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Abstract

Cellular life depends on protein transport and membrane traffic. In multicellular organisms,
membrane traffic is required for extracellular matrix deposition, cell adhesion, growth factor
release, and receptor signaling, which are collectively required to integrate the development and
physiology of tissues and organs. Understanding the regulatory mechanisms that govern cargo and
membrane flow presents a prime challenge in cell biology. Extracellular matrix (ECM) secretion
remains poorly understood, although given its essential roles in the regulation of cell migration,
differentiation, and survival, ECM secretion mechanisms are likely to be tightly controlled.

Recent studies in vertebrate model systems, from fishes to mammals and in human patients, have
revealed complex and diverse loss-of-function phenotypes associated with mutations in
components of the secretory machinery. A broad spectrum of diseases from skeletal and
cardiovascular to neurological deficits have been linked to ECM trafficking. These discoveries
have directly challenged the prevailing view of secretion as an essential but monolithic process.
Here, we will discuss the latest findings on mechanisms of ECM trafficking in vertebrates.
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1. Introduction

Extracellular matrix (ECM) is a complex non-cellular structure synthesized by all tissues
and is composed of water, proteins, and polysaccharides, as well as mineral deposits in
skeletal tissues (Bosman and Stamenkovic, 2003). ECM composition is unique to each
tissue and is deposited by fibroblasts or other specialized cells. For example, epithelial cells
secrete basement membrane proteins, such as collagens, fibronectin and laminin, whereas
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chondrocytes and osteocytes secrete type 1l and type | collagens that are characteristic of
mature cartilage and bone, respectively (Gay et al., 1976; Li et al., 1995; Reddi et al., 1977).
Large structural ECM proteins are typically fibrillar, including collagens, fibronectin, and
laminins. Collagens, for example, constitute over 30% of a total protein mass in
multicellular organisms (Ishikawa and Bachinger, 2013) and are rapidly secreted during
development or in response to pathological conditions such as wound healing after tissue
injury (e.g. skin damage, myocardial infarction, liver cirrhosis) (Cleutjens et al., 1995; Clore
etal.,, 1979; Gay et al., 1975; Pinzani et al., 2011).

The rapid secretion of large cargos such as collagens requires unique regulatory mechanisms
to assure availability of specialized transport machinery (Melville et al., 2011; Saito et al.,
2009a). Procollagen has been extensively used as a model-cargo in secretory pathway
studies (Arnold and Fertala, 2013; Bonfanti et al., 1998; Ishikawa and Bachinger, 2013;
Stephens and Pepperkok, 2002). As with all ECM proteins, procollagen is synthesized and
initially post-translationally modified in the Endoplasmic Reticulum (ER), from which it is
transported in a COPII (coat protein Il complex)-dependent manner to the ER-to-Golgi
intermediate compartment (ERGIC) en route to the Golgi complex, where further post-
translational processing occurs (Canty and Kadler, 2005). Procollagen is then transported in
tubular carriers to be secreted to the extracellular space, where it is cleaved and assembled
into higher-order structures (Arnold and Fertala, 2013; Ishikawa and Bachinger, 2013;
Polishchuk et al., 2003; Polishchuk et al., 2009).

The first leg of this journey is export from the ER, which is mediated by the COPII complex
(Figure 1). Pioneering work using yeast genetics first identified 23 genes whose products are
required for secretory activity (Kaiser and Schekman, 1990; Novick et al., 1980). Among
them were components of the COPII complex (Barlowe et al., 1994). COPII formation is
initiated when the cytoplasmic GTPase Sarl undergoes a conformational change upon GTP
binding and associates with the ER membrane (Barlowe et al., 1993; Kuge et al., 1994;
Nakano and Muramatsu, 1989). Sarl then recruits Sec23/Sec24 heterodimers to form the
“inner coat” complex (Bi et al., 2002; Matsuoka et al., 1998). Two additional ER associated
proteins, Sec12 that acts as a GEF (guanine nucleotide exchange factor) for Sarl (Barlowe
and Schekman, 1993) and Sec16 that is a large scaffold protein shown to associate with ER
Exit Sites (Connerly et al., 2005; Espenshade et al., 1995; Watson et al., 2006) and
contribute to initiation of vesicle formation. While Sec23 serves as GAP (GTPase activating
protein) for Sarl, resulting in coat dissociation from the vesicle membrane (Yoshihisa et al.,
1993), Sec24 acts as a cargo adaptor by selecting distinct proteins for ER exit (Miller et al.,
2002). Assembly of the inner coat is followed by recruitment of Sec13-Sec31 heterotetramer
of the “outer coat” complex, which is thought to stabilize the coat (Bhattacharya et al., 2012;
Bi et al., 2007; Copic et al., 2012; Stagg et al., 2006; Tang et al., 2000). The molecular
nature of these processes has been reviewed elsewhere (Brandizzi and Barlowe, 2013; Szul
and Sztul, 2011).

Unlike the baker’s yeast genome (Saccharomyces cerevisiae) that harbors single copies of
these essential genes, vertebrate genomes have an expanded repertoire of COPII genes,
including Sarla and Sarlb (Jones et al., 2003; Loftus et al., 2012), Sec23a and Sec23b
(Paccaud et al., 1996; Wadhwa et al., 1993), Sec24A, Sec24B, Sec24C and Sec24D (Tang et
al., 1999), Sec13 (Swaroop et al., 1994), Sec31a and Sec31b (Stankewich et al., 2006; Tang
et al., 2000), (Figure 1). Gene multiplication of the coat components might have been
evolutionarily driven by expansion of the genomes to accommodate novel extracellular
matrix proteins and more complex body plans.

Many of the additional COPII paralogs seem to be specific to vertebrates and might be
associated with unique functions that are essential for vertebrate development, including
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organ structures that are supported by diverse types of basement membranes and an internal
skeleton primarily composed of mineralized ECM of cartilage and bone (Braasch and
Postlethwait, 2012, Forster et al., 2010, Norum et al., 2010). Thus it is not surprising that
many loss-of-function mutations in the trafficking machinery components result in skeletal
dysmorphology.

Here we will discuss cargo- and tissue-specific functions of the COPII machinery, post-
translational modifications, phosphorylation and ubiquitylation of COPII proteins, and the
effects they have on vesicle biogenesis. In addition we will discuss auxiliary proteins such as
cargo receptors and guide proteins that were shown to assist in loading of ECM
macromolecules into vesicular carriers. Finally, one of the most intriguing unanswered
questions in regulation of secretion is transcriptional control of the secretory machinery.
Most coat genes are ubiquitously expressed but are enriched in specific tissues at defined
developmental time points or in pathological conditions. However, little is known about
transcriptional control of secretion with only a single factor of the OASIS family, Creb3L2,
implicated in the process so far.

In this review we will focus on recently discovered trafficking mechanisms in the initial leg
of the secretory pathway, from the ER to Golgi, by highlighting studies of vertebrate model
organisms and human genetic mutations.

2. ER-to-Golgi transport is facilitated by Coat Protein Il (COPII) vesicular

carriers

2.1. Cargo selection by Sec24 components of the inner coat

Tandem genome duplication expanded the ancestral Sec24 gene to two syntenic groups, one
of Sec24A and Sec24B and the second of Sec24C and Sec24D (Tang, et al., 1999). The four
genes are highly divergent in sequence between the two groups (20% similarity) and
approximately 50% similar between each pair, but each paralog is highly conserved within
vertebrates (up to 90% sequence similarity between fish and human) (Sarmah et al., 2010).
Pioneering work on transport signal recognition by the Sec24 paralogs using model cargo in
Sec24-depleted HeLa cells revealed for the first time selectivity and redundancy in the cargo
selection process (Wendeler et al., 2007).

Recent in vivo evidence obtained from phenotype-driven genetic screens in zebrafish,
medaka and mouse have begun to uncover the complexity of Sec24-based cargo selection.
To date, only Sec24D has been directly implicated in ECM secretion. The zebrafish mutant
bulldog/sec24d fails to secrete type 1l collagen and matrilin from chondrocytes, fibroblasts
and notochord sheath cells, leading to severe craniofacial dysmorphology, short body length
and kinked pectoral fins (Sarmah et al., 2010). This phenotype is largely recapitulated by the
vbi/sec24d medaka mutant carrying a nonsense mutation predicted to truncate a C-terminal
portion of Sec24D protein (Ohisa et al., 2010). In both zebrafish and medaka, Sec24D-
deficient chondrocytes accumulate type Il collagen in distended rough endoplasmic
reticulum (rER). However, other ECM and transmembrane proteins appear to be trafficked
normally to the extracellular space and plasma membrane, including fibronectin, cadherin,
and B1-integrin (Table 1). In mouse, however, gene-trap mediated knockout of Sec24D gene
leads to pre-implantation lethality with no discernible phenotype in a haploinsufficient
condition (Baines et al., 2013). The mouse data confirm that cargos that are required as early
as the 8-cell stage are transported in a Sec24D-dependent manner. The inability to study
Sec24D-dependent ECM transport during organogenesis in global mouse knockouts is
complemented by studies in teleost fish such as zebrafish and medaka, which receive
maternal Sec24D protein and mRNA that allow for normal gastrulation. Thus, fish models
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are ideally suited to study cargo adaptor functions at later developmental stages (Melville
and Knapik, 2011, Ohisa et al., 2010, Sarmah et al., 2010).

Although Sec24D and Sec24C cargo adaptors recognize similar cargo binding motifs in in
vitro assays (Wendeler et al., 2007), they appear to transport unique cargos in cell culture
and in vivo conditions. For example, Sec24C has been shown to be essential for secretion of
neurotransmitter transporters (Sucic et al., 2011) and the fusion of prechylomicron transport
vesicles with Golgi membranes (Siddigi et al., 2010). Furthermore, although Sec24D
depletion in zebrafish results in both craniofacial skeleton deficits as well as impaired
notochord extension (axial skeleton), Sec24C depletion only affects notochord extension and
not the head skeleton. Notably, combined depletion of Sec24C and Sec24D results in a
significantly more severe phenotype. These findings suggest that Sec24C and Sec24D are
exclusively required for secretion of select notochord basement membrane matrix proteins,
whereas other matrix proteins are secreted in a redundant fashion by the two paralogs
(Melville and Knapik, 2011, Sarmah et al., 2010). So far, only a few ECM cargos have been
matched with specific adaptors. Future in depth studies will be needed to establish a
combinatorial network of cargos and their respective adaptors and to understand how they
are regulated to meet the secretory demand of different tissues during embryonic
development as well as pathological and homeostasis conditions.

Although no human syndromes affecting Sec24 paralogs were known, SEC24B mutations
were recently identified in patients carrying severe neural tube defects (Yang et al., 2013).
Prior work in mouse mutants helped to explain how Sec24B is required for neural tube
closure. Analyses in mice obtained from a phenotype-driven chemical screen have shown
that Sec24B is essential for the secretion of Vangl2 (Van Gogh-like 2), a protein known to
act in planar cell polarity (PCP) and the gastrulation movements of convergence and
extension during early embryonic development. Defects in these processes result in
craniorachischisis and neural tube closure defects in Sec24B mouse mutants (Merte et al.,
2010, Wansleeben et al., 2010). Although Vangl2 is not a matrix protein per se, its function
has been shown to regulate MMP-14 (membrane type-1 matrix metalloproteinase), which is
involved in fibronectin remodeling (Williams et al., 2012a, Williams et al., 2012b) during
gastrulation (Latimer and Jessen, 2010). It will be interesting to determine whether a single
or multiple cargo adaptors execute ER egress of multiple components of a single pathway
such as PCP.

2.2. Sec23A and Sec23B paralogs perform tissues specific functions

The discovery of tissue-specific phenotypes in carriers of Sec23A mutations challenged the
prevailing view that Sec24 adaptors are solely responsible for cargo specificity of COPII
carriers. Vertebrate genomes harbor two paralogs of the ancestral Sec23 gene, Sec23A and
Sec23B (Paccaud et al., 1996). Unbiased, phenotype-driven genetic screens in vertebrate
animal models and disease genotyping in human patients provided the first evidence that
Sec23A and Sec23B are not only acting in tissue specific manner, but also are differentially
used in ECM macromolecule traffic.

crusher, a zebrafish sec23a mutant, was isolated in a genetic screen for phenotypes affecting
embryonic patterning and organogenesis (Driever et al., 1996, Knapik, 2000, Neuhauss et
al., 1996). crusher was shown to carry a honsense mutation at amino acid 402 in the Sec23a
gene, resulting in a predicted stop codon and truncation of almost half of the protein (Lang
et al., 2006). Craniofacial dysmorphology and shorter body length are the predominant
phenotypes of sec23a mutants, indicating deficits in skeletal development. At the subcellular
level, crusher chondrocytes exhibit distended rough endoplasmic reticulum (rER) in electron
micrographs (TEM) and accumulate type Il collagen deposits as shown by
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immunofluorescence (IF). This intracellular backlog consequently leads to reduced Collagen
and Matrilin content in cartilage ECM.

In parallel with discoveries of sec23a function in zebrafish, mutations in the human SEC23A
gene were reported to cause cranio-lenticulo-sutural-dysplasia (CLSD), an autosomal
recessive disorder characterized by facial dysmorphism and axial skeleton defects
(Boyadjiev et al., 2006). Electron microscopy and IF studies in fibroblasts isolated from
CLSD patients revealed dilated ER structures and accumulation of procollagen in rER
cisternae. To date two missense mutations located near the Sec31 binding site of the
SEC23A folded protein were identified in patients. The F382L mutation was shown to
hinder SEC23A ability to recruit the SEC13-SEC31 outer coat and to ultimately prevent
vesicle budding (Fromme et al., 2007), whereas the M702V appears to activate SAR1B
more efficiently than the wild type allele, resulting in premature dissociation of the COPII
coat from ER membranes (Boyadjiev et al., 2011, Kim et al., 2012). Although other cargo
molecules are packaged into COPII vesicles normally, procollagen accumulates in the ER of
M702V mutant fibroblasts. These results suggest that COPII vesicles with a longer
occupancy on ER membrane may be required to form sufficiently large carriers to transport
procollagen (Kim, et al., 2012). The zebrafish crusher and two CLSD mutations affect
approximately the same region of the Sec23A protein and result in remarkably similar
phenotypes. This highlights the high degree of conservation of COPII-mediated collagen
transport and establishes zebrafish as a strong in vivo system to model human mutations
(Vacaru et al., 2013).

SEC23B mutations in humans, in contrast to those of SEC23A, are linked to Congenital
Dyserythropoietic Anemia Type Il (CDAII), an autosomal recessive disease characterized
by ineffective erythropoiesis, hemolysis, and presence of multinucleated erythroblasts in
bone marrow. The precise molecular mechanisms leading to these phenotypes are not
understood, but transmission electron micrographs (TEM) of erythrocytes in peripheral
blood showed double plasma membranes, and SDS-PAGE experiments revealed
hypoglycosylation of membrane proteins (Bianchi et al., 2009), suggesting a requirement of
SEC23B in the trafficking of components of glycosylation pathways. Over 50 variants in
SEC23B have been identified throughout the length of the coding region, and most of the
patients are homozygous for missense mutations or compound heterozygotes presenting
primarily with an anemia phenotype (lolascon et al., 2010, Khoriaty et al., 2012, Russo et
al., 2010, Schwarz et al., 2009). No homozygotes for nonsense mutations have been
identified in approximately 370 reported cases (lolascon et al., 2012). Interestingly, three
independent gene-trap insertion lines in mouse, each of which results in predicted null
alleles, do not present an anemia phenotype and die at birth with profound developmental
and exocrine organ (pancreas, salivary and intestinal glands) secretion deficits (Tao et al.,
2012). However, zebrafish larvae depleted in sec23b present an anemia phenotype and
hemolysis similar to CDAII patients (Figure 2A,B; Schwarz et al., 2009), and in addition
they lack the entire neural crest-derived craniofacial skeleton (Lang et al., 2006, Schwarz et
al., 2009). At present it is not clear whether the range of phenotypes represents species-
specific functional differences (human-mouse) or variations between hypomorph and null
alleles. One potential explanation for the tissue-specific phenotypes observed with Sec23a
and Sec23b mutations is that the two paralogs are required to transport distinct cargos. This
notion, however, contrasts with the prevailing view that Sec24, but not Sec23, participates in
COPII cargo selection. Whether Sec23b is required (directly or indirectly) to transport
unique cargos from those of Sec23a remains unknown, and future studies will be needed to
address these questions to better explain tissue- and species-specific phenotypes that have
been observed.
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Although Sec23 is not known to directly carry cargo-binding functions, Sec23a and Sec23b
could indirectly convey cargo specificity of the COPII coat by selective interaction with
Sec24 proteins, which are known to directly interact with cargos (Barlowe, 2003, Mancias
and Goldberg, 2008, Miller et al., 2002, Miller et al., 2003). In this scenario, Sec23a may be
viewed as a critical partner for a collagen-specific Sec24 paralog. Alternatively Sec23 could
participate in direct cargo/receptor/adapter binding through undiscovered mechanisms. The
complexity of ECM cargo selection is just being uncovered in an in vivo setting of a
vertebrate body, and it has become clear that this is a complex problem that will require
extensive investigation.

2.3. SarlA and SarlB may differentially contribute to carrier size

Sarl is a small GTP-binding protein that initiates COPII coat assembly on ER membranes
(Aridor et al., 2001, Bielli et al., 2005, Kuge et al., 1994). Similar to other COPII
components, vertebrate genomes harbor two Sarl genes, SarlA and Sar1B (He et al., 2002,
Jones et al., 2003; Levic et al., 2013). The two paralogs are highly conserved and the human
genes vary by only 20 residues, whereas the fish and mammalian homologs share over 90%
identity. Despite this remarkable similarity in sequence the two paralogs function in a
distinct manner.

The distinct functions may potentially be explained by differential interactions of Sar1A and
SarlB with the outer COPII coat. Under Sec31-stimulated conditions, SarlB hydrolyzes
GTP more slowly than Sar1A possibly due to higher binding affinity of Sec13-Sec31 to
SarlA than to SarlB containing coats (Fromme et al., 2007). Conceivably, this high-affinity
binding of SarlA to the outer coat could lead to tightly packaged small vesicles, whereas
loosely packed Sar1B -outer coat complex may allow for larger COPII carriers (Fromme et
al., 2008). Although this could potentially help to explain how enlarged COPII carriers are
formed, it remains unknown whether the different binding affinities of Sar1A and Sar1B for
the COPII outer coat observed in vitro translate into functional differences in a physiological
context. Alternatively, for example, Sarlb may accommodate the formation of larger sized
carriers primarily due to its slower rate of GTP hydrolysis, which slow the kinetics of
vesicle budding to allow larger vesicles to form.

Consistent with the carrier size hypothesis, chylomicrons (250 nm in size) are significantly
larger than typical 90 nm COPII vesicles, and have been observed to be secreted in a Sar1B-
dependent rather than Sar1A-dependent manner (Shoulders et al., 2004). Mutations in
human SAR1B were shown to cause chylomicron retention disease (CMRD), a lipid
absorption disorder characterized by deficits in intestinal lipid uptake and
hypocholesterolemia (Jones, et al., 2003). Besides lipid malabsorption, some CMRD
patients are diagnosed with other symptoms, including exocrine pancreatic insufficiency,
decreased bone mineral density, and cerebellar ataxia. The pathophysiology of the disease is
not understood; however, sar1b loss-of-function experiments in zebrafish embryos showed
not only intestinal lipid absorption deficits but also craniofacial dysmorphology due to
failure of type 11 collagen secretion to extracellular cartilage matrix (Levic et al., 2013).
These findings suggest that Sarlb is needed not only for secretion of lipids in large
chylomicrons, but also large extracellular matrix proteins such as collagen.

Interestingly, no mutations in the SAR1A coding region have been identified in patients
(Charcosset et al., 2008, Kumkhaek et al., 2008) and depletion of Sarla in zebrafish did not
result in a gross dysmorphology (Levic et al., 2013). Recent experiments in mammalian cell
culture setting examined essential roles of Sarla and Sarlb and revealed that cells depleted
in both paralogs were still capable of secreting small globular proteins (VSV-G) in a COPII-
independent manner using a previously uncharacterized, atypical COPI-dependent secretory
mechanism. Procollagen type I, however, was retained in the ER and did not sort to ER exit
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sites (Cutrona et al., 2013). These findings open a new, intriguing possibility for ECM
transport mechanisms, particularly because COPI genetic mutations in zebrafish have
deficits in secretion of notochord basement membrane proteins (Coutinho et al., 2004). For
example, copa depletion results in a highly similar phenotype in the craniofacial skeleton
compared to Sec23a mutants alone; however, combined copa/sec23a mutants had a
significantly shorter axial skeleton than either condition alone (Lang et al., 2006). These
results suggest that distinct trafficking pathways are required for morphogenesis of the two
tissues, which are composed of distinct ECM components. Further investigations are needed
to better understand the function of the COPII inner coat in ECM secretion, as well as the
regulatory mechanisms that provide the proper combinations and stoichiometry of different
inner coat paralogs to meet the secretory demand of various tissues and organs — the so-
called secretory code, which remains an elusive riddle in cell biology (Figure 1).

2.4. Sec13-Sec3lof the outer coat contribute to cargo specificity

Sec13-Sec31 heterotetramers form an outer shell of the COPII coat (Stagg et al, 2006) and
are thought to provide stability to its rigid structure (Copic et al., 2012). Most vertebrate
genomes contain at least two Sec31 genes, but only one Sec13 (Stankewich et al., 2006,
Swaroop et al., 1994, Tang et al, 2000). To date no human patients have been reported to
carry mutations in genes of the outer coat. The unknown nature of the Sec13 and Sec31
syndromes might be a result of in utero lethality, or alternatively might reflect redundant and
nonessential functions of the genes in human development. Further characterization of loss-
of-function phenotypes in vertebrate animal models will help narrow down the spectrum of
human syndromes that could be tested for potential mutations in Sec13 and Sec31.

Sec13 has been suggested to play critical roles in development of craniofacial structures. In
zebrafish, knockdown of Sec13 leads to morphological abnormalities in craniofacial
cartilage elements, short pectoral fins, small eyes and cardiac edema, likely resulting from
defects in proteoglycan and collagen secretion (Townley et al., 2008). At the molecular
level, Sec13 depletion in human cells in culture led to loss of Sec31 on the outer coat of
COPII vesicles, although budding and curvature of the vesicles were unaffected in TEM
analyses (Niu et al., 2012, Townley et al., 2008). Furthermore, Sec13 depleted cells failed to
export collagen from distended rER, whereas tsO45-VSV-G-YFP, a secretory cargo marker,
and other small soluble cargos were normally secreted. Although the bases for the secretion
of small soluble cargos were not investigated, a proposed COPI-dependent mechanism could
potentially explain the results (Cutrona et al., 2013).

Sec13 was also implicated in the development of digestive system organs. The zebrafish
sec13 genetic mutation leads to hypoplastic intestine, exocrine pancreas, and liver. The gene
appears to be dispensable for initial specification and patterning stages of development, but
is essential for tissue growth and cell proliferation (Niu et al., 2012). Similar morphological
deficits in intestinal epithelium morphology were observed in a morphant model, further
emphasizing the requirement of Sec13-Sec31-driven secretion in the development of
digestive system (Townley et al., 2012). A small eye phenotype in Sec13-depleted zebrafish
embryos was linked to degeneration of photoreceptor cells, in addition to impaired
trafficking of collagen in retinal pigment epithelium, supporting the model that efficient
assembly of the COPII outer coat is required for trafficking of large ECM cargos in skeletal
tissues, tubular organs and the retina (Schmidt et al., 2013).

Collectively, these studies underscore the importance of a fully functional Sec13-Sec31
outer coat for the development of various, highly secretory organs such as cartilage,
exocrine pancreas, liver, and retina. The outer coat appears to be required for the transport of
bulky collagen cargos as opposed to small soluble proteins. Further studies in vertebrate
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model systems and patient samples will be required to identify other ECM cargos secreted in
a Sec13-31-dependent manner and to identify determinants of the secretory code.

3. Transcriptional regulation of ECM secretion

An unsolved problem in cell biology is how regulatory mechanisms directing development
and adult homeostasis communicate with secretory pathway programs to assure sufficient
and timely availability of cargo-specific coats. In a living multicellular organism, the
secretory pathway responds to constant demands for cargo delivery during development,
physiological changes, and tissue repair. The transcriptional and other signaling mechanisms
that govern these functions are just being illuminated. The first known bona fide
transcriptional regulator of the secretory machinery has recently been identified in mice,
zebrafish and flies (Abrams and Andrew, 2005, Fox et al., 2010, Melville et al., 2011, Saito
et al., 2009a, Tanegashima et al., 2009).

Creb3L2 (cCAMP responsive element binding protein-3 like 2), also known as BBF2H7, has
been linked to collagen secretion in vertebrates. Creb3L2 is an ER-resident, transmembrane
transcription factor that is highly expressed in chondrocytes. After COPII-dependent ER
export, Creb3L2 is cleaved in the Golgi to an active, soluble peptide that dimerizes and then
is translocated to the nucleus to activate the expression of target genes (Lui et al., 2008,
Panagopoulos et al., 2007). Creb3L2 knockout mice display chondrodysplasia and die
shortly after birth (Saito et al., 2009a). Proliferating chondrocytes in E18.5 stage mice have
distended ER and intracellular collagen Il accumulation. In cultured ATDCS cells, luciferase
assays revealed that Sec23a promoter activity is regulated by CREB3L2, while chromatin
immunoprecipitation showed binding of CREB3L2 to Sec23a promoter region. Taken
together, this study linked Creb3L2-mediated transcriptional regulation of Sec23A
expression to collagen trafficking.

Concurrent study of the zebrafish feelgood mutation identified a missense variant in the
creb3L2 coding region resulting in a hypomorphic allele (Melville et al., 2011). Luciferase
assays of the feelgood variant revealed reduced transcriptional activity to approximately
50% and consequently, significant decrease in Sec23a expression by quantitative PCR
experiments. Further analyses showed that, in addition to Sec23a, Creb3L2 is required for
the transcription of specific subsets of the COPII machinery, such as Sec24D but not
Sec24C. In addition, trafficking of collagen 11 in chondrocytes and collagen 1V in notochord
sheath cells were disrupted, whereas other cargos including laminins were not affected.
These data suggests that spatio-temporal expression of COPII components is differentially
regulated by Creb3L2 and possibly by other, yet unknown transcription factors. TEM
analyses in feelgood chondrocytes revealed protein backlog and distended ER structure as
well as progressive loss of cartilage matrix. One potential interpretation of the finding is that
in the initial phase of collagen secretion the cargo load is modest and available coats are
sufficient to initiate the process. As matrix secretion increases, however, the available coats
are not able to meet the demands of the cell and ECM deposition decreases, resulting in
progressive reduction of the collagen fibrils in growing skeletal tissues. Creb3L2 is, so far,
the only transcription factor identified as a regulator of COPII-dependent collagen secretion.
Future studies are needed to discover transcriptional regulatory mechanisms for the specific
COPII components and mediators of post-translational modifications important for ECM
secretion.

4. Post-translational modifications of the trafficking machinery

Recent findings have highlighted the importance of an additional level of regulation in ECM
secretion through post-translational modifications of COPII components, which have been
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shown to regulate COPII vesicle architecture and assembly. For example, phosphorylation
and ubiquitination of COPII proteins can change the affinity of individual coat components
to each other and can impact vesicle size.

4.1. Monoubiquitination

Monoubiquitination (addition of a single ubiquitin molecule) has emerged recently as a
novel mechanism to modulate protein function (Lauwers et al., 2009), unlike
polyubiquitination, which has been known to earmark proteins for proteasomal degradation
(Angers et al., 2006). The Cullin3 (Cul3, cullin-based E3 ligase) and KLHL12 (kelch-like
family member 12) complex has been shown to function as a ubiquitin ligase that
monoubiquitinates Sec31 (Jin et al., 2012, Stephens, 2012). This modification is required to
drive procollagen secretion. The concerted action of the cytoplasmic Cul3-KLHL12
complex, under overexpression conditions in a mammalian cell culture system, leads to
production of enlarged COPII coated carriers that are up to 500 nm in diameter — large
enough to accommodate procollagen molecules. However, this modification is not required
for trafficking of smaller or more flexible cargoes such as fibronectin, EGF receptors, or
integrin B1 (Jin et al., 2012). Despite this significant discovery, the precise mechanism of
how Sec31 monoubiquitination regulates the size of COPII coated carriers in collagen traffic
is unknown. Particularly, it remains to be established how the cytoplasmic Cul3-KLHL12
complex recognizes secretory cargo within the ER lumen, which is separated from the
complex by ER membranes. Conceivably, the extra time required to package bulky cargo
like collagen could result in Sec31 occupying a budding vesicle longer, which may result in
its targeting by the Cul3-KLHL12 complex. In any case, Sec31 appears to be a key target for
post-translational regulation of COPII carriers’ size as it is both monoubiquitinated and
phosphorylated.

4.2. Phosphorylation

Although Sec31 was initially detected as a phosphoprotein many years ago (Salama et al.,
1997, Shugrue et al., 1999), Casein kinase Il (CK2) has only recently been identified as a
kinase responsible for Sec31 phosphorylation. This modification was suggested to regulate
Sec31 association with ER membranes through interaction with the COPII inner coat
(Koreishi et al., 2013). Ultracentrifugation assays concluded that phosphorylated Sec31 has
reduced membrane association, whereas a non-phosphorylatable Sec31 mutant remains at
ER exit sites longer and bound more strongly to Sec23. A model where Sec31
phosphorylation interferes with its binding to the COPII inner coat, which ultimately delays
vesicle budding, has been proposed (Koreishi et al., 2013). Although preliminary, this model
could explain regulatory mechanisms that control COPII vesicle size. Notably, the function
of other kinases in phosphorylation of COPII outer coat components has not been
investigated in vivo (Dephoure et al., 2008, Franz-Wachtel et al., 2012, Olsen et al., 2006).
Identification and characterization of the phosphatase(s) responsible for dephosphorylation
of COPII coat subunits will help in further understanding the molecular mechanisms
underlying the regulation of collagen secretion

Akt (Protein kinase B) has been shown to phosphorylate recombinant human SEC24C and
SEC24D. SEC24 proteins phosphorylated by Akt show greater affinity toward Sec23 as
detected by co-IP using CHO-7 cells (Sharpe et al., 2011). Although the specific role of
Sec24D phosphorylation in collagen trafficking has not been investigated, differential
phosphorylation of individual Sec24 paralogs could explain COPII coat diversity in
accommodating ECM cargo.

Collagen secretion is critical to homeostasis of the arterial wall, and malfunction can result
in blood vessel rupture with detrimental consequences to the organism. PKC6 (Protein
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kinase C-, member of the family of serine/threonine kinases) has been implicated in collagen
I secretion in smooth muscle cells. PKC8 knockout mice display reduced collagen |
deposition to the arterial wall and intracellular accumulation in surrounding smooth muscle
cells. Backlogged collagen | was primarily found in the TGN (trans-Golgi network) of the
Golgi complex. PKC8-null smooth muscle cells exhibited reduced levels of the Rho GTPase
Cdc42, and restoration of Cdc42 rescued collagen | secretion defects (Lengfeld et al., 2012).
This study supports a model where PKC8 phosphorylates yet unidentified targets in a
Cdc42-dependent manner that is required for collagen | secretion. This study has identified a
novel phenotype in the collagen secretory pathway and future studies might uncover its
specific functions in ECM cargo transit through the Golgi complex (Lengfeld et al., 2012).

5. Auxiliary proteins supporting collagen secretion

5.1. Tangol

Recent phenotype-driven genetic screens have identified two novel proteins that are
associated with COPII coat machinery and are essential for efficient packaging of large
ECM cargos. Tangol/Mia3 and cTage5 are transmembrane proteins associated with ER
(Saito et al., 2009b, Saito et al., 2011). They bind to Sec23-Sec24 subunits of COPII coat on
the cytoplasmic side and to procollagen on the ER luminal side. Tangol and cTage5 are
postulated to aid cargo selection and concentration into carriers, as well as to delay vesicle
scission to allow extra time for cargo loading.

Tangol (transport and Golgi organization 1) was identified in a genome-wide screen for
genes required for constitutive protein secretion using Drosophila S2 cells (Bard et al.,
2006). Tangol was shown to reside at ER exit sites and potentially act as a guide protein for
large cargo loading (Figure 3) (Saito et al., 2009b). The protein contains two well-
characterized domains: a C-terminal proline rich domain (PRD) required for localization to
ER exit sites, and a luminal SH3 domain interacting with procollagen, as shown by
immunoprecipitation assays using transfected COS7 cells. Tangol is essential for collagen
VII transport, and its depletion in cultured skin fibroblasts results in a backlog of collagen
VIl in the ER (Saito et al., 2009b). The same study showed that Tangol does not get
packaged into COPII vesicles, but remains at ER exit sites after collagen loading is
completed. Tangol is suggested to work as a guide by binding to collagen via its SH3 (SRC
homology 3) domain to help bulky collagen molecules to get pushed into vesicles. Aside
from its interaction with collagen, Tangol can also bind to the Sec23-Sec24 inner coat
through its proline-rich domain (Bi et al., 2007, Shaywitz et al., 1997, Shugrue et al., 1999).
Tangol is proposed to prevent binding of Sec31 during budding to slow down vesicle
biogenesis while procollagen molecules are being loaded; once the loading process is
completed, Sec31 can be recruited to a procollagen-filled vesicle upon dissociation of
Tangol from both collagen and Sec23-Sec24 complex via a conformational change (Figure
3).

Developmental roles of Tangol were investigated in mouse models. Tangol knockout mice
exhibit global secretion defects in collagen I, I1, 111, 1V, VIl and IX from various cell types
such as chondrocytes, fibroblasts and endothelial cells. Overall development of Tangol
knockout mice is severely compromised, resulting in dwarfism and edema (Wilson et al.,
2011). In Tangol-null mice ECM deposition is affected, leading to deficits in cartilage and
bone development. These analyses in knockout mouse have revealed critical and widespread
roles for Tangol in vertebrate development, especially for global collagen secretion and
skeletogenesis.
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CcTAGEDS5 (cutaneous T-cell lymphoma-associated antigen 5) was originally found to be
overexpressed in various tumors and considered a tumor-specific antigen (Heckel et al.,
1997), and has recently been associated with collagen trafficking in mammalian cells.
CTAGES is an integral membrane protein that localizes to ER exit sites. It contains a
transmembrane domain, a proline rich-domain and coiled-coil domains.
Immunoprecipitation experiments showed that cTAGES, via its coiled coil motifs, interacts
with Tangol in mammalian cells. Yeast-two-hybrid assays revealed the interaction between
the proline-rich domain of cTAGES and Sec23-Sec24 inner COPII coat complex. Moreover,
knockdown of cTAGES in mammalian cells resulted in accumulation of collagen VII within
the ER (Saito et al., 2011). These results suggest that cTAGES may serve as an essential co-
receptor for Tangol to facilitate packaging of procollagen into COPII carriers. This notion is
supported by the following observations: (1) cTAGES can directly interact with Tangol and
(2) knockdown of cTAGES leads to collagen export defects regardless of the presence of
proper localization and expression of Tangol.

Although Tangol and cTAGES have been known to facilitate loading of collagen into
COPII vesicles, their action can only partially explain the mechanisms that govern the
growth of large COPII carriers. Sedlin, a TRAPP (TRAfficking Protein Particle) component
that was shown to be defective in spondyloepiphyseal dysplasia tarda (SEDT) patients
(Davis et al., 2013, Gedeon et al., 1999, Gedeon et al., 2001, Matsui et al., 2001, Mumm et
al., 2000, Mumm et al., 2001) has recently been shown to be required for procollagen export
from the ER. The SEDLIN gene is mutated in SEDT patients with chondrogenesis defects.
In Sedlin-depleted chondrocytes, procollagen accumulates in ER while small cargo is
trafficked properly. Further analysis showed that Sedlin is recruited to ER exit sites in a
Tangol-dependent manner. In the absence of Sedlin, the Sar1-GTPase cycle is hyperactive,
which results in premature membrane constrictions as detected by electron tomography and
3D reconstruction analysis in fibroblasts from SEDT patients (Venditti et al., 2012). A
current model postulates that Tangol-mediated Sedlin recruitment to ER exit sites facilitates
efficient Sar1-GTPase cycles to stabilize inner COPII coat and prevent premature membrane
constrictions.

5.4. ECM trafficking mechanisms

ECM macromolecules may require specialized trafficking carriers and mechanisms because
of their large size and complex assembly. Recent reports have revealed that large cargo, like
procollagen, use a specialized combination of COPII components to build large transport
carriers for ER exit. Others have shown that COMP (cartilage oligomeric matrix protein) /
thrombospondin 5 traffic is integrated with secretion of other matrix proteins, such as
collagen 1X, which reveals potentially novel ways of packaging and selecting ECM cargo
(Chen et al., 2004; Hecht et al., 2005; Posey et al., 2004)). Similar regulatory mechanisms
may apply to cartilage ECM proteoglycan secretion as recently shown by genetic mutations
disrupting proteoglycan synthesis pathways (Eames et al., 2010; Eames et al., 2011)

Thrombosponsins (TSP) are calcium-binding, glycosylated oligomeric ECM proteins that
function in diverse cellular and physiological processes such as cell adhesion, tumor growth,
platelet aggregation, and angiogenesis, as well as assembly of skeletal matrix (Adams &
Lawler, 2004). TSPs exert many of these functions through interactions with other
extracellular proteins (Adams & Lawler, 2011). Several mutations in TSP-5/COMP result in
skeletal dysplasia, namely pseudoachondroplasia (PSACH) and multiple epiphysial
dysplasia (EDM1) (Briggs et al, 1995; Briggs et al, 1998; Hecht et al, 2005; Hecht et al,
1995; Posey et al, 2004). Interestingly, chondrocytes expressing mutant COMP alleles retain
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not only COMP in the ER but also other ECM proteins, such as type IX collagen and
matrilin-3 (Hecht et al, 2005; Hecht et al, 2004; Merritt et al, 2007). A model to explain this
finding has been proposed in which mutant COMP may promote an interaction of type-I1X
collagen and matrilin-3 around a type-I1 collagen based core, which would otherwise form
in ECM, resulting in an accumulation of several matrix components in the ER cisternae
(Merritt et al, 2007). This study proposes a hovel concept by suggesting that the intracellular
trafficking of select ECM proteins may be facilitated by other secretory ECM molecules.

Concluding Remarks

Despite sustained interest, little is known about fundamental cargo selection mechanisms of
the COPII inner coat, and numerous questions remain. For example, are Sec24 paralogs the
only inner coat subunits that function in cargo selection, or are the Sec23 paralogs also
capable of influencing cargo selection/traffic? Are all Sec23 and Sec24 paralogs present at
stoichiometric levels within individual cells during embryonic development, tissue repair,
and at homeostatic conditions? Alternatively, does transcriptional and post-translational
regulation dynamically balance the relative levels of inner coat paralogs to meet secretory
demand? What types of cargos use specific adaptors and in which tissues, and are the
processes of cargo and adapter expression regulated coordinately or separately during
cellular differentiation? Is there an overarching “secretory code” that could predict cargo-
adaptor relationships, and could such understanding be used therapeutically as “druggable
targets” to promote or suppress the secretion of factors involved in processes such as cancer
metastasis and cellular differentiation? What are the functions of conserved and divergent
domains in cargo adaptors, and do these domains confer cargo specificity directly or
indirectly?

These unanswered questions have critical human health implications because the
coordinated function of secretory pathway is essential for organ and cell physiology,
particularly for the establishment of all basement membranes and extracellular matrices, as
well as for influencing cell polarity, migration, adhesion, and the deployment of specific
receptors and growth factors. All of these events are tightly regulated, and the precise
availability of COPII components appears to be required to deliver these molecules in a
coordinated spatiotemporal fashion. In summary, recent discoveries of secretory machinery
functions in ECM transport using in vivo vertebrate model systems, as well as elegant in
vitro and culture models, have created new paradigms for understanding secretory biology.
Continued research will help to translate these principles into a therapeutic framework.
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Figure 1. The secretory module, Transcription Factor—COPII Adaptor—ECM Car go, operatesin
a spatio-temporal manner

Recent discovery of a “secretory module” consisting of Creb3L2, a transcription factor that
regulates the expression of Sec23A-Sec24D, which then facilitate procollagen cargo traffic
during embryonic skeletal development, provided the first evidence for the “secretory code”.
The existence of such a secretory code is supported by studies with mutant animal models
and human patient samples discussed in this review. To date only the secretory modules for
type | and type 1l collagens were tested, which were conducted primarily in the zebrafish
system using feelgood-crusher-bulldog mutations (creb3L2-sec23A-sec24D, respectively). It
is hypothesized that unknown transcription factors regulate the expression of distinct COPI|I
cargo adaptors (Sec24A-D and Sec23A-B), leading to preferential availability of the various
coat components that are required for transport of distinct ECM cargos, such as fibronectin
and thrombospondins, at any given time point. Evidence suggests that a diverse array of
COPII coats containing specific combinations of core components and associated proteins is
required for transport of structurally divergent cargos, such as globular, fibrillar, or
transmembrane proteins. Further studies will be required to unravel the complexity of the
secretory code to understand how the system integrates cellular operations at regulatory and
structural levels to a spatio-temporal manner in a living organism.
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Figure 2. Deficitsin secretory machinery lead to tissue-specific phenotypes

A,B. Wild-type 2 day zebrafish embryos stained with o-dianisidine, which is oxidized by
heme in the presence of peroxide and colored brown, display abundant hemoglobin within
the ducts of Cuvier (arrowhead) and the heart (arrow). B. Sec23b morphants, which have
defects in erythrocyte development, are deficient of hemoglobin at 2 days. C,D.
Transmission Electron Micrographs (TEM) images of wild-type zebrafish chondrocytes (3-
day old) show characteristics of highly secretory cells, including abundant rough ER
(arrow), mitochondria (line), and Golgi. D. feelgood/creb3L2 mutant chondrocytes contain
highly distended rER (arrow) due to collagen backlog. Symbols: e, eye; h, heart; P, pigment;
Y, yolk; ECM, extracellular matrix; ER, endoplasmic reticulum; M, mitochondria; N,
nucleus.
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Figure 3. Packaging of procollagen fibrilsinto large COPII carriers

Procollagen is a rigid, fibrillar protein aggregate that is significantly larger than the typical
size COPII-coated vesicles. Recent work has uncovered auxiliary proteins that aid in the
packaging and transport of procollagen into mega-sized COPII carriers. Procollagen is
initially loaded into budding vesicles through the concerted action of transmembrane
proteins TANGO1 and cTAGES, which both bind to the Sec23-Sec24 inner coat complex on
the cytoplasmic side and collagen on the luminal side. TANGO1/cTAGES interaction with
the inner coat is thought to inhibit the association of the COPII outer coat complex with the
inner coat, which delays the fission of vesicles from the ER exit sites and results in the
formation of large-size carriers. TANGOL is also essential for recruiting Sedlin, which
interacts with Sarl and provides efficient cycling of Sar1-GTP hydrolysis, further delaying
coat dissociation from the membranes. After procollagen loading is completed, TANGO1
undergoes a conformational change and dissociates from both procollagen and the inner coat
complex but is left behind in the ER membrane after COPII carrier fission. Recruitment of
Sec13-Sec31 outer coat is the final step of coat formation before fission.
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