DN hRAB11A should reduce exocytic trafficking from recycling endosomes, we wanted to test if reducing upstream endocytosis in the recycling pathway would also limit Rab11a’s exocytic capacity. To block recycling endocytosis, we expressed a Tol2 fusion construct for DN mCherry-hRAB5C (S36N) and assessed chondrocyte cell shape (Fig. 3.6A) (Heng et al., 2020; Trischler et al., 1999). In WT chondrocytes, DN hRAB5C had no effect on chondrocyte shape (Fig. 3.6B-C, p=0.9964). Similarly, rgp1-/- chondrocytes had no change in cell shape regardless of whether they expressed DN mCherry-hRAB5C or not (Fig. 3.6B-C, p=0.9783). We found similar results when assessing collagen II secretion, showing that DN hRAB5C did not change collagen II staining in WT or rgp1-/- chondrocytes (Fig. 3.6D, p=0.9998, p=0.7643). Thus, endocytic activity within the endosomal recycling pathway does not regulate chondrocyte cell shape.



[bookmark: _Toc2692312]Figure 3.6. DN hRAB5C cannot recapitulate the DN hRAB11A cell shape rescue
A) Experimental design for mosaic overexpression of DN mCherry-hRAB5C in zebrafish chondrocytes. B) Representative images of chondrocytes in WT and rgp1-/- embryos (mCherry, magenta; eGFP, green; Col2, white). C) Quantification of cell height:width ratios in chondrocytes as measured by caax-eGFP signal. D) Quantification of percentage of cytosolic area occupied by collagen II signal in chondrocytes.






[bookmark: _Toc2692253]3.5 Discussion
	While studies of trafficking mechanisms in vitro have been informative, in vivo validation of such models is essential to translate findings to the context of tissue and organismal development. Since cells in vivo exist inside a 3D ECM within tissues, these conditions cannot be recapitulated and studied in vitro. Previous studies of Rgp1 in yeast and cultured mammalian cells failed to identify any role in cell shape development (Pusapati et al., 2012; Siniossoglou et al., 2000). Our in vivo model of Rgp1 loss-of-function was the first evidence that Rgp1 is required for cell shape development. Using 3D reconstruction of chondrocytes in live zebrafish embryos, we determined that the loss of Rgp1 led to an increase in cell surface area, suggesting excessive trafficking of lipids to the membrane when compared to endocytic trafficking. The observed cell shape phenotype, resembling mammalian erythrocytes, suggests that these cells may adopt that cell shape due to a similar function (Hoffman, 2016). In erythrocytes, the higher surface area:volume ratio increases gas exchange across the plasma membrane. In chondrocytes, it is possible that the increased surface area:volume ratio is due to an imbalance in cellular trafficking pathway, with the cell attempting to restore trafficking homeostasis across the membrane (Nabors et al., 2003).
	Previous work from Levic et al. found that overexpression of DN GFP-hRAB8A affected chondrocyte cell shape in WT zebrafish chondrocytes (Levic et al., 2022). In their study, DN hRAB8A induced an abnormal, rgp1-/--like cell shape phenotype. Our findings in WT chondrocytes, however, show no significant change in cell shape following expression of DN hRAB8A. Within our GFP+ WT chondrocytes, we observed some cells with an abnormal cell shape, though they were infrequent. During development from 2-4 dpf, chondrocyte cell shape changes dramatically. It is plausible that DN hRAB8A has a minor effect on cell shape at 3 dpf, while continued expression until 3.5 dpf is sufficient to alter cell shape (Kimmel et al., 1995). Further studies are needed to determine the effect of prolonged DN hRAB8A expression on chondrocyte cell shape.
	Our work identifies Rab11a as a critical regulator of cell shape in rgp1-/- chondrocytes. The exact nature of this regulation remains unknown. Since CA hRAB11A did not induce an abnormal cell shape, it is not likely that Rab11a-dependent membrane trafficking quantity is sufficient to explain the cell shape. Since blocking Rab8a did not rescue cell shape, excessive exocytic trafficking is not sufficient to explain the rgp1-/- cell shape. Additionally, blocking Rab5c did not rescue cell shape, suggesting that reduced flux through the recycling endosomal pathway cannot explain the rescued cell shape. It is likely that Rab11a mediates the rgp1-/- cell shape indirectly, not through direct interactions with Rgp1.
	We hypothesize that Rab11a is required for the trafficking of a specific cargo that regulates cell shape. Chondrocytes radically change their membrane protein profile around 3 dpf (Pellinen et al., 2006; Sarmah et al., 2010). When chondrocytes switch from cell-cell contacts to ECM contacts, cells internalize cadherins and replace them with integrins to adhere to the ECM (Delva et al., 2009; Loeser, 2014). Additionally, Rab11a has also been shown to be critically involved in microtubule and actin cytoskeletal organization, suggesting that a combination of Rab11a-dependent cytoskeletal and trafficking activities are required for cell shape maintenance (Hehnly et al., 2014). The mechanism of action for how Rab11a regulates chondrocyte cell shape remains the subject of future investigation.
	The observed rgp1-/- cell shape phenotype is highly consistent with the phenotype observed in ric1-/-, erc1b-/-, and kif5b-/- zebrafish chondrocytes, suggesting a common pathway for chondrocyte cell shape development (Levic et al., 2022; Santos-Ledo et al., 2017; Unlu et al., 2020). Work in mouse tibial chondrocytes has also identified an hourglass-like cell shape in a KIF5B-/- model (He et al., 2017). As such, it is possible that Rgp1, Ric1, Erc1, and Kif5b all act in a single post-Golgi pathway to regulate chondrocyte cell shape. It remains unknown how this pathway regulates cell shape, whether through cytoskeletal reorganization or a specific cargo that governs cell shape.



CHAPTER 4

[bookmark: _Toc2692254]Discussion

[bookmark: _Toc2692255]4.1 Summary and Conclusions
	Using a novel Rgp1 loss-of-function zebrafish model, we were able to determine that Rgp1 is required for normal craniofacial development in zebrafish embryos. We used three different mutant alleles generated with CRISPR-Cas9 genome editing to validate this finding, and genetic replacement experiments confirmed that this phenotype was specifically induced following loss of Rgp1 function. Since Rgp1 was previously determined to function as a GEF for Rab6a, we assessed Rab6a vesicle dynamics in vivo (Pusapati et al., 2012; Siniossoglou et al., 2000). We found that the chondrocytes composing the craniofacial cartilage has reduced movement dynamics in their Rab6a+ vesicles. This suggests that loss of Rgp1 leads to impaired activation of Rab6a, which manifests as reduced Rab6a vesicle movements in vivo.
	Within rgp1-/- chondrocytes, we identified large, intracellular accumulations of collagen II, the predominant protein secreted in cartilage tissues during early zebrafish development. While WT chondrocytes secreted large amounts of collagen II and only presented with about 10% intracellular area with collagen II, rgp1-/- chondrocytes had much reduced collagen II staining in the ECM, and they presented with upwards of 30% of their intracellular area containing collagen II. Though collagen II secretion was greatly inhibited, we still determined that other, small ECM proteins were still secreted to the extracellular space, suggesting that loss of Rgp1 did not completely ablate extracellular trafficking pathways.
	When analyzing the intracellular collagen II accumulations, we found that collagen II preferentially accumulated within an endolysosomal compartment, where aberrant fibrillar collagen assembly was observed. We determined that Rab8a, a Rab GTPase critical for post-Golgi to plasma membrane trafficking of small molecules, was similarly required for the trafficking of collagen II (Huber et al., 1993). Rescue experiments with CA hRAB8A demonstrated that Rab8a function is immediately downstream of Rgp1 function, in alignment with previous studies suggesting that Rab6a and Rab8a coordinate in a post-Golgi cascade for the trafficking of small, secreted proteins (Grigoriev et al., 2011; Shibata et al., 2016).
	Lastly, we identified that rgp1-/- chondrocytes undergo cell death at very early stages, concurrent with increased collagen II secretion. We determined that intracellular collagen II accumulations were insufficient to induce the observed cell death phenotype. However, we did find evidence of a specific Golgi stress signal, originating from upregulation of arf4b transcript levels (Reiling et al., 2013). Overall, we demonstrated that Rgp1, Rab6a, and Rab8a are involved with the secretion of collagen II from craniofacial chondrocytes in order to regulate craniofacial development. Loss of Rgp1 ultimately leads to chondrocyte cell death through a Golgi stress pathway independent of collagen II accumulations. Though we identified a pathway for collagen II secretion, it became apparent that another phenotype for Rgp1 loss-of-function was present, though the mechanism was differentially regulated.
	When assessing rgp1-/- zebrafish craniofacial chondrocytes, we observed that in addition to collagen II accumulations, chondrocytes also displayed an abnormal cell shape. Within cartilage, WT chondrocytes normally appear rounded and stack side-by-side to form a single cellular row. We found that rgp1-/- chondrocytes also stack side-by-side, but that their cell shape appears to look like an hourglass in cross-sections. This phenotype was never previously reported when studying Rgp1 in vitro or in yeast, suggesting that our zebrafish would be a unique model in which to study how Rgp1 regulates cell shape in chondrocytes (Pusapati et al., 2012; Siniossoglou et al., 2000).
	We found that the cell shape could be rescued cell-autonomously with genetic replacement, suggesting that the defects in cell shape are due to cell intrinsic mechanisms, rather than reliance on a normal ECM for normal cell shape development. We also isolated a novel splice variant of Rgp1 from our zebrafish line, lacking the third coding exon. Using this splice variant for genetic replacement, we determined that it could also rescue the abnormal rgp1-/- cell shape, suggesting that the 3rd coding exon was dispensable for cell shape regulation. 
	To better understand how the cell shape phenotype appeared in vivo, we utilized live imaging of zebrafish embryos to assess the intact craniofacial cartilage elements. Using Imaris 3D reconstruction, we determined that rgp1-/- craniofacial chondrocytes actually resemble human erythrocytes, with a biconcave disk shape, contrary to the 2D appearance of an hourglass from cryosectioning experiments. While rgp1-/- chondrocytes had an abnormal cell shape, they also had an increased surface area when compared to their WT counterparts, with no change in cellular volume measurements. This suggests that there is defective membrane trafficking in the rgp1-/- chondrocytes that could be contributing to the abnormal cell shape.
	We tested whether the previously identified function of Rab8a in collagen II secretion could sufficiently explain the cell shape changes observed in rgp1-/- chondrocytes. We found that though Rab8a regulates collagen II secretion, CA and DN hRAB8A constructs had no effect on chondrocyte cell shapes in WT or rgp1-/- embryos. This suggested that collagen II secretion and cell shape regulation pathways were differentially regulated by Rgp1.
	We assessed another regulator of vesicle trafficking, Kif5ba, a canonical kinesin previously implicated in cell shape in zebrafish (Santos-Ledo et al., 2017). We found that expression of DN zKif5ba in WT chondrocytes was sufficient to block collagen II secretion and induce an rgp1-/--like cell shape phenotype. This suggests that Kif5ba could serve as a connection between the collagen II secretion role and the cell shape regulatory role of Rgp1.
	We looked to study Rab11a because it is a trafficking regulator that interacts with Kif5ba, but is in a distinct pathway from Rab8a, which regulates collagen II secretion (Matsuzaki et al., 2011; Silver et al., 2011). We surprisingly found that expression of DN hRAB11A was sufficient to rescue the abnormal rgp1-/- cell shape in a cell-autonomous manner while not rescuing collagen II secretion. To determine if overactive Rab11a was sufficient to explain the abnormal cell shape, we overexpressed CA hRAB11A in WT chondrocytes and found no change in cell shape, suggesting that Rab11a activity levels was insufficient to explain the cell shape phenotype.
	We looked within the endosomal recycling pathway for which Rab11a regulates exocytosis, and found that Rab5c is upstream, in the endocytic part of the pathway (Heng et al., 2020; Trischler et al., 1999). We assessed whether DN hRAB5C would have a similar effect to DN hRAB11A by reducing endosomal recycling flux to rescue cell shape. We found that DN hRAB5C had no effect on cell shape or collagen II secretion, suggesting that Rab11a has a specific role in cell shape regulation, rather than the function of Rab11a within a specific trafficking pathway. The exact role of Rab11a in cell shape maintenance remains a direction of future study.
	In summary, we identified two novel phenotypes associated with Rgp1 loss-of-function in our zebrafish model that were not previously observed in experiments performed in cultured cells. We have identified a Rab8a-dependent role for Rgp1 in collagen II secretion from craniofacial chondrocytes, and we also found a Rab11a-dependent role for Rgp1 in craniofacial chondrocyte cell shape regulation. While we have begun to identify components that cooperate with Rgp1 to regulate these phenotypes, the exact mechanistic pathways remain the subject of future investigation.

[bookmark: _Toc2692256]4.2 Limitations and Future Directions
	While this dissertation certainly expands upon the knowledge of Rgp1 function in vertebrate development, there remain additional experiments that can be done to better understand the intracellular mechanisms by which Rgp1 regulates cell shape and collagen II secretion. Additionally, the findings presented in this thesis pose new questions regarding the pathways regulating development across multicellular organisms.
	Previous studies to identify the function of Rgp1 were confined to single, cultured cells in a dish (Pusapati et al., 2012; Siniossoglou et al., 2000). While our study in zebrafish was able to identify novel phenotypes associated with in vivo loss of Rgp1, the limitations of using zebrafish as a model organism present some challenges when it comes to uncovering pathways and mechanisms. Additionally, there are experiments that could be performed in zebrafish, but they would depend on having extended time and expanded resources.

[bookmark: _Toc2692257]4.3 Are overexpression experiments biologically relevant?
	In studies like ours that rely on genetic perturbations or rescues, most of the tools commonly employed rely on knockout or overexpression experiments. My studies were no different, utilizing an rgp1-/- model to ablate Rgp1 function, and subsequently studying the effects on cellular biology following overexpression of WT constructs, as well as CA and DN Rab constructs. While techniques are becoming more commonplace for knocking in tags or genes into endogenous loci, these techniques are more complex and lower efficiency than many commonly used overexpression techniques (DS et al., 2021). Since my studies did not employ endogenous knock-ins, it is worth examining the caveats and interpretations of experimental results following overexpression.

[bookmark: _Toc2692258]4.3.1 Overexpression of WT proteins
	In my experiments, I used either mRNA injection or Tol2 integration to express a gene of interest. For mRNA injections, we injected a large amount of mRNA for persistent expression during developmental time (R. J. White et al., 2017). In Tol2 experiments, I utilized the Col2a1a promoter, which drives overexpression of the specific transcripts at levels up to 1,000-fold higher than endogenous expression. While both of these methods have their utilities, both have very high levels of overexpression compared to endogenous transcription levels. Across biology, overexpression of genes can lead to developmental problems (Prelich, 2012). Thus, it is essential to have controls to ensure there are no overexpression artifacts in a WT context. We did find that for all constructs tested, overexpression of WT proteins in a WT embryo had no effect on the cellular physiology we were studying, giving us confidence that there would be limited overexpression artifacts for those particular genes. This must be tested on an experiment-by-experiment basis, as there is no way to know for sure whether there will be any negative effects from overexpression.

[bookmark: _Toc2692259]4.3.2 Overexpression of CA or DN Rab GTPases
	Rab GTPases endogenously cycle between active and inactive conformations depending on whether they are bound to GTP or GDP (Hutagalung et al., 2011). However, there are point mutations specific to each Rab GTPase that can enhance the affinity for either the GTP- or GDP-bound conformation. Though this can be useful for probing the function of Rabs in the active or inactive states, this tool does not replicate any natural function of the Rab protein. Rabs are made to cycle on and off, such that a small amount of Rab protein can be efficiently recycled back to its original membrane for trafficking (Gavriljuk et al., 2013). Overexpression of a CA Rab could potentially lead to difficulty in extracting it from membranes, due to the active Rab GTPase conformation associating with membranes. This could lead to mislocalization of the active Rab to membranes it would not normally localize to (Martinez et al., 1997; Nottingham et al., 2014).
	Additionally, DN Rabs have been a source of debate in the field as to whether they are “constitutively inactive” or “dominant negative.” The difference is that a dominant negative protein is itself inactive, and also inactivates the endogenous Rab by functioning as a sink for the cognate GEF complexes within the cell. Our experiments with DN hRAB8A and hRAB11A suggest that those two DN Rabs do function as dominant negatives, though a true DN can have non-specific cellular effects as well. As such, caution must be taken with interpreting how the results from CA or DN Rab experiments relate to normal cell physiology.

[bookmark: _Toc2692260]4.4 What kinds of cellular stresses could lead to cell death?
	We previously found that following loss of Rgp1, zebrafish embryos upregulate arf4b mRNA expression, a suggestion of Golgi stress pathway activation. Though a connection between Arf4b and Golgi stress was previously reported in the literature, there remain many questions about how a Golgi stress response is regulated (Reiling et al., 2013). Additionally, there are other cellular stresses and responses that were not assessed in my study of Rgp1. Here, we will address some other thoughts on how cellular stressors could similarly contribute to cell death.

[bookmark: _Toc2692261]4.4.1 ER stress 
	Within rgp1-/- embryos, we did not see upregulation of three key ER stress marker transcripts (EDEM1, BiP, and CHOP). In other models within the Knapik lab, collagen II accumulation within the ER leads to upregulation of these transcripts, indicative of ER stress and an unfolded protein response. Another pathway for ER stress we did not assess would be to look at XBP1 splicing changes. XBP1 mRNA is alternatively spliced in the presence of ER stress, leading to the generation of a shorter transcript that can be amplified and identified on a gel. Thus, XBP1 splicing would be another metric to assess for the presence or absence of ER stress following loss of rgp1. We believe there remains no reason for ER stress to occur, given that ER morphology appeared normal on TEM, and collagen II backlogs occur downstream of ER function. Despite this, further validation would be helpful to further rule out the possibility of an ER stress response leading to cell death.

[bookmark: _Toc2692262]4.4.2 Golgi stress 
	While Golgi stress is less understood than ER stress, there are some studies that have sought to identify markers of Golgi stress. One of those that appeared within my study was Arf4b. I found dramatic upregulation of arf4b mRNA, consistent with data showing that Golgi disruption led to increased ARF4 protein and ARF4 mRNA in cultured human cells (Reiling et al., 2013). However, the study never conclusively determined if ARF4 upregulation induces Golgi fragmentation, leads to Golgi stress, or somehow connects the two. Thus, an interesting experiment would be to overexpress arf4b in zebrafish to determine if increased levels of Arf4b protein are sufficient to induce Golgi fragmentation or cell death. These types of experiments are crucial within the field of Golgi stress to identify proteins involved and to order the events of Golgi stress and Golgi fragmentation to determine how stress could induce cell death. Additionally, a better understanding of how Golgi stress exists with or without other cellular stresses needs to be explored.



[bookmark: _Toc2692263]4.4.3 Reactive oxygen species 
	In the context of neurodegeneration, there are a number of studies assessing the role of reactive oxygen species in cellular stress and cell death (Naguib et al., 2021). Reactive oxygen species are generated normally during cellular respiration, and the cell utilizes antioxidants and antioxidant enzymes to neutralize them (Singh et al., 2019). However, imbalances wherein reactive oxygen species outweigh the cell’s antioxidant capacity lead to oxidative stress and frequently, cell death (Dumont et al., 2011). Reactive oxygen species can be generated during ER stress, and it is feasible that secretory disruptions in the Golgi could similarly lead to the generation of reactive oxygen species (Chong et al., 2017; Z. Jiang et al., 2011). Thus, it is important to consider that increased generation of reactive oxygen species and subsequent oxidative stress could lead to cell death following secretory trafficking defects.

[bookmark: _Toc2692264]4.4.4 DNA damage induces a stress response
	DNA damage from radiation, toxins, or reactive species within the cell is one of the critical factors driving cancer (Hanahan et al., 2011). Cells have mechanisms in place to repair minor DNA damages when detected, though major disruptions could lead to programmed cell death (Chatterjee et al., 2017; Duursma et al., 2013; Surova et al., 2012). Cells that resist death become cancerous, and this has been shown to be a hallmark of cancer (Hanahan et al., 2000). Thus, the pathways regulating cell death in response to DNA damage are essential for cellular homeostasis. During CRISPR-induced mutagenesis, double-stranded DNA breaks are induced, which could induce a cell death response (Xue et al., 2021). Thus, when studying genetic mutations, it is important to use stable lines to reduce this effect.
	Using a TUNEL assay, we found more fragmented DNA in rgp1-/- chondrocytes compared to WT chondrocytes, suggesting that DNA damage was present. UV radiation or carcinogenic compounds would induce similar effects in WT embryos grown alongside rgp1-/- embryos, so those seem like unlikely culprits. Cell intrinsic effects, like reactive oxygen species, could induce DNA damage in rgp1-/- embryos specifically (Srinivas et al., 2019). Alternatively, DNA fragmentation could be the downstream effect of programmed cell death, induced by another stress response (Roach et al., 2004). Thus, a full inspection of the known players in reactive oxygen species neutralization and programmed cell death would determine if DNA damage was the cause or effect of cellular stress.

[bookmark: _Toc2692265]4.4.5 “The collagen problem”
	Cells have developed complex pathways to modify, sort, and traffic proteins to the correct locations within or outside of the cell (Agliarulo et al., 2022; Jamieson et al., 1967; Lippincott-Schwartz et al., 2000). The majority of proteins synthesized and trafficked by cells consist of small, globular proteins that are readily packaged within transport vesicles, which are generally 30-100 nm in diameter (Martins Ratamero et al., 2019). For chondrocytes and other cells that secrete collagens, there lies a problem with how the cell adapts to move these relatively large proteins to the extracellular space. It is likely that this challenge is not limited to collagens, but other large proteins as well. Collagens are an interesting model cargo to study large protein trafficking, due to their rigidity and the necessity for normal trafficking in different tissue development. While trafficking large cargoes is difficult, perhaps more difficult is managing large cargoes that become lodged or stuck within the cell, whether in the ER, Golgi, lysosome, or some other membrane-bound compartment. In our study of Rgp1, we found self-assembled collagen fibrils in rgp1-/- chondrocytes, which are much more stable than individual collagen trimers (Persikov et al., 2002). As such, the cell would have more difficulty trafficking or digesting this increased intracellular protein load. Furthermore, the accumulations likely serve as steric blocks within the cell, perhaps inhibiting the necessary movement of other proteins within the cell (Ashraf et al., 2014). The “collagen problem” observed here is not unique to loss of Rgp1, but it is an interesting model in which to propose questions related to the trafficking of large proteins, as well as the downstream stresses encountered by the cell when trafficking goes awry.

[bookmark: _Toc2692266]4.5 How could Rgp1 function in other tissues? 
	Within this thesis work, the function of Rgp1 was specifically assessed in craniofacial chondrocytes. There are many examples of developmental disorders affecting the craniofacial skeleton that present with phenotypes in other tissues, including skeletal and non-skeletal systems (Al Ageeli et al., 2014; Asim et al., 2015; Margolis et al., 2015). Thus, understanding the function of Rgp1 in multiple tissues during development remains an interesting question to better understand the complexities of development.

[bookmark: _Toc2692267]4.5.1 Rgp1 in another collagen II secreting cell type, notochord sheath cells
	Notochord sheath cells are a cell type in the zebrafish skeleton that secretes collagen II like chondrocytes. Due to technical limitations with antibody production, we lost the ability to stain for collagen II in the notochord sheath cells of zebrafish embryos. Therefore, we could not assess Rgp1’s mechanism of collagen II secretion in the notochord. Despite this, it seems as though the mechanism of collagen II secretion in the notochord differs from that in chondrocytes. Previous work found that CA zRab6a overexpression in ric1-/- embryos rescued collagen II accumulations in the notochord (Unlu et al., 2020), but CA zRab6a did not rescue collagen II accumulations in ric1-/- chondrocytes (Fig. 4.1A-C). We similarly found no rescue of collagen II secretion defects in rgp1-/- chondrocytes, though we could not assess the notochord (Fig. 4.1D-F). It is possible that the notochord has additionally trafficking regulation to specify cargoes for apical or basolateral membranes since it is a polarized cell. How Rgp1 and Ric1 regulate collagen II secretion in the notochord or other polarized cell types remains an open question. In a broader context, it is important to note that trafficking mechanisms could differ between individual cell types, highlighting the need for continued studies in vivo.


[bookmark: _Toc2692313]Figure 4.1. CA zRab6a does not rescue collagen II accumulations in ric1-/- or rgp1-/- chondrocytes
(A) Experimental design for mosaic overexpression of CA mCherry-zRab6a fusion protein in zebrafish chondrocytes. (B) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and ric1-/- cartilage (mCherry, magenta; caax-eGFP, green; Col2, white). (C) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes. (D) Experimental design for mosaic overexpression of CA mCherry-zRab6a fusion protein in zebrafish chondrocytes. (E) Representative images of Tg(Col2a1α:caax-eGFP) transgenic chondrocytes in WT and rgp1-/- cartilage (mCherry, magenta; caax-eGFP, green; Col2, white). (F) Quantification of the percentage of cytosolic area occupied by collagen II signal in chondrocytes.



[bookmark: _Toc2692268]4.5.2 Rgp1 in other cranial tissues
	While my study of Rgp1 determined a critical role in craniofacial cartilage development, we also identified a number of other phenotypes present in rgp1-/- embryos. Within the brain, we found reduced connections between rgp1-/- optic tecta, regions of the brain essential for visual processing (Fig. 4.2A). In the ventral head skeleton, craniofacial muscles are disorganized in rgp1-/- embryos (Fig. 4.2B). While we did not identify mechanistic underpinnings behind these phenotypes, they raise an interesting question about the effect of monogenic mutations on complex multi-tissue developmental processes.
	There exist a number of ways that Rgp1 function in neurons or muscle would be important for development. Neuronal development depends on the secretion of aggrecan, a large ECM protein (Rowlands et al., 2018). Additionally, neuronal development relies on efficient synaptic signaling to determine the correct synapses to maintain or prune (Faust et al., 2021). Though neurotransmitter release is a regulated exocytic secretory event, while collagen II secretion in chondrocytes is a constitutive exocytic secretory event, it is possible that Rgp1 could regulate this neurodevelopmental process in neurons (Gerber et al., 2002). Within muscles, a variety of collagens make up the extracellular matrix as important components for cell adhesion (Florin et al., 2020). Smaller proteins like thrombospondins also must be secreted in order to coordinate development and function of muscles and tendons (Frolova et al., 2014). Thus, it seems feasible that Rgp1 could regulate neuron-specific or muscle-specific developmental processes. However, there remain many factors to consider during in vivo tissue development.


[bookmark: _Toc2692314]Figure 4.2. rgp1-/- embryos develop with malformed brains and craniofacial muscles
(A) Representative images of WT and rgp1-/- brains labeled with acetylated tubulin. Region between optic tecta (OT) identified with yellow dashed line. (B) Representative images of WT and rgp1-/- ventral craniofacial muscles labeled with MF20.


[bookmark: _Toc2692269]4.5.3 Complexities of coordinated, multi-tissue development
	There exists the possibility that neuronal development and muscular development depend on normal cartilage development. This could be due to structural reasons—the cartilage starts developing first, with the brain and muscles later connecting to the cartilage (Roth et al., 2021). Or, the association could be due to signaling pathways between the co-developing tissues (Abeynayake et al., 2021). Regardless, the complexity of multi-tissue development requires the use of tissue- or lineage-specific conditional loss-of-function models to fully elucidate these mechanisms. 
	In a previous study from our lab, it was determined that loss of Erc1b affected craniofacial cartilage development, muscle development, and neuronal innervation of muscles (Luderman et al., 2022). The study made key advances in understanding specific processes underlying neuromuscular junction development, but the question remains about how each tissue contributes to the developmental process of adjacent tissues. These are very difficult questions to address, particularly in the craniofacial region with divergent cell types communicating and coordinating synchronized developmental processes. Furthermore, many of these different tissues arise from a common progenitor cell, making their developmental processes more intertwined (LaMantia, 2020). Understanding the molecular mechanisms governing development in individual tissues and their subsequent inter-tissue communications are essential fundamental questions that remain in the field of developmental biology.

[bookmark: _Toc2692270]4.6 How does Ric1 behave following loss of Rgp1?
	Previous in vitro work has determined that Rgp1 and Ric1 function as an obligate heterodimer, with neither protein being capable of functioning without the other (Pusapati et al., 2012; Siniossoglou et al., 2000). These findings were not validated in an in vivo context, and tests for other binding partners were certainly not exhaustive. It is certainly possible that either Rgp1 or Ric1 could have alternative functions aside from those previously described. This could come from “promiscuous” GEF activity, acting on other Rabs besides Rab6a. Additionally, they could “moonlight,” or have completely different functions in other pathways within the cell. Especially following loss of Rgp1, it is feasible that Ric1 could function in pathways aside from the canonical activation of Rab6a described previously.

[bookmark: _Toc2692271]4.6.1 Ric1 expression following loss of Rgp1
	In our model of Rgp1 loss-of-function, we found that overexpression of Rgp1 rescued the phenotype, suggesting that the phenotypes observed were specifically due to loss of Rgp1 function. While helpful for validating the model, the fact remains that in the absence of functional Rgp1 protein, cellular behavior will attempt to compensate. Since Rgp1 functions as an obligate heterodimer with Ric1, it seems likely that loss of Rgp1 would leave Ric1 with no ability to function. To test if Rgp1 could compensate for loss of Ric1, we overexpressed Rgp1 mRNA in a ric1-/- background, but we saw no rescue of jaw protrusion (Fig. 4.3A-B). We also determined using qPCR that Ric1 mRNA levels do not change following loss of Rgp1, suggesting that the cell does not try to upregulate Ric1 as a compensatory mechanism (Fig. 4.3C). Together, these data suggest that Rgp1 and Ric1 do not compensate for each other in craniofacial cartilage development.


[bookmark: _Toc2692315]Figure 4.3 Rgp1 and Ric1 do not show evidence of compensation for each other.
(A) Schematic for zebrafish rgp1 mRNA injection and rescue experiment. (B) Quantification of jaw phenotype percentages of groups of injected and non-injected controls (NIC). (C) qPCR of ric1 transcript levels normalized to ef-1 transcript levels in 3 dpf embryos.

[bookmark: _Toc2692272]4.6.2 Ric1 protein function following loss of Rgp1
	The question remains, however, whether Rgp1 or Ric1 could acquire alternate binding partners or altered functions following loss of the other dimer component. Though these pathways could be important for some cellular functions, it is not sufficient to maintain normal craniofacial cartilage development. There are a few different methods to test whether Ric1 is able to function within other pathways following loss of Rgp1. The first would be to generate a double knockout model of loss-of-function in Rgp1 and Ric1 to assess the embryo phenotype. Any differences in phenotype between rgp1-/- embryos and rgp1-/-; ric1-/- embryos could be attributed to Ric1 gain of function following loss of Rgp1. Though an interesting proposition, it would be more direct to assess Ric1 binding partners in WT and rgp1-/- contexts using co-IP and mass spectrometry. By comparing the protein-protein interactions before and after loss of Rgp1, additional Ric1 binding partners could be identified. This would also serve to identify Ric1 binding partners that operate in WT conditions, identifying “moonlighting” functions of Ric1. An interesting study in cells found that Rabin8, the GEF protein for RAB8A, also has non-GEF functions associated with Rab10 (Homma et al., 2016). It is absolutely feasible that one or both component of the Rab6a GEF complex could act on other Rabs, or possess GEF-independent activity.

[bookmark: _Toc2692273]4.6.3 Differences in Rgp1 and Ric1 functions
	Despite previous studies suggesting that Rgp1 and Ric1 only function together when dimerized, we observe differences between rgp1-/- and ric1-/- zebrafish embryos. ric1-/- zebrafish embryos have shorter notochords than rgp1-/- embryos, and they have kinked pectoral fins, while rgp1-/- embryos look like WT embryos in these two phenotypes. This suggests a tissue-specific function for Ric1 independent of its function with Rgp1 in tissues like the notochord or pectoral fins. Loss of SPARC in zebrafish leads to kinked pectoral fins and a shorter trunk, similar to what is observed in ric1-/- embryos (Rotllant et al., 2008). Thus, it is feasible that Ric1 regulates the trafficking or function of SPARC in those tissues, while Rgp1 does not. Preliminary experiments assessing SPARC secretion patterns in the notochords of WT, rgp1-/-, and ric1-/- embryos showed that ric1-/- embryos consistently have SPARC accumulations inside notochord sheath cells, while WT cells secrete SPARC nicely along the length of the notochord (Fig. 4.4A-B). Rgp1-/- embryos have an intermediate phenotype, with some notochord sheath cells retaining SPARC, while other cells secrete it normally. As such, SPARC is an interesting candidate cargo that could be trafficked in a non-canonical Rgp1/Ric1 mechanism. The continued study of Rgp1 and Ric1 function across tissues remains interesting to study.


[bookmark: _Toc2692316]Figure 4.4 ric1-/- embryos do not secrete notochord SPARC, while rgp1-/- embryos secrete some SPARC.
(A) Experimental design for mosaic overexpression of SPARC-mCherry fusion protein in zebrafish notochord sheath cells. (B) Representative lateral images of WT, ric1-/-, and rgp1-/- trunks. The notochord is outlined in yellow dashed lines.

[bookmark: _Toc2692274]4.6.4 Broader implications of Rgp1 and Ric1 modeled function
	The model of alternative functions for obligate oligomeric subunits, however, does not have to be specifically restricted to Rgp1 and Ric1. The theories, models, and experiments proposed here could be applied to other proteins where obligate oligomerization is believed to be required for protein complex function. The protein interactome is remarkably dynamic and complex, especially over developmental time. Thus, an understanding of novel protein-protein interactions could be important for understanding molecular mechanisms of cellular function.

[bookmark: _Toc2692275]4.7 How do complex cellular phenotypes translate to complex organismal phenotypes?
	 In rgp1-/- embryos, we determined that divergent pathways regulate collagen II secretion and chondrocyte cell shape. However, the question remained about how each of these pathways individually contributed to craniofacial cartilage development. Within the Knapik laboratory, we are fortunate to have a number of genetic zebrafish mutants that affect craniofacial chondrocyte collagen II secretion pathways. Within these mutant zebrafish embryos, we consistently see defects in craniofacial cartilage development, but most of the mutants do not have the cell shape defects observed in rgp1-/- chondrocytes. Thus, it seems likely that collagen II secretion defects are sufficient to explain abnormal craniofacial cartilage development, though this question had never been directly addressed in any of the models.

[bookmark: _Toc2692276]4.7.1 Comparisons between zebrafish and human craniofacial cartilage development
	In our model for Rgp1 loss of function, we showed defects in a number of craniofacial cartilage elements. These tissues all ultimately undergo endochondral ossification and are replaced with bone later during development (Eames et al., 2013). A question remains as to whether the pathways regulating collagen II secretion would similarly be important for collagen I secretion in the context of endochondral or even intramembranous ossification. It is certainly possible, since collagen I is also part of the fibrillar collagen family, suggesting they may share common trafficking regulators and pathways (Exposito et al., 2010). Since rgp1-/- zebrafish embryos die before ossification begins, it is difficult to address those questions specifically.
	Another interesting point of development is that the Meckel’s cartilage, which makes up the lower jaw in zebrafish, actually is not developmentally related to the human mandible. Rather, the zebrafish Meckel’s cartilage is analogous to the human ossicles (Svandova et al., 2020). The lower jaw in fish and the ossicles in humans both undergo endochondral ossification during development. The human mandible, while derived from the first pharyngeal arch like the Meckel’s cartilage, undergoes intramembranous ossification (Parada et al., 2015). Thus, the processes that regulate zebrafish lower jaw development are more similar to the processes regulating ossicle development, rather than human mandible development. The findings presented in this thesis are not necessarily meant to focus on a specific subset of cartilaginous tissues, like the Meckel’s cartilage. Rather, we propose that our findings of Rgp1 function could be broadly applicable to cartilage tissues overall, as well as other tissues that bear large secretory burdens during development, like bone.



[bookmark: _Toc2692277]4.7.2 Generating a cartilage-specific model of collagen II accumulation
	To test the specific function of collagen II secretion on craniofacial cartilage development, we utilized the overexpression of DN hRAB8A as a method to block collagen II secretion. We have shown that following overexpression of DN hRAB8A in craniofacial chondrocytes, cells retain their normal cell shape, but accumulate collagen II intracellularly. Thus, we proposed that stable, overexpression of DN hRAB8A in cartilage tissue could dissect the role of collagen II secretion on craniofacial cartilage development, independent of cell shape. We injected a Tol2 construct overexpressing DN GFP-hRAB8A under a Col2a1a promoter to generate stable lines overexpressing DN hRAB8A in craniofacial cartilage (Fig. 4.5A). Following successive breeding, we obtained embryos expressing no DN GFP-hRAB8A (no GFP), low levels of DN GFP-hRAB8A (low GFP), and high levels of DN GFP-hRAB8A (high GFP).
	When assessing the jaw morphology in these groups we found that embryos with no GFP were not phenotypically different from WT embryos when assessing craniofacial cartilage metrics (Fig. 4.5B-D). We found that embryos with high GFP had phenotypes consistent with loss of Rgp1, showing abnormal craniofacial cartilage development similar to rgp1-/- embryos. The low GFP embryos presented with an intermediate phenotype, suggesting that DN GFP-hRAB8A affects craniofacial cartilage development in a dose-dependent manner. 

[bookmark: _Toc2692317]Figure 4.5. DN hRAB8A recapitulates rgp1-/- craniofacial cartilage malformations in a dose-dependent manner
(A) Experimental design for generation of lines with stable overexpression of DN GFP-hRAB8A fusion protein in zebrafish chondrocytes. (B) Representative images of Alcian blue-stained cartilage in embryos with no GFP, low GFP, and high GFP. (C) Quantification of Meckel’s cartilage length. (D) Quantification of ceratohyal cartilage angle. 


[bookmark: _Toc2692278]4.7.3 Future studies to assess tissue-specific pathways in craniofacial development
	Further studies with this line are needed before further conclusions can be drawn. When all chondrocytes overexpress DN GFP-hRAB8A, is cell shape now affected? If so, would DN mCherry-hRAB11A be sufficient to rescue the cell shapes similarly to how it did for rgp1-/- embryos? How do the collagen II accumulations manifest on TEM? Does DN GFP-hRAB8A reduce the secretion of all ECM proteins, or just collagen II? If we instead rescued only the chondrocyte cell shape in rgp1-/- embryos with DN mCherry-hRAB11A, would that rescue craniofacial cartilage development? Though these and many other questions remain following this interesting finding, there remains an essential need to understand how specific cellular phenotypes influence organismal phenotypes. Findings from these experiments would yield a better understanding of how collagen II secretion, ECM assembly, and cell shape affect cartilage development.

[bookmark: _Toc2692279]4.8 How is cell shape regulated by Rab11a?
	Cell shape regulation is a complex process regulated by pathways intracellularly as well as through interactions with the cell’s extracellular environment. Within rgp1-/- chondrocytes, we found abnormal chondrocyte cell shape, but this was in conjunction with defective collagen II secretion. Through my studies, I was able to determine that the two processes are differentially regulated, collagen II accumulation does not affect cell shape directly, and chondrocyte cell shape is a process regulated intracellularly. Additionally, we were never able to identify an instance in which a cell had an abnormal cell shape, but normal collagen II secretion. There still remain open questions regarding how Rgp1 specifically regulates chondrocyte cell shape and how some of its interacting proteins could reveal cellular processes important for dynamic cell shape changes.

[bookmark: _Toc2692280]4.8.1 Do Rgp1 and Rab11a interact?
	The finding that DN mCherry-hRAB11A rescued the rgp1-/- chondrocyte cell shape remains a perplexing one. Based on our current understanding of Rgp1 and Rab11a localization, it seems as though Rgp1 and Rab11a would not directly interact during normal cellular processes since they operate within distinct organelles. The data at first glance suggest that following loss of Rgp1, Rab11a undergoes a “gain of function,” in which its over-activity leads to an abnormal cell shape. We tested this by overexpressing CA GFP-hRAB11A in WT chondrocytes, but found it did not induce an abnormal cell shape. This experimental data is subject to interpretation, as we could not validate that the CA hRAB11A construct was functioning as a constitutively active protein. We also found that excessive flux through the endocytic recycling pathway was not sufficient to explain the cell shape phenotype. At this stage, it is likely that the two proteins do not directly coordinate cell shape changes; it is possible, instead, that Rab11a regulates a cellular process that is important for cell shape independent of an interaction with Rgp1.

[bookmark: _Toc2692281]4.8.2 Rab11a could regulate cell shape through microtubule organization
	I propose that a role for Rab11a in cell shape regulation is as a byproduct of microtubule disorganization caused by loss of Rgp1.  Another zebrafish mutant in the lab with a similar chondrocyte cell shape can rescue that cell shape by administering nocodazole, a microtubule-destabilizing agent (Levic et al., 2022). Since loss of Rab11a has been shown to destabilize microtubules, it seems likely that DN Rab11a would have a similar effect. Therefore, it is possible that the cell shape rescue occurs following microtubule depolymerization. This would suggest that there is excess microtubule formation in rgp1-/- chondrocytes. It is feasible that the cytoskeleton changes as a result of the abnormal cell shape, not as the cause. This theory is impossible to prove without perturbation experiments, so those would need to be performed to assess how cytoskeletal architecture and chondrocyte cell shape in rgp1-/- zebrafish embryos are related.

[bookmark: _Toc2692282]4.8.3 Rab11a could traffic a protein critical for cell shape
	Another interesting theory remains in which Rab11a traffics a protein that regulates cell shape. Chondrocytes at 3 dpf change from cell-cell to cell-matrix adhesions, a process mediated by internalizing cadherins and trafficking integrins to the cell membrane (Dieterle et al., 2021; Nakazora et al., 2010). However, the specific Rab11a-trafficked proteins that could be critical for cell shape regulation are unknown. A number of different techniques exist for labeling and purifying proteins in close proximity to a bait protein. BioID would be an interesting tool to utilize, as we could isolate proteins in close proximity to Rab11a through biotinylation and streptavidin pulldown, and use mass spectrometry to identify proteins which could be regulating cell shape (Roux et al., 2018). Additionally, this experimental design would determine whether Rab11a and Rgp1 interact directly within the cell.

[bookmark: _Toc2692283]4.8.4 Broader implications of cell shape regulation in cell and developmental biology
	Though there are many possible ways in which Rab11a and Rgp1 functions could be linked, the broader question of how cell shape is regulated in vivo remains interesting and perplexing. Developmentally, each specialized cell type must quickly and correctly adopt a plasma membrane organization suitable to cell function (Paluch et al., 2009). Within chondrocytes, it is likely that the cell shape is important for the overall architecture of the cartilage elements they compose. Other cell types, like enterocytes, rely heavily on plasma membrane organization and cell shape for their specific function in absorbing nutrients (De Santa Barbara et al., 2003). Synchronization of cellular trafficking events and cell shape changes are similarly important in enterocytes, suggesting they could be a sensitive cell type to abnormal cell shape changes, perhaps due to similar mechanisms identified in rgp1-/- chondrocytes (Cao et al., 2012; Engevik et al., 2018; Stoops et al., 2014). Overall, the mechanisms that regulate cell shape in chondrocytes could apply to other cell types as well. Additionally, understanding the processes that regulate cell shape changes are critical in the broader contexts of development and cellular function.

[bookmark: _Toc2692284]4.9 What is the bigger picture to be taken from this work?
	In the specific context of loss of Rgp1 function, homozygous loss-of-function mutations lead to embryonic lethality in zebrafish, and this would likely apply to human development as well. At the time of writing (February 2023), there currently remains no identified disorder, syndrome, or disease associated with reduced RGP1 function. Despite this, utilization of a vertebrate model of Rgp1 loss of function remains an exciting resource to probe the mechanisms underlying collagen secretion, cell shape regulation, and additional pathways regulating cartilage development. These processes are also likely important for diseases or injuries affecting adult cartilage tissues, like osteoarthritis, spinal disc herniation, or meniscus tears.
	While the study of Rgp1 function is an interesting one with many unanswered questions, it has become apparent that this project has evolved beyond the preliminary objective to identify intracellular trafficking pathways to regulate collagen II secretion and cell shape changes in zebrafish craniofacial chondrocytes. The findings from this dissertation can be expanded to a number of other contexts. Since Rgp1 has now been shown to regulate collagen II trafficking, it is possible that Rgp1 could regulate the trafficking of large proteins in other cell types, contributing to developmental and secretory processes across tissues. Additionally, Rgp1 could also be important for regulating trafficking events in cells with a large secretory burden, perhaps even in the context of regulated exocytosis.
	The pathways regulating the cell shape changes observed in rgp1-/- chondrocytes can also be applied to other cell types. Regulated cell shape changes are a critical part of development, both during early development and terminal differentiation into specialized cell types requiring a specific shape to function. Furthermore, the concepts and experiments detailing cell-autonomous phenotypes and their effects on tissue development are important. Comparing phenotypes between cell-specific knockouts and total knockout models will be invaluable to understanding how cellular phenotypes regulate the coordinated development of multiple tissues within an organism. Overall, the concepts discussed in this thesis have broad implications in understanding functions from intracellular protein-protein interactions through multi-tissue organismal development.
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