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CHAPTER |

INTRODUCTION

Many of the most basic functions of cells, incluglintercellular communication,
organelle formation, and extracellular matrix depos, are reliant on trafficking of
proteins to their required destination. The fast critical step for proteins within the
secretory pathway is exit from the endoplasmicuttim (ER) and transport to the Golgi
apparatus. Disruptions in this transport are oftetnimental to the cell and result in
various human syndromes (Stagg et al., 2008; O’Blbet al., 2011). The secretory
system is often exploited by pathogens such asaremorrhagic&scherichia coli
seeking entry to the machinepossibly in order to manipulate proteins secrétedr
expressed at the plasma membrane of host(¢@tis et al., 2007). The COPII coat
proteins and their effectors are the primary medsabf ER-to-Golgi transport. While a
requirement for COPII transport is universal amoalis, different cell types and tissues
have highly divergent requirements for COPIl mestiadecretion. Understanding how
CORPII function is regulated across different tissard for different cargos will help to
understand basic cellular mechanisms and allowlédgelopment of better approaches to

treat numerous diseases.

Protein Transport
Protein transport is a complex process that invotigerse components of the

cellular machinery, which must not only transpantgo, but must also allow for proper



recycling of resident proteins back to the comparthof origin. This cellular machinery
includes not only vesicular coat proteins, but as@rse molecular components ranging
from actin, which maintains membrane structure®db GTPases, which act to target
vesicles to correct membranes (Campellone et@08;2Bonifacino and Glick, 2004;
Gurkan et al., 2007). After their initiation ofqtein translation, secretory cargos undergo
translocation across the ER membrane and insartiorthe lumen entering the
membrane-enclosed network of outer cellular compamts. Within the ER lumen

cargos encounter a vast integrated biological sysesponsible for forming and
maintaining folded proteins, initiating N-linkedygbsylation, and identifying and
destroying misfolded protein.

After initial processing within the ER lumen, casgare prepared for export by
concentrating them at ribosome-depleted ER exsiERES) (Figure 1.1). Here, the
GTPase Sarl recruits the inner (Sec23-Sec24) aed (@ecl13-Sec31) COPII coat
proteins, which help to deform the budding membtaralow vesicle formation and
fission (Figure 1.2). The vesicles are then tc&#d along microtubules by the
dynactin/dynein machinery, which interact with theer coat protein Sec23 (Watson et
al., 2005). In yeast, these COPII vesicles trauelctly to thecis-Golgi, but in vertebrate
cells they undergo homotypic fusion, which is meatidby Sec23-TRAPP complex
interactions (Cai et al., 2007). This homotypisieke fusion results in the formation of
the ER-Golgi intermediate complex (ERGIC), whichves as a sorting center for COPII
and COPI vesicles (Appenzeller-Herzog and Hau®620although its formation and

function are poorly understood.
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Figure 1.1: The Secretory Pathway. Schematic of the cellular compartments involved
in protein trafficking and the directions of transpto/from these compartments,
including the structure of two vesicular proteirat(COPII, clathrin).
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Figure 1.2: The COPII complex. Graphic depicting the process of COPII coat mediat

membrane deformation (left), and a complete CO®%iate (right) (Melville and Knaplik,
2011).



From the ERGIC, cargos are sorted to the Goldipalgh whether this involves
maturation of the ERGIC into a new Golgi stack esieular transport in still unclear
(Nakano and Luini, 2010). Once in the Golgi, capgoteins are further processed and
exported, while ER-resident proteins are recyclkecklby COPI-mediated retrograde
transport. The ER and Golgi do not act as comlylseparate entities, but have a highly
dynamic relationship, and are dependent on eadr @ihproper function and
maintenance of cell homeostasis (Altan-Bonnet.e2804; Ward et al., 2001; Pulvirenti

et al., 2008).

COPII

The COPII machinery is the primary mediator of BR=tolgi transport. COPII
vesicle budding is initiated when the small, cyésmic GTPase Sarl undergoes a
conformational change upon GTP binding, exposingraphipathiax-helix that allows
Sarl to associate with the ER membrane (Barloved ,€1994; Matsuoka et al., 1998;
Huang et al., 2001). Sarl then recruits the S&24 heterodimer to the ER surface,
forming a “pre-budding complex”. Sec23 acts asT®#&se-activating protein for Sarl,
whereas Sec24 plays a role in protein cargo sele¢hililler et al., 2002; Mancias and
Goldberg, 2008). These three proteins form thenmoat and are thought to impose the
initial ER membrane deformation. Next, the CORItes coat complex assembles by
Secl3 and Sec31 heterotetramers, which form aldagstructure that encompasses the
pre-budding vesicle (Figure 1.2) (Stagg et al.,@@'Donnell et al., 2011). The outer
coat appears to be primarily responsible for memdfession (Fath et al., 2007;

Stankewich et al., 2006; Fromme et al., 2007).



COPII components are highly conserved throughapthnt and animal
kingdoms. The yeaSaccharomyces cerevisifas one Sec23 gene and three Sec24
paralogs (Sec24, Lstl and Iss), while vertebrat®ges contain four Sec24 (A, B, C and
D) and two Sec23 paralogs (A and B) (Paccaud €1996; Tang et al., 1999). Although
yeast Sec23 and Sec24 are essential for survivedite variants in genes of COPII
components in humans cause a broad spectrum @fséisavith clinical manifestations as
diverse as skeletal defects, anemia, and lipid Insalgption (Boyadjiev et al., 2006;
Bianchi et al., 2009; Schwarz et al., 2009; Joned. £2003). The precise molecular and
cellular mechanisms that lead to such outcomep@vdy understood, underscoring the
importance of animal models to study these orgad-t@sue-specific deficits (Schwarz

et al., 2009; Lang et al., 2006).

Sec23 and Sec24 paralogs are necessary for skeletal development

Unbiased, forward genetic screens in zebrafish baea particularly useful to
uncover the functions of genes that encode vai@@RIl components. For example, the
zebrafishbulldog/sec24dvas recovered in a phenotype-driven screen forafaial
dysmorphology mutations (Neuhauss et al., 1996\e@ri et al., 1996)bulldog mutants
are characterized by a short, flattened jaw, kinkectoral fins, and short body length,
but overall embryo patterning appears normal (Shretal., 2010). This phenotype
suggests that Sec24D activity is critical for tleeelopment of skeletal elements in the
jaw, fin and notochord. The specificity of the pbg/pe caused by the loss of such a
universal component in a pervasive cellular pathigasgriking but not unique. The

zebrafishcrusher/sec23anutant (Lang et al., 2006) manifests complex skélet



crusher/Sec23A

bulldog/Sec24D

Figure 1.3: COPII mutants bulldog/sec24d and crusher/sec23a fail to traffic collagen.
Immunostaining of WGA (green), which binds N-glygladed proteins, and Cal2 (red)
in the Meckel’s cartilage of 4 djplulldog andcrusherembryos. Mutant chondrocytes
accumulate intracellular type-I1l collagen deposit$ seen in wild type.



dysmorphology that closely resembles blodldogphenotype. At the cellular level,
bulldogandcrusherchondrocytes fail to traffic type-1l collagen anther ECM proteins
out of the ER (Figure 1.3).

When considering how impairing a seemingly essefurection, ER-to-Golgi
transport, can lead to a tissue-specific phenotgpeaemnportant question to address is
whether théoulldogandcrushermutants represent hypomorphic or null phenotypes
affecting only certain proteins in a subset of tgtles. The four alleles bdulldoglead to
progressively longer truncations of the Sec24Dgimtyet they all result in an identical
phenotype, strongly suggesting that all of badldog alleles are genetic nulls (Figure 1.4).
Similarly, the only identified Sec23A mutant in zefish,crusher,also results in a
premature stop codon, leading to nonsense-mediaealy of the transcript (Figure 1.4).
Maternal contributions of proteins or transcriptsiic theoretically account for the
largely normal early developmentlodilldogandcrushermutants, as both Sec23A and
Sec24D are maternally deposited. However, actwatf zygotic transcription in
zebrafish occurs concurrently with degradation atemal mRNAs (during the
midblastula transition at 3 hours post-fertilizadi@-erg et al., 2007) making it unlikely
that maternal proteins take part in COPII asserbblyond the initial stages of
development. Moreover, if maternal contributionrsveamajor factor, then antisense
morpholino knockdown targeted to both maternal zygbtic mMRNAs would result in a
significantly more severe phenotype than eitheahefmutants present, but this is not the
case. Thus, the most probable scenario ishihiédogandcrusherrepresent genetic nulls.
If these are null alleles, then this suggeststti@mphenotypes afrusherandbulldog

reflect the specific functions of Sec23A and Sec?4Bkeletal development.



SEC24D
binding interface

-

“  binding site

Figure 1.4: bulldog and crusher encode mutationsin the COPII complex. Structure of
human SEC24D and SEC23A (Top), and the truncatoised byulldogandcrusher
mutations in zebrafish proteins as projected ondmproteins (Middle). Overlay of the
structure of human SEC23A and SEC23B. Bindingfates to other proteins are
indicated by purple lines (Bottom).



Further support for this notion comes from theichhanalysis of the Cranio-
lenticulo-sutural dysplasia (CLSD), a rare gendisease with a recessive mode of
inheritance caused by a point mutation in$#eC23Agene (Boyadjiev et al., 2006).
CLSD patients have skeletal dysmorphologies andlaeldefects that are very similar to
thecrusherzebrafish variant, also suggesting that at leasiesof the tissue-specific roles
of COPII elements have been conserved during @ealutlo date, no human syndromes
have been identified that disrupt Sec24D. Thug#iafish mutations are the primary
tools to study Sec24D function in vertebrates.

Although traditionally the COPII-dependent antesmtg protein transport was
considered an essential pathway with universaltfans in all cells, these recent clinical
data and animal studies have challenged this ewldr and Hannan, 2002; Zanetti et
al., 2012). How, then, is the anterograde prasenretion organized in vertebrates? Do
cargo adaptors transport proteins according toldpueental stage, type of cargo protein,
or cell type? Alternatively, could dynamic regudat allow a combinatorial COPII
system to assemble uniquely in various cell typeneet the specific secretory demands
during development and adult homeostasis? In stippthis notion, ubiquitylation has

been shown to alter Sec23 function (Fromme e2@08; Jin et al., 2012).

Chondrocyte development

Craniofacial malformations are involved in threenxfihs of all congenital birth
defects in humans (Chai and Maxson, 2006). Clitaccghe development of the head is
the cranial neural crest. Cranial neural crestgse to a variety of different cell types,

and is responsible for most of the hard tissugserhead (Kimmel et al., 2001). Neural
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crest arises from the lateral margins of the nepledk. Neural crest cells (NCCs)
undergo epithelial-mesenchymal transition and negtlaroughout the body, giving rise
to various cell types such as neurons, pigmens,cafid chondrocytes. Migrating NCCs
condense and interact dynamically with the locairemment to form the pharyngeal
arches that later give rise to much of the skelatwhmuscle of the head. The initial
signals that lead to pharyngeal arch formation ctroma the craniofacial ectoderm, but
afterwards the cranial neural crest cells becoraeltlving factor (Chai and Maxson,
2006). In the formation of pharyngeal arches, NCélks differentiate into chondrocytes,
the cartilage-producing cells of the body. Chowgltes secrete large quantities of type-Il
collagen, which makes up 90% of the ECM producedhondrocytes. As this ECM is
made, chondrocytes lose their cell-cell attachmertd the accumulation of collagen
fibrils and other matrix proteins form cartilag€his cartilage is later invaded by

osteoblasts to form the bones of the face.

Stage, cargo and cell specific aspects of Sec23 and Sec24 functions

It is possible that distinct cargo adaptors, eeg:24D, function at defined
developmental stages and that this results inisead-specific phenotypes seen in
various COPII mutations. Cranial NCC migration @oetidensation at the pharyngeal
arches requires diverse cell-cell and cell-matrteractions such as integrin-fibronectin
interactions (Strachan and Condic, 2008; Testat ,1999). Similarly, NCC
differentiation into chondroblasts, proliferati@nd secretion involves high levels of
type-1l collagen and other ECM proteins (Lang et2006; Sarmah et al., 2010; Hickok

et al., 1998).
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In bulldog/sec24dnutants, NCC migration is not disrupted (Sarmaél.e2010).
Proteins involved in the initial steps of mesenchioondensations of NCC, cell-cell and
cell-matrix interactions (i.e., N-cadherin andptatner3-catenin, Fibronectin, and
Integrinpl) are properly localized to the plasma membrakaditionally, bulldog
embryos have similar numbers of chondrocytes ad-types, further suggesting that the
early stages of chondrogenesis that involve NCGQatimn, condensation, differentiation,
and proliferation proceed normally. Howevanx9adown-regulation, which typifies
maturing chondrocytes, does not take pladeulidog mutants, and chondrocytes fail to
become hypertrophic. Collectively, these findingdicate that whereas Sec24D-
dependent protein transport is dispensable foe#inly steps of chondrogenesis, it is
required for chondrocyte maturation and hypertrophigerefore, we postulate that
Sec24D function is required at specific stagesagtilage development.

An alternative explanation for the late skeletadafic defects could relate to the
heavy secretory load in maturing chondrocytestbatd overwhelm the available pool
of COPII components. It is conceivable that atyedevelopmental stages there is
sufficient supply of coat proteins to meet the sy demand, but as development
progresses and the load of transported proteimeases, phenotypes emerge in highly
secretory cells such as chondrocytes. This pdisgibeems unlikely, because collagen is
not secreted at earlier stages in the notochordrevtine secretory load is significantly
lower than in chondrocytes. Furthermore, compaehthe collagen receptor complex,
such as Integrifil, are transported to the plasma membrane atdge sthen ER is
already backlogged with ECM proteins. Therefaregems improbable that the

trafficking defects irbulldogchondrocytes are due solely to cargo overloadoatih

12



cargo load might contribute to the overall phenetyp

The special problem of collagen

Another possibility is that the nature of transpratgo could demand specialized
adaptors for ER exit. For example, large fibritatlagens (type-I or type-II) fail to exit
the ER inbulldog mutants. It is conceivable that Sec24D is esgkspiecifically for the
transport of type-Il collagen. This could help p the characteristics of thilldog
phenotype, because cells of all of the affectesiés (the jaw, fin, and notochord)
contain collagens. This special requirement of 8Bcfdr collagen secretion could reflect
unique nature of intracellular collagen transport.

Collagen and other large proteins are transpodetes/hat differently than other
cargos, because of their large size and inflexshbpe (Stephens and Pepperkok, 2002;
Bonfanti et al., 1998; Canty and Kadler, 2005). i/hargo-free self-assembled COPII
vesicles are 40-80 nm in diameter, procollagen lasiidrm stiff 300 nm rods, and other
cargos (e.qg. lipid droplets) can be 600 nm in sk#hile various reports have shown that
the COPII coat proteins are essential for prop#agen trafficking (Lang et al., 2006;
Boyadjiev et al., 2006; Fromme et al., 2008), thergtill controversy over their exact
role.

Collagen has a profound importance in human biokrgy disease. It composes
~30% of the body’s protein and is the primary sowfcensile strength in tissues (Flint
et al., 1984). It plays an important role in booetilage, and basement membranes, and
different collagen types have been implicated myaiad of human disorders including

fibrosis, osteoarthritis, osteogenesis imperfeamal porencephaly (Trojanowska et al.,
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1998; Goldring and Goldring, 2007; Rauch and Glotj2004; Gould et al., 2005).

Collagen is initially translated as a long peptidth a left-handed helix structure
and a globular region at both terminal ends. Ther@inal domain of the peptide is then
N-glycosylated, and the individual peptides intétadorm a trimer with a right-handed
helix. This trimer is further modified and stabdiz by several other peptides including
the collagen-specific Hsp47, which travels withlagén to thecis-Golgi where it is
recycled back to the ER.

There are several competing hypotheses for howoplagen bundles are
transported to the Golgi (Fromme and Schekman, 200%e is that COPII core proteins
form large vesicles or tubules that can accommddage ECM proteins. Another is that
COPII components are required only for constrictimg membrane or already existing
tubular structures in the ER.

Just as withbulldog/sec24dcrusher/sec23anutants also fail to secrete type-ll
collagen, whereas a variety of other proteins ant ® the extracellular space.
Conceivably, this collagen phenotype could be erpthby the large cargo hypothesis.
However, this failure to transport likely does eatlusively depend on the size of the
trafficked protein. For example, fibronectin i®perly secreted from Sec24D-deficient
cells, whereas matrilin, which is comparable iregiz fibronectin, is not secreted
(Koteliansky et al., 1981; Piecha et al., 1999n&ar et al., 2010).

Finally, another possibility is that Sec23A and BHg have specialized functions
in cargo sorting. Although the four Sec24 paralagshighly divergent from each other,
each paralog is conserved among vertebrate spéegese 1.5). This finding implies

that the distinct cargo-binding affinities of Seé246ec24B, Sec24C and Sec24D are also
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evolutionarily conserved (Wendeler et al., 200Klternatively, Sec24D may recruit an
accessory protein that is required for type-Il @g#n secretion, similar to Tangol (Saito
et al., 2009b), an adaptor required for type Vllagen secretion. This possibility is
further strengthened by the fact that fibrillarlagens type I, Il and VIl are stalled in the
ER under various COPII-deficient conditions (Boyadiet al., 2006; Lang et al., 2006;
Sarmah et al., 2010; Stephens and Pepperkok, 3a0?; et al., 2009b; Mironov et al.,
2003). These data argue for Sec24D being reqtoresbrting cargo as opposed to

handling large proteins.

Redundant and specialized functions of cargo adaptors

Another possible explanation for the tissue andestpecific defects of
bulldog/sec24aould come from redundancy among Sec24 protespeatally between
Sec24D and its closest paralog, Sec24C. Indeddelia cells SEC24C and SEC24D
recognize similar cargo binding motifs (Wendelealet2007). In zebrafish, Sec24C
knockdown by antisense morpholino oligonucleotidess not result in any obvious
craniofacial defects, even thoughc24anorphant embryos are shorter, similar to
bulldog/sec24dnutants (Sarmah et al., 2010). Nevertheless, @dtharaniofacial
primordia migrate irsec24or sec24dasingle morphants, NCC migration is disrupted in
sec2 4c/sec24double morphants, chondrocytes fail to form andoNd&rived
craniofacial skeletal elements are completely abs€hus, it appears that either of the
two Sec24 paralogs is sufficient for adequate mmdtansport during neural crest cell
migration and the initial stages of chondrogenesiscontrast, Sec24D is uniquely

essential for chondrocyte maturation.
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Figure 1.5: Phylogeny of Sec24 paralogs. Phylogram of known zebrafisibénio rerio),
human Homo sapiensand mouseMus musculusSec24 paralogs.

16



Of note, the eyes a&fec24anorphant embryos are reduced in size, a defetigha
not seen irbulldog. Hence, Sec24D cannot compensate for lack of Sed24i6g eye
development, arguing that there are distinct rexpents for the two paralogs in various
tissues. Taken together, these results suggdswitien the context of a whole organism,
Sec24C and Sec24D have both redundant and esgantiabns.

While the paralog-specific phenotypes seen in Seepletions could be
explained by differences in cargo affinity due tomary sequence divergence, the
differences in the phenotypes caused by the loS&023A or Sec23B in both humans
and zebrafish are less clear. Human mutation&@23B result in congenital
dyserythropoietic anemia type Il (CDAII), an anemo@aised by abnormal erythroblast
development. In CDAII, erythroblasts have multipleclei and membrane abnormalities,
possibly caused by impaired glycosylation of membraroteins. CDAII stands in stark
contrast to CLSD, which is caused by a mutatioBHC23A. CLSD has a very similar
manifestation t@rusher/bulldognutants. CLSD patients are characterized by sKelet
defects, including craniofacial abnormalities aaie Iclosing fontanels, short stature,
neuronal deficits, and sutural cataracts. At #ltutar level, CLSD fibroblasts have
enlarged ER compartments. In contrast, CDAIl pasidhave no apparent skeletal defects,
while CLSD patients do not have a reported anethexgfore these diseases manifest
differently both at the clinical and cellular lesel

SEC23A and SEC23B share >95% similarity other #natring of 18 amino acids.
The location of the divergent sequence may prosaiee clues about the specialized
functions of SEC23A and SEC23B and the diseasefasations of the corresponding

mutations. The 18 amino acids form a flexible lo@ar the Sec24D binding site, so it is
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possible that they allow the two SEC23 paralogsatdner preferentially with different
SEC24 proteins (Figure 1.4). If this is true, thiea diverse SEC23A and SEC23B
phenotypes might reflect the cargo-sorting affestof their respective SEC24 partners.

There are also species-specific defects assoamtidoss of Sec23 proteins. For
example, although CDAII patients, who have mutationSEC23B, do not have skeletal
defectssec23lknockdown in zebrafish results in complete losthefventral head
skeleton, whereas the dorsal skeleton is lesstatfecThis phenotype is more severe than
that ofcrusher/sec23avhere both the ventral and dorsal skeleton failaagsmilder and
more similar to the dorsal defectssafc23morphants The differences in phenotypes
may be due to divergent transcriptional regulatiod, thus, availability of various COPII
components. For example, SEC23B is expressedadd Higher levels than SEC23A in
human erythroblasts. Similarlyec24cexpression is upregulatedballdog mutants,
suggesting that transcriptional regulatory loopy met to offset the loss of individual
COPII components. It is possible that such geretouits are wired differently among
species, resulting in distinct compensatory medmsi However, it is also plausible that
the differences highlight a null phenotype in tebrafish and a weak hypomorphic allele
of the CDAII patients.

Finally, an interesting aspect of COPIl-mediatesh$port is the phenotype
observed during loss-of-function of both Sec23A &ed23B ircrusher/sec23b
morphants. Although double mutant-morphant embayesvery short and have little
head skeleton remaining, they are able to undesgg embryonic patterning.
Considering that there are only two known paralwigSec23, and Sec23 activity should

be required in all cells, it is remarkable that loleumutant embryos survive gastrulation,
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much less progress beyond 3 days of developmehtmaist organs formed and in place.
This observation suggests that there are unknopecésto the secretory machinery,
possibly other proteins that can partially compémn$ar Sec23 (for example Sec24,
which has a similar structure to Sec23), or thetexice of COPII-independent

mechanisms for bulk protein transport.

Conclusions

The recent discoveries outlined above suggestiieatarious COPII structural
components and their paralogs have essential authdant roles both during embryonic
development and in adult tissues. Some of thierdity may be due to preferential cargo
affinities and variability in gene expression les/glat leads to unique combinations of
COPII components. These findings indicate thaess of fulfilling a “housekeeping”
role required for basic cellular functions, COPIlédmated anterograde protein transport is
a dynamically regulated process, and this regulgilays an important role in
development and disease. In this regard, studiasimal models, including the large
collection of zebrafish mutants, could shed lighttke molecular basis underlying the
complexity of protein transport in eukaryotic cetlse secretory “code.” This knowledge
could eventually help us to treat human diseasesethby defective or excessive
secretory activity.

In this dissertation | will first outline my effarto identify novel genes involved
in protein secretion through a forward geneticsraagh. | will then describe the function
the transcription factor Creb3I2 that was foundatiyh this approach and has been

published inDisease Models & Mechanisr(idelville et al., 2011)Finally, | will address
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the functional differences between the two Sec2alpgs, and their relationship to
secretion of specific cargos.
In addition to the work outlined here, | have atsmtributed to other projects

through collaborations and written one review é&tic
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CHAPTER Il

FORWARD GENETICS AND POSITIONAL CLONING OBanio rerio
CRANIOFACIAL MUTANTS

Introduction

Forward genetic approaches are a powerful methodéatifying novel genes
involved in developmental pathways. Because fodvggnetic screens are phenotype
driven, the mutations identified are physiologigaklevant. 1-ethyl-1-nitrosourea
(ENU) mutagenesis has been especially effectizebrafish and mouse model systems
(Knapik, 2000). ENU is an alkylating agent thatitally introduces single nucleotide
changes that are the most common type of spontalyeoccurring mutations.

The Boston mutagenesis and screen (Driever €t36), was a large-scale,
phenotype-driven genetic screen (Figure 2.1) thattified 48 mutations in 34 genetic
loci affecting craniofacial development (Neuhausslge 1996). Two of these mutations,
crusher(Lang et al., 2006) anoulldog(Sarmah et al., 2010), were previously identified
by our laboratory as mutations in the COPIl machyim®mponents. In an attempt to
discover other genes of the trafficking machinenportant for craniofacial development,
we have utilized positional cloning and genetikdige analysis strategy to identify the

genes responsible for phenotypes similasrtssherandbulldog

Physical and Genetic maps

Because of its mechanism, ENU mutagenesis dodsanat any sort of “tag” to

easily identify mutation sites, however the sitas be identified through a positional
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Figure 2.1: Schematic of a phenotype-based F3 Genetic Screen. A mutagenized &
male is crossed to a wild-type female to produderbaygous Ffish, each with unique
mutations. Efish are intercrossed to produce the heterozy§gegeneration, which
carry the mutations from only twag Fsh. F siblings are intercrossed, allowing the
mutations to reach homozygosity in one fourth oeR#oryos, which are screened for

phenotypes.
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cloning strategy. For positional cloning, two egg# tools are required: a physical map
and a genetic map. A physical map is conceptsalightforward; it is based on the
actual DNA sequence of a chromosome. Genetic nakesadvantage of recombination
events during meiosis. They order markers alordehgth of a chromosome based on
the number of recombinations occurring between tdanng tested meiosis, which
translates to a statistical likelihood that two keais are next to each other. Genetic maps
measure distances in centimorgans (cM). A centyjanorepresents a region on a
chromosome where there is a 1% chance of a crassweat/recombination during a
single meiosis. In zebrafish, a cM usually repnésa physical length of approximately
600-700 kb of DNA (Postlethwait et al., 1994), heeecertain regions of a chromosome
may have altered recombination rates. For exarsplgression of recombination at the

centromere alters the physical distance in bage st a centimorgan represents.

Strategy

We used genetic linkage analysis to initiate posdl cloning of craniofacial
mutations. In linkage analysis, markers are idieatithat are polymorphic and can
differentiate between the wild-type and mutant d@arental (@) zebrafish. These
markers are then tested ipfutant fish to measure the number of recombinatignts
per meioses tested that occur between the mutatidithe marker (Figure 2.2).
Zebrafish can easily generate ~100@nktant embryos, which would translate to ~2000
meiosis (two meiosis per embryo, one for each efpgdwrents), these allow for fine
mapping of the region where the mutation is locate@n to an interval as small as 0.1

cM, or ~60kb. Genomic regions of this size gengradintain a small number of genes,
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F, Mutants

Figure 2.2: Schematic of linkage analysisfor positional cloning. Heterozygous and
one wild-type G fish of different genetic backgrounds are crossEde F1 generation is
screened to identify mutation-carrying heterozygials HeterozygousiFearriers are
intercrossed, and DNA is extracted from homozygausant embryos. Markers that can
differentiate the @genetic backgrounds are analyzed by gel electraegi® If they
segregate with the mutation then the marker andntation are linked. However, in a
small percentage of embryos, a recombination ewéhthave occurred between the
marker and the mutation, causing the linked makéave the wild-type allele. The
frequency of these recombination events is usetermine the genetic distance
between the marker and the mutation site.
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which can be sequenced to identify mutations. Gnewitation is identified (generally a
SNP) phenocopy and rescue experiments can be aisedfirm that it is the causative
mutation for the phenotype.

We begin the positional cloning of a mutation bgabishing its chromosomal
localization through bulk segregant analysis usinegzebrafish simple sequence length
polymorphism (SSLP) genetic map (Knapik et al.,&)3% a pedigree of pooled map
cross DNAs. We then use DNA from individualfautants and closely linked markers
from the genetic map to establish a critical in&¢wontaining the mutation. Testing each
fish individually allows for the identification artdacking of embryos whose
chromosomes had recombination events that occualosd to the mutation site. This
“rec” DNA can be used to confirm the location obbkvn markers already positioned on
the genetic maps and new markers (developed teasermarker density in a critical
region) relative to the mutation. The relativedtion of the markers of the genetic map
is highly reliable, and the location of many ofgshemarkers has already been established
on the physical map. This allows for a transitiomusing both the physical and genetic
maps to continue fine mapping of the mutation.

When the markers of the genetic map have been stdwut is usually necessary
to design new markers to further restrict the @aitregion. This process is expedited by
using sequence from the physical map of the zedtrafhole genome sequence.
Sequencing of the zebrafish genome started in 20@king it one of the earliest
completed. The current assembly, Zv9, is acces#iibbugh Ensembl
(www.ensembl.org). Much of the assembly is derifrech the sequence of bacterial

artificial chromosomes (BAC) clones. BAC clone seace is at 10-fold coverage and
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the physical map is highly accurate when basedeqoence from overlapping BACSs.
Unfortunately, there are significant regions of fgmome where coverage by sequenced
BAC clones is incomplete, and this leads to “BAlansls,” sequence from one or more
BACs that is flanked on either side by less reéaMhole Genome Shotgun (WGS)
sequence. The inaccuracy of the WGS sequence rietmaany BAC islands are
placed in the wrong order relative to each othemetimes even on the wrong
chromosome. This necessitates that the physigalmuest be viewed in the context of
BAC islands to avoid using inaccurate sequencelasis for marker design and
identification of candidate genes.

Unless both markers flanking a mutation are locatethe same BAC island, it is
important to determine the relative locations of@A&lands and to build a manually
annotated, more accurate physical map of the afitegion. The ultimate goal is to
restrict the critical region to an interval consigtentirely of overlapping BAC clones, as
to be confident that there are no gaps in the semsuhat might contain the mutation of
interest, and small enough so as to contain ofdyagenes, which can be readily
sequenced. There are several methods that casebddaibypass the gap in sequence
between BAC islands (Figure 2.3), and their retocations can then be confirmed by
designing new primers on the BAC islands and psriiog linkage analysis on the map

cross DNA.

Trace Walking

WGS sequence is automatically assembled and sosgetimnual assembly can

produce superior results. NCBI's trace archivethasndividual sequence reads used for
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Figure 2.3: Schematics for methods used to connect gapsin the reliable sequence of

the zebrafish genome assembly.
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the genome assembly, including sequence from BAGegsH as WGS sequence. ltis
possible to search these sequences for the ehé ofitrent BAC clone of interest, find
individual sequence reads that overlap and exteay #om the BAC, and use the non-
overlapping portion for a new search. By repeating process many times, it is possible
to create several kilobases of manually annotadetiguous sequence that may bridge a

gap between BAC clones.

BAC fingerprinting

The Zebrafish Genome Fingerprinting Project has heglertaken by the
Wellcome Trust Sanger Institute, in which sequerasgtiunsequenced BAC clones are
“fingerprinted” by RFLP, which allows for detectiah overlapping BAC clones, even if
some of those clones have not been fully sequenSethetimes these unsequenced BAC
clones bridge a gap between two BAC islands. Maedhe ends of BAC clones have
been sequenced even if the whole clone hasn’'ttlas@&nd sequence can be used as a

starting point for trace walking.

Gene Jumping

Sometimes a gene with known cDNA sequence willibegi one BAC clone and
end on another. This cDNA sequence can then lebtadaridge gaps between BAC
clones. GENSCAN (http://genes.mit.edu/GENSCAN.htsofftware can be used to
identify partial genes near the end of a BAC clone sequence generated by trace
walking. The gene sequence can then be usedrchsagainst known cDNAs, and if a

matching cDNA can be found, the rest of its seqaeran then in turn be used to search
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against the whole genome sequence (in hope firalB4C clone with the other end of

the gene) or as a new starting point for trace inglk

Compar ative genomics

The order of genes within a chromosomal regiorftenoconserved between
species and therefore can be used to infer neigidbgenes in zebrafish. The human
and mouse genomes are useful because of the ligliabthe sequence, while other fish
genomes (medaka, fugu, tetraodon, sticklebackyisetul for their closer evolutionary
relationship to zebrafish. If two genes are adjaae other genomes but on different

BAC islands in zebrafish, then it is likely thaetBAC islands are adjacent.

Designing new markers

Once a BAC clone has been identified as potentiaing in the region of interest,
markers must be designed to confirm its relatieation. One method of designing
markers (that does not require prior knowledgeaofations between the sequences of the
two strains used in the map cross) is simple sexpimgth polymorphisms (SSLPs).
SSLPs are repeating sequence of two to four base pehe exact number of repeats can
change across generations due to slippage dunatigagon (Tautz and Schldtterer,
1994). | wrote a software program to search I&N&\ sequences for these repeats and
to design primers in the flanking sequence. thén possible to amplify a ~200 base pair
fragment containing the repeat and run the fragraeratgarose or acrylamide gel to
detect differences in the length of the amplimd®eughly one sixth of the markers |

designed were able to differentiate the grandpaleirains and were therefore useful for
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mapping purposes.
Use of these approaches has allowed for identibicadf candidate genes for

several mutants during my training. Here | outlive of them.

Materials and methods

Genetic mapping and cloning. Mutations were mapped as described in resuliisiePs

used listed in Table 2.1.

Cartilage staining. Embryos (80 hpf or 5 dpf) were fixed in 4% phosghatffered

PFA overnight. After two washes in PBS (1X) fomin, embryos were bleached with
10% HO, and 30ul of 1M KOH for 1h. Following two washes in PBTrf6 min,

embryos were incubated in 0.1% Alcian blue solutearnight at room temperature (RT)
on a shaker. After one wash in acidic ethanol (‘dB&anol, 5% HCI) followed by an
overnight destaining in fresh acidic ethanol, enasrywere dehydrated in 85% and 100%

ethanol for 15 min each and transferred to 80%eagbic

Histology. Histological sections were prepared in JB-4 plagt&n medium
(Polysciences). Phosphate buffered PFA (4%) fixegf embryos were washed with
PBS and subsequently dehydrated with 25%, 50%, &8®5% ethanol (each step for 5
minutes). Dehydrated embryos were equilibratett AR-4 infiltration solution for 10

min at RT which was prepared by adding 0.0625g Yanzeroxide plasticized to JB-4

embedding solution. The embryos were then placgudiaistic molds. Blocks were
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Table 2.1: Sequence of newly developed markersused in fine mapping of the novel
mutations: rnd, brk, mgt, stn, zhi.

Marker Mutant Forward Primer 5'to 3' Reverse prisi to 3'
Bu074420.4 | strangelove | TGAGACATGAGATACACCTA CCAACACTAGTTCAAACAAC
gfptl.1 zhivago GGTTCGTGTGCATGAAGTT TACAGTAGCGAAGAGCCAA
Fd417C7.1 zhivago CACAATGATGAAGAAGTGGGAG CTCAATTGGATTCTGACAAGGC
Cu468685.1 | zhivago GATCCTCCATGGTATCACAC GGGCATCCACTGTGTAAAA
Cu468685.3 | zhivago GGCACCTTGACCTCAAAAT CGTCCATTTGACATCCACA
zgc:56525.1 | zhivago GCAGCTCAGCTATAAGGTG GTCTGTTGTCCTGTAAGGT
Bx120008.4 | brak CGGCGAGAGATGATTCTGAT AAGACTGTCGATGCCGAAGC
Ct573285.1 brak CACTTCGAATGTTGACAACT GGTTTGTTCACTAGACTATC
Cu682355.6 | maggot GGAGGTCGTACCGTACGGTT CAGGCAGCAGATTAGTAGCA
Cu682346.2 | maggot ATGGTCTTGACTCCTGAGAC GGTTGAAGGACAGACAGACA
Cu682777.3 | maggot TTCACAAGATGCTGCCAGAG TCTGCAGCAACTGTGTGATG
Cu633932.2 | maggot CCAGCTGTGTGTGAATGTGT GTTGTGAACGAAGCTCTCAG
Cu633888.2 | maggot ACCTGGTGTGGCCAGTCGGT AGTCTGTGATGCAGCAACAG
Cu929143.1 | maggot GTGTAGTTCACGGATGGTGT AGTGAAGGCAGGTGCCATTG
Cu633916.1 | maggot TTCAGCAGTTCAGGGTGAAG GGATCTCGAAGCAGGAGTAT
Cu633889.4 | maggot CTGGTGAGAGACAGACAGGT GCCTGAACGTGTCAGTTTCA
Bx511310.1 | round CAGACCGTAACCACCATGAG AAACACAGTGAGAGTGCAGG
Cu694481.4 | round GGGACTCCCATAGCTGTAAT CTGAAGACAGGCTAGATGCA

31




sectioned in um thickness using a Leica RM2265 microtome. Sastigere collected
on adhesive coated slideSuperfrosiplus, Fisher), dried on a heating plate and sthine
with metachromatic dye Toluidine Blue (Sigma) anoumted using cytoseal-XYL as a

mounting medium as previously described (Granerdtd/it al., 2008).

I mmunofluorescence and Wheat Germ Agglutinin staining. Type-Il collagen and
WGA staining was performed as previously descrif@atmah et al., 2010), whole
mount embryos were fixed in 4% PFA at 4°C overnightd incubated with 1:200 diluted
primary antibody against collagen type Il (Polyscies) and WGA-Alexa Fluor 488
conjugate (1:200) followed by 1:300 Alexa Fluor S&®rescently conjugated secondary
antibody (Molecular Probes). The WGA lectin bind$\N-acetylglucosamine and N-

acetylneuraminic acid residues of membrane andixrglrcoproteins.

Pigment recovery assay. 24 hpf embryos were placed in egg water contgidiug/ml
4-hydroxyanisole (Sigma) for 48 hours, after whiisby were washed with egg water,

allowed to recover for 24 hours, and then imaged.

Results

Strangelove

Thestranglove (sth®") mutant is characterized by severely reduced cgetila

elements as revealed by alcian blue staining (EigutA). Similar to therusher/sec23a

mutant, all elements of the ventral skeleton aes@nt; however they are significantly
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Figure 2.4: The strangelove mutation leadsto abnormal craniofacial skeleton
development. (A) Alcian blue staining of cartilage element ifldvtype (WT) and
strangelove (stnlead skeleton preparations ventral views. (B) Imostaining of type-
Il collagen (Col2) and wheat germ agglutinin (WGAYhe 4" pharyngeal arch of 4 dpf
embryos.
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Chromosomal location

Markers tested

Location in Zv9 (Mb)

Genes near CU074420.4

z11782 z8755
Chr 12

z11782 CU074420.4 z8755

32 recs/3060 meiosis 0recs/3060 meiosis 571 recs/3170 meiosis
1.0 cM 0cM 1.6cM
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1.910 2.099-2.194 2523
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Figure 2.5: The strangelove mutation carries a missense mutation in sox9a. (A) The
strangelovamutation was mapped to chromosome 12 between &&irkers 211782 and
z8755. A novel marker was developed and foundate® recombinations out of 3,060
meioses. (B) Predicted structure of zebrafish 8d&XBA binding domain region based
on the human SOX9 solved structure (McDowell etl#199) showing thetrangelove
mutation in red. (C) Comparison of the DNA-bindishgmain predicted protein sequence
of Sox9across phylogeny. The amino acid changestrisngelovemutants is in red.
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more reduced than grusher. Immunofluorescence staining of type-Il collagen and
WGA, a lectin which binds N-glycosylated proteinsyeals that unlikerusher,
trafficking of collagen to the extracellular spasaot disrupted istrangelovanutants
(Figure 2.4B).

strangelovevas mapped to a 2.6 cM region on the proximal drahomosome
21 using the zebrafish genetic linkage map (Knapial., 1998) (Figure 2.5A).
Unfortunately, none of the closely flanking markkese been located on BAC clones;
however a combination of BAC fingerprinting, tragalking, and gene jumping
identified the BAC clone CUQ74420, which contairstrang candidate gengpx9a,as
possibly located in the critical region. We deyald SSLP markers for this BAC clone
and found 0 recombinants out of 3,060 meiosesbksiteng that CU074420 is in the
critical region and possibly contains the mutasdas.

Sox9a is a transcription factor that regulatesagah expression and is essential
for craniofacial development (Yan et al., 2002;IB¢lal., 1997). We sequenced the
sox9atranscript and found a T>C transversion at base33 that results in a M111T
missense mutation in the highly conserved DNA bigdiomain of Sox9a (Figure
2.5B,C) (McDowall et al., 1999). This is likelyhggpomorphic allele as the phenotype is

less severe than that of previously charactersoa®amutants (Yan et al., 2002).

Zhivago
zhivago(zhi™™ mutants have a skeletal phenotype very similartsher
(Figure 2.6A) however, likestrangelovecollagen trafficking is not disrupted (Figure

2.6B). Initial mapping othivagowas performed using a newly developed SNP-based
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Figure 2.6: The zhivago mutation leads to defor mities of the craniofacial skeleton. (A)

Alcian blue staining of cartilage elements in wijghe andzhivago (zhihead skeletons,
ventral view top, lateral view bottom. Immunostagmof Col2 in the Meckel’s cartilage

at 4 dpf.
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Figure 2.7: The zhivago mutation likely disrupts gfptl. (A) Thezhivagomutation was
mapped to chromosome 8 near SSLP marker z9279elI$8LP markers with the
indicated number of recombinants reduced the atititerval to a~1 cM region that
contains four genes. (B) Dorsal viewabfivagomutants after pigment regeneration
assay. Arrows indicate pigment that failed to regate inzhivago
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genetic map in collaboration with the Jeffrey Snhahoratory (Bradley et al., 2007)
using illumina GoldenGate genotyping technologye Thutation site was localized on
the distal arm of Chromosome 8, near the SSLP ma&&79 (Figure 2.7A).

We then built a physical map using a combinatibBAC fingerprinting, trace
walking, gene jumping and comparative genomics. cdfdirmed the accuracy of our
physical map by developing simple sequence lenglynmrphism (SSLP) and single
strand conformation polymorphism (SSCP) markemnfBAC or contig sequences and
counting recombination events in a 1,636 meioses&?2 cross. Finally, we restricted
the critical interval to a 1.12 cM region contaigithe gengfptl. A SSCP marker within
thegfptlgene had zero recombinants out of 1,636 meiosagptAmutant was
previously identified in a screen for defects igrmpent regeneration(Yang et al., 2007),
but was also found to have craniofacial defectslairto zhivago. We performed a
pigment regeneration assay, and confirmedzhatagohas an identical phenotype to
eartha/gfptl(Figure 2.7B). Combined with the mapping dat#s highly likely that a

mutation ingfptlis responsible for thehivagophenotype.

Brak
brak (brk™*3 mutants have a pigmentation phenotype (Figure 2ii8Ajdition
to the previously identified skeletal phenotype ((Nauss et al., 1996prak was mapped
to a 2 cM interval on the distal arm of chromosdMenear the centromere (Figure 2.8B).
Because recombination is suppressed near the oerepthe genetic distance

underestimates the physical distance in the gerion&847, previously established as a
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hosphorylation

-
brak DAIVDMGFESS ATP binding
Zebrafish DAIEDMGFESS Phosphatase

Human EAIDDMGFDAV brak
Mouse EAIDDMGFDAL Metal binding Zebrafish
Fruitfly SDIDDMGFECS Human
C.elegans EAVDDMGFDCK Mouse
Fruitfly

C.elegans

GDGVNDPPALA
GDGVNDSPALA
GDGINDSPALA
GDGINDSPALA
GDGVNDSPALA
GDGVNDSPALA

Figure 2.8: The brak mutation. (A) Lateral view of 30 hpf WT anbrak live embryos.
(B) Thebrak mutation was mapped to chromosome 14 between &8itkers z6847 and
z9017. Novel SSLP markers with the indicated nunatbeecombinants highlighted a
genomic region that contains five genes. (B) Rtedistructure of Atp7a based on PDB
structures 3RFU (Gourdon et al., 2011) and 1KVXiba et al., 2005), including
comparison ohtp7aacross several species. The amino acids chandedkare

highlighted in red, conserved residues are in blue.
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centromere marker (Shimoda et al., 1999). Therdtlieking marker is not mapped to
the genome as of Zv9, however, a combination of Bid@erprinting, trace walking, and
gene jumping identified several BAC clones in th&aal region. | developed SSLP
markers for these BAC clones and found two polyrhmrpnarkers with 0 and 1
recombinants out of 1,400 meioses. There aregi@res in this region, one of which, the
copper transporteatp7g a copper transportdras a previously identified zebrafish
mutant,calamity,which was identified in a genetic screen for muggittenocopied by
copper deficiency (Mendelsohn et al., 2006). Bseaalamityandbrak have similar
phenotypes, althoudbrakis less severe, we performed a complementatioratestound
thatcalamityandbrak fail to complement each other, indicating thatthesult from
mutations in the same gene. We sequeatgdain brak mutants and found two
missense mutations in conserved regions of the f@gere 2.8C). Becaudwakis less
severe thagalamity,and results only in missense mutations, it is gbbpa

hypomorphic allele.

M aggot
maggot(mgt™**m%%%33 mytants have craniofacial defects that are mevers
thancrusher/sec23@-igure 2.9A); however the phenotype is distingaltsk by
notochord defects before the craniofacial defecoavious. Immunofluorescence
staining reveals that collagen deposition in thiclword appears to be disrupted in
maggot while trafficking of WGA-labeled glycoproteins gars normal (Figure 2.9B).
maggotwas mapped to the distal arm of chromosome 23 ubmgebrafish

genetic linkage map (Knapik et al., 1998) (Figur@®. We constructed a physical map
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from BAC clone sequence using the Zv9 assemblyresigicted the critical interval to a

Col2 WGA Overlay

) lead
S
c 211020 725910
Chromosomal location Chr23 N 11
Cu633916.1
Markers tested ~ CU682355.6 211020 CU682346.2 Cue82777.3 Cub338882 (6339322 Cu633889.4 ‘;U929143~1 o ree
recs/900 meiosis 3+ recs 5 recs 2recs 0recs 1rec 5 recs 5 recs recs
CU68B2355 _:.zugzgqu CU682362 CU682346 Cu682777 I e e UGB3800 e Cu929143 Cgo0563 U633916

BAC clones CU682622 Cu633888

Genes in critcal region

Figure 2.9: The maggot mutation. (A) Alcian blue staining of cartilage element in
wild-type (WT) andmaggot (mgthead skeleton preparations ventral views. (B)
Immunostaining of type-Il collagen (Col2) and whgatm agglutinin (WGA) in the
notochord of 28 hpf embryos. (C) Theggotmutation was mapped to the distal arm of
chromosome 23 between SSLP markers 211020 and @2%8dvel SSLP markers with
the indicated number of recombinants reduced titieadrinterval to a ~160 kb region
that contains four genes.
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0.33 cM region containing four genes. One of thypeseesplod3 has a previously
characterized mutandjwanka,which was found in a screen for motility defectgl(&r
and Granato, 1999)iwankamutants also have defects in collagen secretiorarder to
test whethemaggotmutants have defects in motility similardawankawe observed the
response of 48 hpf embryos to prodding with for¢cepsl found that while wild-type
siblings immediately swim awayaggotmutants do not. It is therefore possible the
maggotmutation is caused by a defectlod3 but this needs to be confirmed by

sequencing or a complementation test witkankamutants.

Round

round (rnd™Hme4tM7I3MASn tants have craniofacial defects and kinked fins
similar tocrusher/sec23amutants (Figure 2.10A). Toluidine blue histologistaining
revealed that the ECM staining is lighter and naffeise than in wild-type siblings
(Figure 2.10B), this result is similar to that seenrusher/sec23anutants, and is
consistent with a defect in trafficking of ECM coaments. Immunofluorescence
staining shows diffuse, likely intracellular, dibuition of type-Il collagen (Figure 2.10C).
While this staining is consistent with a trafficgidefect, it is distinct from what is seen
in crusher/sec23autants. Ircrusher,the collagen is backlogged within the ER and
appears as bright conglomerations within the ¢efire 1.3), not diffuse and widespread
like in roundmutants. WGA labeled proteins have a similarlyudié staining,
suggesting that the defect seemannd may represent a post-Golgi defect, because the
sialic acid moieties that WGA primarily recognizee not added to glycoproteins until

they reach the Golgi.
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Figure 2.10: Theround mutation leadsto abnormal craniofacial skeleton

development and disrupted protein trafficking. Alcian blue staining of cartilage
element in wild-type (WT) ancbund (rnd)head skeleton preparations ventral views. (B)
Toluidine blue staining of transverse sectionshefjaw at the level of the optic nerve.
Nuclei stain blue, whereas ECM stains purple. If@hunostaining of type-Il collagen
(Col2) and wheat germ agglutinin (WGA) in th® gharyngeal arch at 4 dpf embryos.

(D) Theround mutation was mapped to chromosome 21 between &®irkers 211574
and z67493. Novel SSLP markers with the indicawatiber of recombinants reduced
the critical interval to a 0.4 cM region that cantafour genes.
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roundwas mapped to the proximal arm of chromosome 2igusie zebrafish
genetic linkage map (Knapik et al., 1998) (Figure0D). Unfortunately, BAC coverage
of that region of the genome is low, and the oafehe genes is not conserved in
mammalian genomes, making comparative genomicasuliff Through a combination of
BAC fingerprinting, trace walking, and gene jumping identified two non-overlapping
BACs within the critical region and by developingukers for each of those BACs we
restricted the critical interval to 0.38 cM, whishould correspond to ~230 kb. This
distance is consistent with the distance betweesetlwo markers in the Ensembl
database, increasing confidence that the criteggibn, although not composed entirely of
BAC clone sequence, may be correctly assemble@. ERsembl assembly of the critical
interval contains four genes, and comparative gecemdicates that two of thernaz2a
andkiaal432are neighboring genes in other species, givindnéurtonfidence that the
ensembl assembly may be correct. Due to theiamitst from the flanking markers, the
two most likely candidate genes fmundarescarb2andkiaal432. scarb¥ an
especially good candidate as it has been implicatetembrane trafficking of the

endosome (Kuronita et al., 2002). We are curresglyuencing these genes.

Discussion
Through positional cloning | have helped to idgn&fther exact mutation sites or
likely candidate genes for seven different mutafkese include the five discussed above,
thefeelgoodmutant discussed in the next chapter, as wellakittblemutant, which
was found in collaboration with another graduatelsht and has become the basis for his

dissertation research.

44



Several of these mutations were in genes that bad llentified in other forward
genetic screens, which highlights one disadvant@@award genetic approaches, it is
possible to expend resources searching for mutatirogenes that have already been
studied. However, the fact that they have beetogisred in multiple screens highlights
their physiological importance. Moreover, havingltiple mutations in the same gene,
an allelic series, is a powerful tool for dissectaf the protein domains important for
function.

At least three of the mutations identified so fap@ar to be hypomorphic alleles.
This highlights the physiological relevance of ENlutagenesis, and again emphasizes
the importance of these genes, given that everouittomplete loss of function they
result in a specific phenotype. The location aatlire of the mutation may also provide
insights into gene function. Deep sequencing has peoposed as a method of
identifying mutation sites (Sun et al., 2012), ien the causative mutation does not
result in a stop codon or frameshift, deep sequgntiay lead to difficulties in
determining which mutations in a mutagenized genwntiee causative mutation for the

phenotype.
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CHAPTER IlI

PARALOG SPECIFIC REGULATION OF THE COPII MACHINERBY Creb3L2 IS
REQUIRED FOR COLLAGEN SECRETION AND CHONDROCYTE MAJIRATION

Introduction

Extracellular matrix (ECM) serves as a structucalffold and a reservoir for
biologically active molecules (Hynes, 2009). @age formation and skeletal
morphogenesis depend on timely and abundant deposit ECM proteins (DeLise et al.,
2000). Failure to produce adequate mature ECNoron foroper collagen fibers can lead
to many developmental defects and diseases, sur$temyenesis imperfecta, typically
characterized by fragile bones (Rauch and Glorig0®4), scoliosis, short stature,
hearing loss and teeth defects (Rauch and Glor2204). In adults, failure to maintain
the ECM of the bone can lead to degenerative désesisch as osteoporosis, a debilitating
condition characterized by a loss in bone dens&tynilarly, interstitial fibrosis leading to
organ failure after injury, or pathological condits in aging patients such as arthritis,
have been associated with dysregulated proteiesear Trojanowska et al., 1998;
Heinegard and Saxne, 2011; Goldring and Goldriog72Lopponen et al., 2004).

The initial step of protein trafficking occurs whproteins leave the site of
synthesis in the endoplasmic reticulum (ER) andraresported to the Golgi. This step is
primarily conducted by Coat Protein Il complex (AQpResicular carriers (Barlowe et al.,
1994; Dancourt and Barlowe, 2010; Miller and Ba#g®010). The COPII complex is
recruited to the ER membrane by the Sarl GTPaseasists of an inner coat of

Sec23-Sec24 heterodimers and an outer coat of S8ett31 proteins. Vertebrate
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genomes carry two highly similar paralogs of Se&@3;23A and Sec23B, and four
paralogs of Sec24; Sec24A, Sec24B, Sec24C and Bec24c23 paralogs act as
GTPase-activating proteins for Sarl, whereas Spo#4ins play a role in cargo sorting
(Wendeler et al., 2007).

Mutations in genes encoding COPIlI components haea mplicated in a variety
of human disorders with defects in close paral@gsing widely different phenotypes
(Boyadjiev et al., 2006; Schwarz et al., 2009; Aridnd Hannan, 2002; Routledge et al.,
2010). For example, mutations in SEC23B lead togéaital Dyserythropoietic Anemia
type Il (CDAII), a disease characterized by inefifex erythropoiesis, bi- and
multinucleated erythroblasts, and hypoglycosylabbred blood cell membrane proteins
(Bianchi et al., 2009; Schwarz et al., 2009). dntcast, a point mutation in SEC23A
leads to Cranio-lenticulo-sutural dysplasia (CLSID# distinctive marks of which
include craniofacial skeleton malformations andrsktature (Boyadijiev et al., 2006).
Zebrafishcrusher/sec23autant andec23lmorphant embryos present phenotypes
similar to the corresponding human diseases, éstafd zebrafish as a model system to
study the molecular and cellular bases of COPlietricies (Schwarz et al., 2009; Lang
et al., 2006).

Further establishing the paralog-specific defeeenswith loss of COPII
components, another zebrafish mutéot|/dog/sec24dwas recently described (Sarmah
et al., 2010). Loss of Sec24ativity in zebrafish also results in craniofadafects,
whereasSec24C morphants undergo normal development of $legdtal structures.
Loss ofbulldog/sec24dloes not prevent neural crest migration, formatibpharyngeal

condensations, or proliferation of chondrocyted,ders normal maturation of highly
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secretory chondrocytes. Strikingly, the combinesslof Sec24@nd Sec24D results in
neural crest migration and condensation defiaigicating that Sec24D activity
essential for chondrocyte maturation, but Sec248ea24Dcompensate for each other
in early stages of cartilage development (Mehadliel Knapik, 2011).

Considering the high levels of similarity betwee®@Rll paralogs and the basic
cellular function that they perform, these findirsygygest that COPII-dependent
anterograde protein transport is a highly regulatedess both during development and
under physiological conditions in adulthood, aneréfiore is likely to be a factor in many
more diseases than those already characterizedeo, the mechanisms of this
regulation are still in the early stages of beingerstood.

Forward genetic screens in model organisms, sutiiieasne that isolated the
crusherandbulldogmutants (Neuhauss et al., 1996), provide an unthiapproach to
discover physiologically relevant mutations thdeef skeletal development. Here, we
have characterized tlhieelgood(fel"®®) mutant that belongs to the same phenotypic
series asrusherandbulldog. We found that théeelgoodmutation disrupts head
skeleton and notochord development through loseafetory capacity. THeelgood
defect decouples the transport of collagens fraah @hother extracellular matrix proteins
such as laminins by manifesting disrupted traffigkspecifically in collagens. We show
that thefeelgoodphenotype is caused by a missense mutation iDIi#e binding
domain of the transcription factoreb3I2. We provide the first evidence of paralog-
specific regulation of COPII components by showtimgt loss of Creb3I2 activity
decreases the expressiorset23a, sec23ndsec24dbut notsec24c Our results

suggest that Creb3I2 agigmarily as a transcriptional regulator of specifiOPII
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components, establishing a mechanism that enaélletyge, cargo, and tissue-specific
functions of COPII vesicles during development praliding a possible mechanism for
the diverse disease manifestations caused by t&3®BIl. Our results also suggest that
skeletal development is highly sensitive to theslef Creb3I2 activity in vivo and

advance Creb3I2 as a candidate for skeletal disedsenknown genetic origin.

Material and methods

Fish maintenance and breeding. Fish were reared under standard laboratory
conditions at 28.5°C as previously described (Blar@imeno et al., 2004; Montero-
Balaguer et al., 2006)eelgood(allele designateth662 isolated in the MGH genetic
screen (Driever et al., 1996; Neuhauss et al., 099&s kept in AB genetic background
for phenotypic analysis. Embryos were staged awdi fat specific hours (hpf) or days
(dpf) post-fertilization as described by Kimmek&t1995. For some experiments

embryos were incubated in 0.2 mM 1-phenyl-2-thiaui®gma) to block pigmentation.

Genetic mapping and cloning. Thefeelgoodocus was mapped in a F2
intercross using bulked segregate analysis. DN#p$es were PCR-genotyped with
SSLP markers evenly spaced across the zebrafigingeenThe mappei@elgood
mutation was confirmed by sequencing genomic DNKIing the mutation site from
three homozygous wild-type F2 animals, five hetggozis F2 animals, six homozygous
mutant F2 animals, and six animals each from thiéerent genetic backgrounds of

wild-type fish (AB, IN, and TL).
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Cartilage staining. See detailed method in Chapter II.

Histology. See detailed method in Chapter Il.

I mmunofluor escence and Wheat Germ Agglutinin staining. Detailed method
in Chapter Il. For staining on sections, embryosewixed in 4% or 2% PFA, embedded
in 1.5% agarose in 5% sucrose, and stored in 3@¥6se solution at 4°C overnight.
Agarose blocks were mounted with O.C.T. (Sakuretéchnical Co.). Fifteen
micrometer sections were cut using a Leica CM 38§0stat at —20°C and transferred
ontoSuperfrosslides (Fisher). Sections were washed in PBSkield in 2 mg/ml BSA,
2% goat serum, 2% DMSO in PBS and incubated willagen type Il antibody (1:250
dilution), collagen type IV antibody (1:200 dilutipLab Vision), Laminin Ab-1 (1:100;
LabVision) or WGA (1:250) at 4°C overnight. Alek&uor 555 conjugate was applied as
secondary antibody (1:500). TO PRO-3 (Moleculaies) was used for nuclear
counterstaining. Confocal images were taken wifleiss LSM510 inverted confocal

microscope (Vanderbilt Cell Imaging Shared Resqgurce

Electron microscopy. After being anesthetized withicaine (Sigma) zebrafish
embryos were placed into fresh 2% gluteraldehydkimcubated overnight at 4°C. Fish
were washed in PBS, transferred to 1% osmium texteo and washed in di®. Fish
were staine@n blocin 1% aqueous uranyl acetate for 1 h, and washdd#©. The

samples were taken through a series of dehydrateps starting with 30% and followed
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by 50%, 70%, 95%, and absolute ethanol. Propyberge was used as a transitional
solvent to replace the dehydration solution. Sasplere transferred to a 1:1 araldite:
propylene oxide mixture then placed in pure araldita vacuum oven. Pure resin
specimens were then transferred into embeddingswadtaining fresh resin and finally
placed into a 16€ oven overnight. Ultra-thin serial sections (5Dr6n) from
polymerized blocks were obtained using a Leica Wifacut microtome (Leica
Microsystems), transferred to Formvar-coated sliaisgand examined using a Phillips
CM10 TEM (FEI Company, Hillsboro, OR) equipped wah Advantage Plus 2 mega
pixel Digital CCD System for CM10 TEM (Advanced Moscopy Techniques, Danvers,

MA).

Western Blotting. Proteins were isolated by homogenizing 4 dpf embigo
RIPA buffer containing protease inhibitor (Sigm&jlycoproteins in lysate were cleaved
by Endo H (NEB) or PNGase F (NEB) according to nfactwrer specifications.
Proteins were separated by sodium dodecyl sulfalgaprylamide gel electrophoresis
(SDS-PAGE) on 10% Mini-Protean TGX gels (Bio-Ra&pr immunoblotting, proteins
were transferred to polyvinylidene fluoride (PVDRgmbrane using an electrophoretic
transfer apparatus (Bio-Rad). The membrane waskétbwith 1% Non-fat milk (Bio-
Rad) and incubated with 1:1,000 diluted primarylaody against type-Il collagen
(Polysciences), or N-Cadherin (Sigma) followed by0]000 HRP conjugated anti-rabbit
secondary antibodies (Promega). Signal detectmspyerformed using Pico West
Chemiluminescent Substrate (Thermo Scientific).

Generation of Tol2kit based transgenic fish. Thebactin2:creb3I2:mcherry
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construct was created using the “Tol2 kit” approé€ivan et al., 2007). In brief, PCR
was used to add attB1 and attB2 sites to the caéigign ofcreb3l2,and the product
was recombined into pDONR221 to create a middleyemdne. A construct containing
the N301K mutation was created using the QuikCh&igeDirected Mutagenesis Kit
(Stratagene).

The final constructs were created by recombinirgrtiddle entry clone with
p5E-bactin2, p3E-mCherrypA and pDestTol2pA2 as dlesd in the Invitrogen Multisite
Gateway manual. PCR products were purified udiegQiaquick gel extraction kit
(Qiagen).

5' capped sense synthetic mMRNAs were synthesized astonstruct encoding
the transposase and the mMessage mMachine kit @nbBO pg of the
bactin2:creb3l2-mCherrgonstruct and 20 pg of the transposase sRNA were

simultaneously injected into embryos at the onéstabe.

Phylogenetic analysis. Protein sequences were aligned using ClustalWw2
(http://www.ebi.ac.uk/Tools/clustalw2/index.htmlPhylogenetic tree was constructed

using the neighbor joining method (Saitou and NB87).

RNA Isolation and RT-PCR Analysis. RNA was extracted and reverse
transcription performed as described (Mtller et2006). cDNA was used as template
for PCR analysis afreb3l2expression between one-cell stage and 5 dpf. Xbe-e
spanning primers amplified a 235 bp fragment ancevas follows:

B-actin Bgactcaggatgcggaaactg3'adgtcctgcaagatcttcac3
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Creb3I2 jcacagaaccaccaccatgag3adaggagagtcgcaggaaaa3

Mor pholino knockdown. Antisense morpholino oligonucleotides (MOs) (&en
Tools) were designed to target treb3I125UTR (MO-1.:
CAGACCTGGACAACAGCATGACACT), or theereb3l2intron3-exon4 boundary
(MO-2: TTCTGGGGTCGTTGAAGCGACGCTG). MO concentrat®were determined
spectrophotometrically and 1 nl was injected int@ tell stage embryos at increasing
doses (0.25 ng—-8 ng) to determine optimal conceotia MO-1 was injected at 7 ng,
and MO-2 was injected at 0.5 ng and 3 ng (FiguBeB3F, live images and Alcian blue
stains are of embryos injected at 0.5 ng). Botlnpmalinos produced similar phenotypes,
and MO-2 was used for all experiments pictured. -RI€ffectiveness was evaluated at 3
ng using primers indicated in Figure 3.8A, with sewces: e3f
5CTTGAACCTCTCGCCTAAAGS, i3f 5GCCATGATTGAGCGTTCAGTS3, ebr

5ATCCTTCAGCAATGAGGGTCS3, e6f BACAGGAGAGTCGCAGGAAAAS, ebr

S'CACAGAACCACCACCATGAGS.

In situ hybridization. Thecreb3l2probe was made by cloning 427 nucleotides
from the 3'UTR ofcreb3I2cDNA into pGEM-T Easy vector (Promega) with primer
5ATCTACTGCGCTGGGGCGAT3 5AATATTTTCCTTAATAAAAGCA3 . Whole-

mountin situ hybridization was performed as previously desctiffachdev et al., 2001).

Pigment aggregation assay. 3 dpf embryos were placed in egg water contginin

0.5ug/ml 4-hydroxyanisole (Sigma) for 3 days and imagédipf embryos were placed
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in egg water containing 1 nM melanin concentrahngmone (Sigma) for 10 minutes

(Logan et al., 2006).

Luciferase Assay. Effector protein expression plasmids were geerdrhy sub-
cloning full length and cytosolic domain (1-374)e68I2 and N301KCreb3I2 into pCS2+
vector. Thdirefly luciferase reporter plasmid was generated by saba 895 bp of
promoter sequence upstream of zebragsstR3anto the pGL3 luciferase reporter vector
(Promega). Human Foreskin Fibroblasts (Systemdi&oses) were grown to 95%
confluency and transfected using Lipofectamine 20@@trogen) according to the
manufacturer’s specifications with reporter plasif@ict pg), a reference plasmid pRL-
SV40 (0.04 pg) carrying theenillaluciferasegene under the control of the SV40
enhancer and promoter (Promega) and the corresppeéfector plasmids (0.4 pg).
After 30 h, luciferase activities were measurech@she Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturesteqol. Firefly luciferase activity

was normalized to that &enillaluciferase.

Quantitative PCR analysis. Q-PCR was performed as described previously
(Sarmah et al., 2010). Total RNA was extractechfepproximately 30 embryos at
different embryonic time points using the TRIzahgent (Sigma). Two micrograms of
total RNA were reverse transcribed to cDNA usindWNV reverse transcriptase
(Promega) and poly-T primer. Each PCR reactionpesitormed with Jul of cDNA
using iQ™ SYBR Green Supermix (Bio-Rad) anqi§! of each primer. Primer sets used
were:

B-actin: Bgactcaggatgcggaaactg3aagtcctgcaagatcttcde3
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Creb3I12: SACAGGAGAGTCGCAGGAAAA3, 5CACAGAACCACCACCATGAGS,
Sec23a: AGGTGGACGTGGAGCAATAC3, 5CGAGAACGTCTCGGAGAAACS,
Sec23b: ATGCTGGGACTGATGAAACC3, 5TCCTGTGTTTGGGAAAGTCC3
Sec24D: STTTGCTGACACCAACGAGAGS3, 5TGATTGGGGAACAGGAAGAGS,
Sec24c: LTAGGGAAGAGAGTGGACTGC3 5GTCTTCAGCTCCTGGCAAACS
S1P: 5GGATGTGGCGGTGTCTTACT3 5CCTCTTACTGCGTGGAGGAG3
Bip: 5CAGGAAAGAGTAAAACAGCAACCGST,
5CCGAAATTTTGCTCTCACTGCATCS3, and
Sil1: SCAGGAAAGAGTAAAACAGCAACCGT,
S'CCGAAATTTTGCTCTCACTGCATCS.

Three independent experiments in triplicates weréopmed using-actin as
internal control. Thermal cycling was carried ouain iQ5 (Bio-Rad) and relative

expressions were calculated following previouslgalded methods (Livak and

Schmittgen, 2001).

Statistical Analysis. Data in bars represent averaged. Statistical analyses
were performed using unpaired two-tailed Studentést andp values <0.05 were

considered as significant.

Results
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The zebrafish feelgood mutation causes craniofacial defects

The primary features of tHeelgoodphenotype include a reduced lower jaw,
shortened body length, and compact head, trunkahas measured from the posterior
edge of the ear capsule to the tip of the tailffeédg3.1A-D). Alcian blue staining (Figure
3.1 E-F) reveals that all cartilage elements of the hé@atkson are present feelgood
mutants, but they are shortened and malformedjdivad) abnormal curvature of the
Meckel's and ceratohyal cartilages, and failurthefMeckel's to taper towards the
anterior end (Figure 3.1F

Histological analysis by toluidine blue stainingglire 3.1G,H) shows reduced
extracellular matrix (ECM) surrounding the chondites and tightly packed nuclei in
feelgoodmutants (Figure 3.1H, arrow). Furthermore, theral@attern of chondroblast
intercalations and stacking is disrupted. Thea&ufes are shared with the head skeleton
defects observed in tloeusher/sec23andbulldog/sec24adnutants (Melville and Knapik,

2011; Lang et al., 2006; Sarmah et al., 2010).

Type-l1 collagen trafficking isdisrupted in feelgood mutant chondrocytes
To investigate whether abnormal cartilage shapsssciated with trafficking
deficits of extracellular matrix proteins as wdtusher/sec23andbulldog/sec24gdwe

examined the cellular distribution of Collaged2Col2x1) in chondrocytes at 80 hpf, the
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Figure3.1: Thefeelgood (fel™®?) mutation affects craniofacial skeletal development.
(A-D) Live images of wild-type (WT) anfkelgoodembryos at 5 dpf. Arrows indicate
reduced length of head and trunk in dorsal (A,B) teral (C,D) views. (E-F) Alcian
blue staining of cartilage elements in head skaletdateral (E,F) and ventral (E’)
views. (G,H) Toluidine blue staining of transvessetions of the jaw at the level of the
optic nerve. Nuclei stain blue, while ECM stainsge. Abbreviations: cb,
ceratobranchials 3-7; ch, ceratohyal; hs, hyosyatiglem, Meckel's cartilage; pq,
palatoquadrate.
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earliest stage at whidkelgoodmutants can be clearly identified, and at 5 dpf Bm®

In addition, we compared collagen trafficking tdkbtransport of secreted glycoproteins
by staining N-acetylglucosamine or sialic acid desis with wheat germ agglutinin
(WGA).

In 80 hpf wild-type embryos, both Cal2 and WGA-labeling is primarily
localized to the extracellular space (Figure 3.2A;Avith small clusters of intracellular
staining likely representing the Golgi apparatuget al., 1989). Ifieelgoodmutants,
WGA staining also appears in the extracellular spatd the Golgi apparatus (Figure
3.2B), suggesting th&telgoodmutants traffic the bulk of WGA-binding glycopratsi at
close to normal levels. In contrast, immunoflucexe staining ifeelgoodreveals
deposition of Col21 to the extracellular space but also accumulatie@mall cytosolic
vesicle-like structures, which are larger and detisan the corresponding intracellular
compartments in wild types (Figure 3.2&). By 5 dpf,feelgoodand wild-type WGA
staining patterns are similar (Figure 3.2C,D), wlasrthe intracellular type-Il collagen
accumulation ifeelgoodchondrocytes has increased (Figure 302G

To identify the intracellular localization of prateaccumulation, we used
transmission electron microscopy (TEM). TEM imagkew that chondrocytes are
regularly stacked in wild-type embryos with abunda@M (Figure 3.2E,l), whereas in
feelgoodchondrocytes have a round morphology and are ilaégispaced, suggesting
stacking defects (Figure 3.2G,K). At this stageigh ER, identified as ribosome dotted
membranes, is severely, but not uniformly, distenddeelgoodmutants (Figure 3.2F,H).
By 5 dpf, chondrocytes in wild-type embryos havedmee hypertrophic, lacking dense

rough ER (Figure 3.21,J). Conversely, chondrocytdselgoodappear arrested at earlier
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Figure 3.2: Protein trafficking isdisrupted in feelgood mutants. (A-D)
Immunostaining of WGA (A-D) and Cadd (A'-D’) of the Meckel's cartilage at 80 hpf
(A-B'") and 5 dpf (C-D) in wild-type (WT) andeelgoodembryos. Arrows in merged
images indicate aberrant intracellular collagemlization infeelgood (E-L) TEM
images of 80 hpf (E-H) and 5 dpf (I-L) WT afeklgoodchondrocytes. Arrows indicate
distended ER membranesfaelgoodcells. Scale bars are 1 micron. (M-TIBEM images
of collagen fibrils in the extracellular spacefe¢élgoodmutants and wild-type (WT)
siblings at 80 hpf and 4, 5 and 6 dpf. Arrows ptinrepresentative individual collagen
fibrils. Scale bar is 1 micron.
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stages of maturation, containing large vacuoledisiended ER membranes filled with
electron dense material (Figure 3.2K,L).

These data indicate that the jaw deformitygelgoodmutants is likely a
consequence of abnormal collagen secretion andhcmis intracellular protein buildup,
leading to a progressively more severe phenotifiey also suggest that the maturation
of feelgoodchondrocytes toward a hypertrophic state is delayesfalled, subsequent to
insufficient matrix deposition, which is known tause deficits in matrix-mediated

intracellular signaling (Hickok et al., 1998).

Cartilage matrix isprogressively lost in feelgood mutants

Cartilage matrix is continuously turned over durdeyelopment and tissue
homeostasis. Maintenance of cartilage matrix regusynchronization of a number of
cellular functions, including coordinated proteatsetion, cell-matrix signaling and
protein degradation. To query how the intracetldfect in collagen transport affects
ECM formation, we compared the ultrastructure ofileage matrix in TEM images of
wild-type andfeelgoodembryos (Figure 3.2M,Q). In this analysis, werekeed tissue
sections from the earliest stage we can morphaddigidistinguish thdeelgood
phenotype at 80 hpf, followed by analyses on daysahd 6 of development. We found
thatfeelgoodmutantmatrix at 80 hpf contains collagen fibrils (Figl82Q) suggesting
that collagen is successfully synthesized and sstigy chondrocytes at the initial stages
of chondrogenesis. However, as collagen fibritsagprogressively denser in wild-type
cartilage (Figure 3.2M-P), ECM matrix feelgoodbecomes gradually more sparse and

devoid of collagen bundles with an almost compéteence of organized fibrils by 6 dpf
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(Figure 3.2Q-T).

Thus, cartilage collagen is being initially secdeby feelgoodchondrocytes,
albeit at lower levels than in wild types. Howedee typical increase in matrix
secretion during cartilage differentiation at thepf stage is absent, suggesting that

feelgoodis required for sustained, high-volume traffick€M proteins.

Notochord sheath formation, but not secretion of glycosaminoglycans (GAGS), is
disrupted in feelgood mutants

feelgoodmutant embryos are shorter than wild types, pognto disrupted
notochord development. In zebrafish embryos, tteahord functions as a hydrostatic
skeleton; the mechanical properties of which depgmmdn external fibrous sheath, that
consists primarily of collagen and laminin matiaxd numerous internal vacuoles in
notochord sheath cells, that enclose secreted ggyomoglycans (GAGs) with high
affinity for water (Scott and Stemple, 2005; Adaghsl., 1990). Both of these
biomechanical components exert the appropriatechotd stiffness that is essential for
embryo lengthening and maintenance of straightuypest

To determine the secretory status of GAG protairtbé notochord sheath, we
used WGA staining. The results show that at 28 Wb A-stained proteins are
trafficked through the notochord sheath cellseelgoodembryos to extracellular space
(Figure 3.3A,B,E,F). The major components of tbeonhord sheath are type Il and type
IV collagen fibrils that are interlinked with lamins, nidogen and fibulins; the typical

components of basement membranes (Timpl and Brb986). We analyzed the
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Figure 3.3: Collagen trafficking is preferentially disrupted leading to notochord
defects of feelgood mutants. (A-F) Immunofluorescence of WGA, Cel2 and merged
images of 1Jum sagittal sections of the notochord of 28 épibryos. Arrows indicate
vesicle-like collagen staining outside the notocdhsineath; (G-H) DIC images of the
corresponding sections in A-F. (I-N) Immunofluaresce of type-1V and Type-ll
collagen (I-L) and laminin (M,N) in 1pm sagittal sections of the notochord at 28 hpf.
(O-R) Toluidine blue staining of transverse sedithrough the notochord at the level of
the posterior of the parachordal plate (O,P) arstggmr medulla oblongata (Q,R) in 80
hpf embryos. Schematic diagrams depict the arédaeotorresponding sections. Arrows
indicate the less robust notochord sheatle@hgoodcompared to wild types. (S)
Immunoblot analysis of type-Il collagen processimdolecular forms are indicated as:
processed, the fully processed form; pN, pN-coltaliepNpC, unprocessed procollagen
Il. (T) EndoH sensitivity assay for N-cadherin. Biyo lysates were either untreated (-)
or treated with either EndoH (H) or PNGase F (Fpteimmunoblotting for N-cadherin.
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secretory status of the type Il and type IV collagby immunofluorescence and found
that both are abnormally localized within largeigkeslike structures similar to those
seen in the craniofacial cartilage (Figure 3.3 G-E),

To determine whether secretory defects extendinerdCM proteins, we
analyzed the localization of laminin in the notochand somitic boundaries, and we
detected no deficits in depositionfaelgoodembryos compared to wild types (Figure
3.3M,N, and data not shown). Histological analydiransverse sections stained with
Toluidine blue at 80 hpf embryos further corrobedathe findings at earlier stages and
revealed less robust notochord sheatte@igoodcompared to wild types (Figure 3.30-
R). These data suggest that the transport of GA@Ggernal vacuoles, as well as the
secretion of WGA-binding glycoproteins and lamirsmot disrupted ifieelgoodmutants.
In contrastfeelgoodspecifically affects the secretion of type Il &gde IV collagens
resulting in overall weaker and smaller fibrousathesurrounding the notochord,
consistent with the shorter body lengtifeglgoodembryos.

To further assess the secretory capability ofeleégoodembryos, we analyzed
total protein extracts from 4 dpf embryos on Westdots probed with antibodies against
type-Il collagen. We found an increase in unpreedrocollagen, consistent with a
trafficking defect (Figure 3.3S).

Furthermore, we analyzed an immunoblot using N-eadhantibody and protein
extract and found thad-cadherin infeelgoodmutant embryos was resistant to
endoglycosidase H (Endo H) (which cleaves manniobestructures) but sensitive to
PNGase F (which cleaves high-mannose as well aplearype N-glycans). This

indicates that N-cadherin is normally processedmndresses along the intracellular
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secretory pathway consistent with its plasma men#lacalization irfeelgood

chondroblasts (Fig. 3T, and data not shown).

The feelgood mutation affects melanosome maturation

To test whether thieelgoodohenotype affects other cell types characterized by
high levels of protein trafficking, including thotigat do not secrete collagen, we
analyzed pigment cell maturation. This processives intensive protein transport
during the biogenesis of melanosomes, a set of matwgically and functionally unique
organelles that accumulate melanin and translociiitén melanocytes in response to
pigment modulating stimuli (Marks and Seabra, 200r results show that while
pigment appears normal, the abilityfe€lgoodmelanocytes to respond to stimuli is
disrupted (Figure 3.4A-D). Specifically, when sgeavas induced by a low concentration
of the melanotoxic 4-hydroxyanisole (Riley et &B,/5), melanosomes in wild-type
pigment cells responded by aggregating into sneadkd structures as previously
described (Logan et al., 2006). Howeveifeelgoodembryos, melanosomes failed to
aggregate when stimulated with 4-hydroxyanisole methnosome concentrating
hormone (Figure 3.4C,D, and data not shown).

To gain insight on pigment aggregation phenotypecampared the
ultrastructural characteristics of melanosomes betwvild-type andeelgoodish
(Figure 3.4E-G). TEM images revealed that in wylpes, melanosomes mature to
flattened, oval shape structures, wheredeatgoodmutants, they appear uniform in size
and circular in shape (Figure 3.4F,G). This phgoeis similar to the melanosome

maturation defects observed in the murine and #shrsilver mutants (Theos et al.,
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2006; Schonthaler et al., 2005). Thker phenotype is caused by failure to transport

fe ‘lm662

E

Stages of melanosome maturation

Stage | Stage |l Stage lll  Stage IV

L 2

femb‘ 62

Figure 3.4: Melanophore development isdisrupted in feelgood mutants. (A-D) Live
image of melanophores in the trunk of 6 dpf wilgdyandieelgoodmutants in untreated
(A,B) and 0.5ug/ml 4-hydroxyanisole treated (C,D) embryos. (Hingnary drawing of
the stages of melanosome maturation comparing na@nueelgoodmelanocytes. (F,G)
TEM images of 5 dpf melanosomes. Arrows point toadure melanosome in wild type
(F), and a round, dark, stage IV melanosonfeéhgoodG). Scale bar is 1 micron.
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Pmell7, a structural protein that is required tntain the oval shape of melanosomes,
across the ER membrane (Theos et al., 2006).

Taken together, these results show fealgooddisrupts normal melanosome
maturation in melanocytes. Thdeelgoodhas critical functions in distinct cell types and

not only in collagen-producing cells.

The feelgood mutation disruptsthe creb3|2 locus

The similarities between tHeelgoodphenotype and the phenotypes of the
crusher/sec23andbulldog/sec24dnutants, which abolish the function of two key
COPII components, suggested thatfdedgoodocus encodes a protein participating in
COPIl-mediated transport. To identify the chronmmablocation of théeelgood
mutation, we utilized a positional cloning strated¥/e genotyped fish from an F2
intercross and used the zebrafish genetic linkage @dnapik et al., 1998; Bradley et al.,
2007) to establish that theelgoodmutation is located in a 5.2 cM region on the
proximal arm of chromosome 4 (Figure 3.5A). Wentbeilt a physical map of the
critical region between these markers using thegaiyomic assembly to obtain contigs,
and bridged the gaps between contigs using BACnmdtion from the Zebrafish
Genome Fingerprinting Project and sequences frenttisembl trace repository. We
confirmed the accuracy of our physical map by dapielg SSLP markers from BAC or
contig sequences and counting recombination eve@2,510 meioses F2 map cross.
Finally, we restricted the critical interval to & kb region flanked proximally by a
marker within an intron of theAMP responsive element binding protein 3-liker2b312

gene, and distally by a marker in intron 20 of dinecylglycerol kinase, iotédgki) gene.
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No other known genes are present in the critiqgibre(Figure 3.5A).

Sequencing of the coding region of the two can@idgnes revealed a single
C>G transversion at base pair 1128 ofdreb3l2gene that results in a N301K missense
mutation (Figure 3.5B,C). The Creb3I2 protein exmd a basic leucine zipper domain
consisting of a basic motif that mediates sequepeeific DNA binding, a leucine zipper
motif that facilitates protein dimerization (Vinsehal., 1989; Hope and Struhl, 1987),
and a single pass transmembrane domain precediig-a& protease (S1p) recognition
site (Figure 3.5B). Thieelgoodmutation is located within the DNA binding basictimho
of Creb3I2, in a segment that is conserved fbnelegango man (Figure 3.5D).
Creb3I2belongs to a family of 5 paralogs that are higldgserved among vertebrate
species including zebrafish. Phylogenetic analsis@ved that zebrafigtreb3I2is the
most similar zebrafish paralog to hunfaAREB3L2(Figure 3.6).

To determine whether loss of Creb3I2 function spansible for théeelgood
phenotype, we designed a Tol2-based rescue con@twan et al., 2007) containing
wild-type bactin2:creb312-mCherryhat was injected intteelgoodmutants to create
chimeric transgenic fish overexpressing wild typd anutant proteins (Figure 3.5E).
Approximately 1/4 of the injectei@elgoodmutant embryos showed a partial rescue of
thefeelgoodphenotype as indicated by the longer jaw, whichirpdes past the eyes, and
the presence of cartilage elements whose shapellesembles that of wild types
(Figure 3.5F,H). A similar construct that contalribe putativédeelgoodN301K)
mutation increb3l2failed to rescue, indicating that the N301K subsitin disturbs

creb3l2function and accounts for tlieelgoodmutant phenotype (Figure 3.5G,1,J).
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Figure 3.5: Thefeelgood line carries a missense mutation in creb3l2. (A) The
feelgoodmutation was mapped to Chromosome 4 between SSkkena20533 and
z7104. Novel SSLP markers with the indicated nunatbeecombinants reduced the
critical region to a ~50 kb region that contained yenes. The physical map of the
critical region was based on the Zv7 assembly. S&)ematic diagram of the Creb3I2
primary structure illustrating a missense N301K aioh in the DNA binding Basic
motif. Abbreviations: Basic: Basic motif, Lzip: ueine zipper motif, TM:
transmembrane domain, S1p: Site-1 protease reamysiquence. (C)
Electropherograms of wild-type (+/+), heterozygetés-) andfeelgood(—/—) genomic
DNA. The arrow points to the €G transversion that results in lysine for aspamgin
substitution at position 301 (N301K). (D) Compariof the DNA binding basic motif
of creb3l2across several species. The amino acid chandedlgpodmutants is
underlined in red. (E) Schematic diagram of th&kit-based construct containing
mCherrytaggedcreb3l2under the ubiquitouseta-actin(bactin? promoter. (F-1) Alcian
blue staining of cartilage elements at 5 dpf of-imgacted (NIC) wild-type embryo (F);
non-injectedeelgoodembryo (G)creb3I2-mCherryescuedeelgoodmutant embryo
(H); and mutant embryo injected wiibelgood(N301K) creb3|2—Cherrythat failed to
rescue the phenotype (I). The chromatograms afesemps surrounding ttieelgood
lesion for the embryos shown in F-I have been ihetlin the corresponding adjacent
images. Arrows indicate an increased length otlojaw in rescued mutant (H)
compared to NIGeelgoodcontrol (G). (J) Quantification of the numbemoéitant, wild-
type, and rescued phenotypes intbhetin2creb312-mCherryinjection experiments. The
feelgoodgenotype of these fish was confirmed by sequencing
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Figure 3.6: Phylogeny of Creb3 like paralogs. Phylogram of known zebrafisbanio
rerio), human Homo sapiens mouse fus musculus chicken Gallus gallu3, frog
(Xenopus tropicalis fruitfly (Drosophila melanogastgrand nematodeCaenorhabditis
elegan$ Creb3 like paralogs.
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creb3l2 isexpressed in the developing pharyngeal arches

To determine whether the spatio-temporal expregsatiern ofcreb3l2during
development matches the structures mostly affantéekblgoodmutants, we analyzed
RNA samples by RT-PCR and embryos by whole mausitu hybridization at
sequential developmental time points. RNA analysigaled thatreb3I2mRNA is
maternally deposited and that the amount of trapisdecreases after the onset of zygotic
transcription at the mid-blastula transition. Asvelopment proceedsteb3I2is steadily
expressed throughout morphogenesis with the hidgéestat 4 dpf (Figure 3.7A).
Probing embryos bin situ hybridization with digoxigenin-labeledreb3I2riboprobes
showed thatreb3l2is ubiquitously expressed during early developn(Eigure 3.7B).
By 36 hpf,creb3I2RNA becomes primarily localized to the developiag pectoral fins,
and the otic capsule (Figure 3.7C) and expressiomaintained throughout jaw
development (Figure 3.7D-E These results show that Creb3I2 is highly esped in
tissues that show developmental deficitéeilgoodembryos, consistent with a direct

role for Creb3I2 in craniofacial morphogenesis.

creb3l2 knockdown phenocopies the feelgood defects

Thefeelgoodmutation most likely disrupts the DNA binding atyilof Creb3I12,
resulting in partial or complete loss of functiofio determine whethdeelgoodis a null
or a hypomorphic allele, we knocked-down Creb3i&¢in using two morpholinos (MO-

1 and MO-2; Figure 3.8A). Although both producedikar results, MO-2, which
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Figure 3.7: Expression of creb3|2 during zebrafish development. (A) RT-PCR
analysis otcreb3l2expression witlbeta-actinas a loading control. (B-E') Whole mount
in situ hybridization otreb3l2expression. Arrows indicate increased expresaidhe
developing pharyngeal skeleton and fin betweenr8b6® hpf. C-E, lateral views,' B’
ventral views of D,E. Abbreviations: e, ethmoidtgl m, Meckel's cartilage; ch,

ceratohyal; oc, otic capsule.
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Figure 3.8: Decreased Creb3l2 function isresponsiblefor the feelgood phenotype.

(A) Schematic representation of ttreb3l2gene structure and positions of the two
morpholinos MO-1 and MO-2 used in knockdown expenis. The names, position and
orientation of specific primers used to evaluatedffectiveness of MO-2 are shown on
top of the genomic locus diagram. Exonic primeesiadicated by an ‘e’, intronic
primers are indicated by an ‘i'. The predictechtated form of the protein caused by
MO-2 compared to the full-length wild-type protésnshown below. PCR amplification
products representing spliced and un-splicei3I2mRNA as compared to totateb3I2
MRNA in embryos injected with 3 ng MO-2 is showntba left gel electrophoresis
images. The primers used for amplification arenshon the right. (B-B Live (lateral,
B-E) and Alcian blue stained (ventral-B) images of 80 hpf embryos injected with 0.5
ng MO-2 (C,D), or MO-2 plusreb3I2ZmRNA (E). NIC, (non-injected control) is shown
in B. (F) Quantification of knockdown and mRNA ceg experiments indicates the
percentage of embryos in the four phenotypic ckasbserved.
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straddles the exon 4 splice acceptor site o€tab3l2gene locus in order to disrupt
transcript processing, was more effective. MO-@redicted to cause a frame shift
generating a stop codon at amino acid 209 andrigddia truncated peptide lacking all
functional domains (Figure 6A). Injection of MOr&sulted in depletion of the spliced
creb3l2transcript as evaluated by RT-PCR (Figure 3.8M)e observed MO-2
phenotype is similar tteelgood although the morphant defects are more severe tha
those found ifeelgoodmutants (Figure 3.8B-D). Decreasing the amoumofpholino
results in a milder phenotype more similafdelgoodFigure 3.8C,C quantified in
Figure 3.8F). To determine the specificity of M©®-2 phenotype, we co-injected
morphants with mRNA of correctly splicedeb3I2and observed a suppression of the
MO-2 phenotype in live larvae and Alcian blue skalereparations (Figure 3.8E).
Because the depletion of zygotieb3I2transcript results in more severe defects than the
ones infeelgoodit is likely that thfeelgoodmutation represents a hypomorphic allele

with partial loss of Creb3I2 function.

Thefeelgood mutation reducesthetranscriptional activity of Creb3l2
Thefeelgoodvariant results in a change of a single amino eestiue (N301K)
within the DNA binding domain of Creb3I2. To asseghether this change affects
transcriptional activity, we cloned zebrafish cDN&scoding wild-type Creb3I2, a
processed Creb3I2 lacking its transmembrane doraaahthe correspondirigelgood
variants into expression vectors (Figure 3.9A). as® cloned the 895 bp fragment of
the zebrafistsec23gpromoter that is located immediately upstream ftbentranslation

start site in front of theuciferasereporter gene. We chose this fragment because it

76



A
Basi -
Creb3l2 asic Lzip T™M S'IE
Creb3I2 N301K aEEESSSS————————
cyt-Creb3I2 L )
cyt-Creb312 N301K L IX0 N ]
COPII
c feelgood crusher bulldog
s M creb3i2 1 B =
6 sec23a -
T msec23b B *
& M sec24d i

W sec24c

~

fold change (log scale)
& & -

=]

s
!
-

0.2

0.1——

*x

w

fold induction
DHNW-DU‘O\\JM\.DB

0.2

0.1+

ﬁiiﬁl-

-CrebSIZ -Creb3|2 i oyt- cyt-
N301K  Creb3l2 Creb3i2
N301K

ER Stress
feelgood crusher bulldog

M sip
M bip
sill

Figure 3.9: Expression of genetranscripts encoding COPII componentsisreduced

in feelgood. (A) Schematic of zebrafish Creb3I2 expression qots. “X” in Basic
domain marks théeelgoodN301K mutation. (B) Luciferase reporter assaysumdn
fibroblasts were transfected with the indicatedregpion constructs and the firefly
luciferase reporter containing 0.8 kb of the zebhedec23gpromoter. Renillaluciferase
control plasmid was also used as transfectionieffay control. Luciferase activities
were compared to cells transfected with empty veactaetermine fold induction. Red
line indicates baseline activity adjustedRenillaluciferase values. (C-D) gPCR analysis
of the fold expression change of COPII-relateddcaiptscreb3I2, sec23asec24dand
sec24an feelgood cru/sec23andbul/sec24dC), and ER-stress-related transcrigip,
bip, andsill (D) in feelgood crusher/sec23andbulldog/sec24dnutants compared to
wild types. RNA was extracted form whole embryb8@hpf. All results are
normalized to beta-actin and then to wild-typendicates p<0.05, ** indicates p<0.005.

77



contains three putative CREB-binding elementsT-RACGTGG-3' at position -3 to -
10; 5TCACGTTT-3' at -347 to -354 and 5'-AGACGTCTaB-888 to -895 bp from the
transcriptional start site.

Transient transfection experiments in human fibests showed that the wild-type
Creb3I2 and the processed, cytosolic Creb3I2 aetitree reporter gene by 5.5- and 7.5-
fold, respectively (Figure 3.9B). In contrast,bdte full length and cytosolfeelgood
Creb3I2 variants were considerably less activayaimy the promoter by 2.5- and 4.0-
fold, respectively. The transcriptional activitysays suggest that the N30fd€Igood
variant diminishes the transcriptional activity@feb3l|2 by approximately 50%. Thus,
the molecular data are consistent with the geretictMO-mediated mutational analyses
described above (Figures 3.5 and 3.8), which sihatfeéelgoods a hypomorphic allele.
The fact that both the full length and the procd<seeb3I2 mutants display a similar loss
of activity compared to the corresponding wild-typeteins strongly suggests that the
primary molecular defect ifeelgoodeads to loss of transcriptional activity, or resl
transport rates, rather than incorrect processyn§° or inefficient transport of Creb3I2

from ER to Golgi.

The feelgood mutation leads to decreased expression levels of select cargo adaptor
proteins

Collectively, our results indicate thielgood/creb3I2nutants have a similar,
although milder, craniofacial phenotypectuisher/sec23andbulldog/sec24anutants
(Lang et al., 2006; Sarmah et al., 2010). Thisasithe possibility that tHeelgood

deficit leads to lower expression levelsset23aandsec24d.Sec23A was previously
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shown to be a direct target of Creb3I2 (Saito €28l09b). We also found that Creb3I2
itself has a conservemte site in its promoter, and therefore might be setfulated.

In order to determine whether the putative Crelb@igetscreb3l2, sec23and
sec24dare misregulated ifeelgoodmutants, we analyzed total RNA samples from 80
hpf embryos. We also includsdc24dor comparison. Quantitative real-time PCR
results show that the expression levelsreb3l2, sec23andsec24dare decreased in
feelgoodmutants relative to wild types (Figure 3.9C). tmtrastsec24devels are
upregulated iffeelgoodmutants as compared to wild-type embryos. Thisaue could
be either due teec24aipregulation through Creb3l2-independent, compemngat
mechanisms, or a Creb3|2-mediated, indirect supmme®fsec24c

To determine whether expression levels of Crel@i@ets are altered by
disruption of ER-to-Golgi protein trafficking indepdently of Creb3I2, we analyzed
RNA samples frontrusher/sec23andbulldog/sec24dnutants. The results show that
the expression levels ofeb312, sec23andsec24dare increased in theseutants
relative to wild-type embryos, exceggc23aandsec24dn their respective mutants,
possibly due to nonsense-mediated decay (Figuf@) vehereasec24ds upregulated in
all three mutants.

Together, these results demonstrate that Creb&i @in important role in
regulating multiple components of COPII carriesaell as regulating its own
expression. Interestingly, there is no evideneg tihe expression skec24dads regulated
by Creb3I2, consistent with the lack of craniofadigsmorphology phenotype sec24c

morphants (Sarmah et al., 2010).
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The feelgood mutation does not cause ER stressresponse

To test whether the unfolded protein response (U Risrupted irfeelgood
mutants, we analyzed the expressiobipfandsill (Figure 3.9D), both of which are
induced incrusher/sec23andbulldog/sec24d Neither was upregulated in a statistically
significant manner in 80 hpéelgoodmutants compared to wild-type embryos,
suggesting a lack of ER stress response. Firatlysession differences in the Creb3I2
processing enzyme S1P were negligible in the thmaetants. The lack of UPR likely
reflects the less severe nature offédelgoodphenotype, consistent with the hypothesis

that the primaryeelgooddefect is in collagen trafficking.

Discussion
Here we show that the zebrafigelgoodmutation manifests skeletal phenotypes
resembling those observeddrusher/sec23andbulldog/sec24d, i.egccumulation of
type Il and type IV collagens within enlarged rowggidoplasmic reticulum in
chondrocytes and notochord sheath cells. At thiecatar level, théeelgoodmutation
causes an amino acid substitution within the DNAdimg domain of the transcription

factor Creb3l2.

Developmental stage specificity

feelgoodmutants present deficits in the late developmesitajes of the
craniofacial skeleton formation. The early stagelsead skeleton development,
including neural crest migration, mesenchymal coasdgon, and specification into type-

Il collagen secreting chondrocytes, proceed nogmadticating that these steps do not
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depend on fully functional Creb3l2. However, ie thter developmental steps,
characterized by robust collagen secretion by cramytles, ECM fails to densify and
mature, leading to skeletal elements that are 8pdcbut structurally malformed. This
phenotype of normal skeletal patterning and misshapdividual elements is similar to
human birth defects including CLSD (Boyadjiev et 2D06; Fromme et al., 2007), and
as suchfeelgoodmay provide a powerful tool for understanding thelegy of this class
of congenital dysmorphologies. Moreover, the aliiresence of collagen fibrils in the
extracellular space, but lack of ECM maintenan@&nsefeelgoodmutants is reminiscent
of adult-onset diseases characterized by micro@atiaral skeletal deterioration such as
observed in osteoporosis or arthritis (Goldring &uddring, 2007; Heinegard and Saxne,

2011).

Tissue specificity

Our results uncovered that Creb3I2 function isauotfined to skeletal tissues, but
is also required in other cell types. Specificdielgoodmutant embryos display defects
in the maturation of melanosome organelles thasiandar to those previously described
in the zebrafish and mouse mutat®lver (Theos et al., 2006; Schonthaler et al., 2005).
Thesilverlocus encodes Pmell7, a type | membrane-inselyedgyotein that is an
integral part of the melanosomal matrix. Pmellfafficked from the ER to endosomes
and finally to melanosomes (Theos et al., 2005pkElaet al., 2008). Ifeelgood as
revealed by TEM, the trafficking of melanosome mxgbroteins that are responsible for
change in melanosome shape is de-coupled from pigsyathesis and secretion,

indicating that Creb3|2-mediated regulation of casgcretion extends to different cell
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types.

Theroleof Creb3l2in proten trafficking

Creb3I2 is a protein of 519 amino acids, codeddgxXons spanning a genomic
region of over 120 kbp. The overall genomic suuetas well as the amino acid
sequence of the DNA binding domain have been higbhserved from zebrafish to
human (Storlazzi et al., 2003). Creb3I2 is pard ofass | membrane bound basic leucine
zipper proteins that must be cleaved by Site-1gaisd (S1P) and Site-2 protease (S2P) in
order to be activated (Figure 3.10) (Seidah etl899; Kondo et al., 2007). Because
Creb3I2 is synthesized in the ER, whereas the gsetethat cleave it are localized in the
Golgi, Creb3I2 proteolysis may be regulated byatnailability of the COPIl machinery
as with the similarly cleaved Sterol Regulatoryriéamt Binding Proteins (Espenshade et
al., 2002). Thus, by virtue of being an ER resigantein, Creb3I2 is in an optimal
location to optimize both the availability and comsftion of the ER-to-Golgi trafficking
machinery by selective regulation of secretory wathcomponents.

Previously Creb3I2 was shown to directly bind tihenpoter ofSec23an mouse
(Saito et al, 2009). Our analysis using the zetinalec23gromoter and constructs
encoding wild-type and mutant Creb3I2 show thatféteégoodCreb3I2 has lost
approximately 50% of its transcriptional activityhis result further corroborated the
mild skeletal defects observedfgelgoodmutants. Thus, we conclude that teelgood
mutation represents a hypomorphic allele that ishmass severe than the zebrafish
creb3l2morphants and knockout mouse, both resulting ig severe skeletal deficits.

The analysis of Creb3I2 KO mice has suggestedGrett3|12-mediated Sec23a

82



WT feelgood

Nucleus =% Select COPIl genes Nucleus % > Select COPII genes
| —

CRE CRE
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Figure 3.10: Model of Creb3l2 function and the phenotype of the feelgood mutation.
When the secretory load of a cell increases bejlomdapacity of the basal level of
COPII protein expression, Creb3l2, which is norm&dcalized in the ER, is cleaved by
cis-Golgi resident Site-1 protease. After cleav@geb3l2 dimerizes and enter the
nucleus to bind cre sites in the promoters of $&€l€xP1l genes, upregulating their
expression and increasing the secretory capacitglbfleft panel). Ifeelgoodmutants,
the missense mutation in the DNA binding domaiCodb3I2 likely leaves the regulatory
steps of cleavage and dimerization unaffected|dadts to inefficient binding of Creb3I2
to cre sites and diminished upregulation of expoessf COPIl components. The lack of
adequate secretory machinery leads to distendefdl&Rwith collagen, while

trafficking of small cargos such as glycosaminoghgand some large cargos such as
laminin is unaffected (right panel). This may hedo insufficient levels of COPII
components to build the more complex structuresired for large cargos, or large
cargos may be displaced by smaller ones when tireteey capacity is limited, or,
because Creb3I2 differentially regulates COPII jogys Sec24C and Sec24D, leading to
deficient Sec24-dependent cargo sorting caused liyaroper balance of Sec24
paralogs.
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pathway regulates the ER stress response mactdnang chondrogenesis (Saito et al.,
2009b). We detected similar increases in the E&stresponse trusher/sec23and
bulldog/sec24dnutants, but not ifeelgood It has been difficult to discern which
aspects of the phenotype are due to over-activafitime ER stress response and which
are due to the inability of cells to secrete prwgeb build normal ECM. However, the
hypomorphic nature of tHeelgoodallele allowed us to parse the ER stress response
phenotype from the requirement of Creb3I2 for Cafgjpendent ER-to-Golgi transport.
We postulate that the primary function of Creb3 210t direct regulation of the ER stress
response. This conclusion is consistent with ealimpinary results using additional ER
stress response markers as CHOP and Xbp1l (Tabd&®oe@011, data not shown).
These experiments did not reveal significant uplisgan of ER stress response in

feelgoodor in much more severzeb3l2morphants.

Paralog Specificity of Creb3l2

We have shown that Creb3I2 does not only reguat?3aexpression, but also
other COPII components, namelgc23kbandsec24d.While we observed diminished
expression o$ec24dn feelgoodwe did not find any evidence that Creb3I2 regulttes
expression of its closest paralegc24c Therefore, it is likely that thieelgoodmutation
mostly affects the Creb312/Sec24D secretory axteaut influencing Sec24C-dependent
cargos. The loss-of-function phenotypesm@b3l2 sec24dandsec24c
mutants/morphants support this model (Melville &mépik, 2011; Sarmah et al., 2010).
For example, the fowulldog/sec24aebrafish alleles, which abolish Sec24D function,

share many features witbelgoodi.e., they display intracellular backlogs of egjén
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molecules and sparse extracellular matrix, butively normal trafficking of other ECM
molecules such as fibronectin (Sarmah et al., 20kDyontrast, chondrocyte maturation
and skeletal development proceed normallyao24anorphants.

The differential transcriptional regulation of COPbmponents could also
explain the tissue specific deficits observed imedwuman syndromes. For example,
mutation in SEC23B result in the human disease @Dlich manifests in anemia but
not skeletal defects, while mutations in SEC23Ailtds the human disease CLSD,
which is characterized by skeletal defects butameimia (Boyadjiev et al., 2006; Bianchi
et al., 2009). The differences in phenotypes miightlue to divergent transcriptional
regulation, resulting in differential availabiliof various COPII components in different
cell types. This hypothesis is supported by thdifig that SEC23B is expressed at 5 fold
higher levels than SEC23A in human erythroblasthg&rz et al., 2009). Because both
Sec23 paralogs afereb3l|2targets, it is likely that additional unknown réagors
modulate availability of Sec23A, Sec23B, Sec24C athér COPIl associated proteins.

Future discovery research in this area is likellgep crack the secretory code.

Cargo specificity of Creb3l2

The high ECM secretory load has been postulatedase of the craniofacial
dysmorphology in the COPIl mutants (Fromme et28lQ7; Lang et al., 2006). Our
results suggest that Creb3I2 is also requirednfersecretion of certain protein classes
independently of secretory volume. For exampldla@en Il and IV secretion to the
extracellular space is affected in both chondragied notochord sheath cells, yet the

latter produce far fewer collagen fibrils than themer. Moreover, although fibrillar
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collagens accumulate in intracellular compartmesttser abundantly deposited
extracellular matrix proteins such as lamininsya#i as vacuolar GAG proteins are well
trafficked to the extracellular space.

There are several explanations of how this phemotyht occur. It is plausible
that large fibrillar molecules such as collagen pete less efficiently with other protein
classes that are synthesized in the ER and dedoné@nsport to Golgi and subsequent
destinations. This may occur because, while cgmself-assembled COPII vesicles
are 40-80 nm in diameter (Barlowe et al., 1994 évliand Barlowe, 2010; Dancourt and
Barlowe, 2010), fibrillar procollagen bundles forigid 300 nm rods (Fraser et al., 1979;
Canty and Kadler, 2005; Stephens and PepperkoR)2®ence, collagen transport
requires specialized, oversized COPII structur@saample supply of coat proteins (Stagg
et al., 2008; O’Donnell et al., 2011). As a resultcells with high levels of protein
trafficking, the availability of COPII carriers mdgcome a limiting factor, and other
proteins may displace collagen molecules. Orgtinealy be insufficient levels of COPII
components to build the more complex tubular stmes required for large cargos,
leading to intracellular backlogs of collagen witliistended ER compartments (Figure
3.10, right).

Craniofacial and skeletal dysmorphologies accoontife majority of birth
defects and most of them are of unknown origine ct that random mutagenesis
screens in zebrafish have yielded multiple mutdrasdisrupt the transport machinery
suggests that at least some of the birth defeaiskriown nature are due to abnormal
protein transport (Neuhauss et al., 1996). Besiéeslopmental defects, a host of adult-

onset human diseases, including arthritis or ititeaisfibrosis after organ injury, have
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been linked to dysregulated collagen productionld€ng and Marcu, 2009; Goldring
and Goldring, 2007; Heinegard and Saxne, 2011 ahmyska et al., 1998). The
decoupling of collagen transport from that of otbargos as well as the hypomorphic
nature of thdeelgoodallele has important implications in the understagaf human
diseases linked to collagen defects. Becausedhetig basis for these diseases is often
highly complex, tools such &selgoodare important for identifying potential candidate
genes and regulatory networks. Better understgrttimroles of the regulatory and
structural components of the intracellular transpuachinery could lead to better

diagnostic tools and novel treatments of humanadise.
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CHAPTER IV

PARALOG SPECIFIC FUNCTIONS OF Sec23a AND Sec23b

Introduction

Trafficking of secretory proteins from the endophés reticulum (ER) to the
Golgi is primarily conducted by Coat Protein Il colex (COPII) vesicular carriers,
which were originally discovered in yeast (Barlogteal., 1994). The yeast COPII
complex is anchored to the ER membrane by the S@HFase and consists of an inner
coat of Sec23p—Sec24p heterodimers and an outeott8acl3p-Sec31p proteins.
Vertebrate genomes carry two Sec23p paralogs, 3eal2@ Sec23B, and four Sec24p
paralogs: Sec24A, Sec24B, Sec24C and Sec24D. BexcitBSec23B act as GTPase-
activating proteins for Sarl, whereas Sec24 pasghtay a role in protein cargo selection
(Wendeler et al., 2007; Mancias and Goldberg, 2008)

Recently, the genetics of COPII components havadaéd increasing attention
because mutations in their corresponding genes I@se implicated in a wide variety of
human disorders (Boyadjiev et al., 2006; Schwa&d.eR009; Aridor and Hannan, 2002)
and animal models show diverse, paralog specifieatie (Lang et al., 2006; Sarmah et
al., 2010; Merte et al., 2010; Ohisa et al., 201)r example, loss of Sec24tivity
results in craniofacial defects, whitle2c24C morphants undergo normal development of
head skeletal structures (Sarmah et al., 2010%s bébulldog/sec24dloes not prevent
neural crest migration, formation of pharyngealdmmsations, and proliferation of

chondrocytes, but hinders normal maturation of lyiglecretory chondrocytes.
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Strikingly, the combined loss of Sec246d Sec24D results in neural crest migration and
condensation deficits, indicating that Sec24D agtig essential for chondrocyte
maturation, but Sec24C &ec24Dcompensate for each otharearly stages of cartilage
development.

A possible explanation for these stage specificireqents for Sec24 paralogs in
the development of neural crest derived chondreagt¢éhat each step requires unigue
cargos. Immunostaining loulldogmutants show that Sec24D is required for type-li
collagen secretion, which is essential for chongi®eaturation, but does not appear to
be required for fibronectin or integrin traffickinghich are the cargos required for neural
crest migration and condensation. It is therehdedy that either Sec24C or Sec24D is
sufficient for secretion of these cargos. Theiesirsteps of neural crest induction and
specification, which rely on small secreted morpghregy(Wang et al., 2011), do not
appear disrupted even with loss of both Sec24CSan@4D.

The Sec24 paralogs are known for cargo sortingtioms, and these could
explain cargo-specific loss-of-function phenotygesyever, the two Sec23 paralogs
have not been recognized for cargo sorting alsliti®ec23 paralogs are highly similar at
the sequence level, sharing 82% identity; howesec23A and Sec23B loss-of-function
result in disparate phenotypes.

Mutations in SEC23B lead to Congenital Dyseryplmietic Anemia type Il
(CDAII), a disease characterized by ineffectivetlergpoiesis, bi- and multinucleated
erythroblasts, and hypoglycosylation of red bloell membrane proteins (Bianchi et al.,
2009; Schwarz et al., 2009). In contrast, a pmatation in SEC23A leads to Cranio-

lenticulo-sutural dysplasia (CLSD), the distinctimarks of which include craniofacial
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skeleton malformations and short stature (Boyadieai., 2006). Zebrafish
crusher/sec23anutant angsec23kbmorphant embryos present phenotypes similar to the
corresponding human diseases, establishing zelbi@gia model system to study the
molecular and cellular bases of COPII-deficien¢lesng et al., 2006; Schwarz et al.,
2009).

One potential explanation for distinct phenotypesveensec23aandsec23hs
differential expression, and indeed the transaiptactor Creb3I2 regulategc23amore
strongly tharsec23l(Melville et al., 2011). While both paralogs atdquitously
expressedsec23ds enriched in the developing head skeleton (Larad. e2006) while
SEC23B expression is higher in erythroblasts (Baaetal., 2009). Alternately, the
structural differences between the two Sec23 pgsatould explain the functional
differences. Specifically, the highly divergentd@ino acid flexible loop that resides
near the Sec24 binding site is a plausible candifagure 4.1).

Here we test the structure-function hypothesisderdonstrate that the 18 amino
acid divergent loop contributes significantly toc38a and Sec23b specific functions.
We show thasec23lis likely the ancestral gene and is essentialibyohectin secretion,
while sec23athe evolutionarily more recent paralog, is requil@dhormal collagen
secretion. Replacement of the divergent loop f&e023b with the loop from Sec23a
results in an enhanced ability of the overexpressanstruct to carry on collagen
secretion, while replacement of the Sec23a looj thiat of Sec23b leads to a decrease in
collagen secretion. These results suggest th&33weay indirectly regulate cargo sorting

via differential interaction with distinct Sec24rpbpgs. This may provide a potential
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Figure4,1: SEC23A and SEC23B have a diver gent loop near the SEC24 binding site.
Structure of human SEC24C, SEC24D, SEC23A, and S3B@2heterodimer complex.
Divergent 18 amino acid loop highlighted with inaed arrow.
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explanation for the structure-function differensegn in Sec23 paralogs loss-of-function
phenotypes and create a starting point for undaistg the mechanisms underlying the

secretory code of vertebrates intracellular proteiffic.

Materials and methods

I mmunofluor escence and Wheat Germ Agglutinin staining. Method as in

Chapter Il with the addition of fibronectin antithyp (1:200 dilution, Sigma).

Generation of Tol2kit based transgenic fish. Thebactin2:sec23a:polyAand
bactin2:sec23b:polyAvith cmlc2:.egfptransgenesis marker constructs was created using
the “Tol2 kit” approach, as in Chapter Ill. Constisicontaining swapped 18 amino acid
divergent loops were created by PCR amplificatidth wiutagenizing primers
sec23btoaF 5’GCCGCTCAAGCGGGACGCGGACCACAGCAGCCTCAJGTTCC
CTCCAACAGATTTCTCCAGCCTGTGCS3' and sec23atobF 5’ ACAJGGCCAACAA
GGAAAACCACTGGCGCCTCATGATGCTGCAGCATCCTGCAGGTTTCTCCAG

CGGTGC3 followed by dpnl digestion of parentalgolad and ligation.

Phylogenetic analysis. Method as in Chapter IIl.

Mor pholino knockdown. Antisense morpholino oligonucleotides (MOs) (&en
Tools) targetingec23aandsec23from (Lang et al., 2006), method as in Chapter Iil.

Antisense morpholino (MO) oligonucleotides (Gen®I[Epwere targeted to the sec23a 5'
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untranslated region (sec23a-MO5'UTR 5'CTGAATCCTTA@ATGTGTCTCCT3', 1.1
ng injected); the sec23a 5' translation start(see23a-MOAUG
5'AACTCCTGGAAGGTCGCCATCGCACSZ, 1.8 ng injected) ateé sec23b translation

start site (sec23b-MO 5'CCATGACAGCGCGAACAACTTTTTAS3.5 ng injected).

Statistical Analysis. Data in bars represent averaged. Statistical analyses on
continuous data were performed using unpaired billee Student’s t-test, analysis on

categorical data were performed using two-tailesh&ii's exact test.

Results

Vertebrate Sec23b ismorerelated to the ancestral Sec23 gene than Sec23a

In order to determine the evolutionary relationdh@iween Sec23a and Sec23b
and discover which paralog is closest to the analegtne, we compared their sequence
by phylogenetic analysis. We assumed that thdesiyepst Sec23 paralog likely
represents the ancestral gene. ClustalW analf/siertebrate sequences comparing
Sec23a and Sec23b indicates that Sec23b is nos&tiglrelated to the yeast gene and
therefore likely to the ancestral paralog (Figu2Aj.

To test whether sequence conservation translatesgerved function, we
performed gene replacement experiments in yeasiileWwoth zebrafish Sec23a and
Sec23b partially complement the growth defect péastts sec23-ltemperature
sensitive mutant (TGY526-7C), Sec23b is more effed-igure 4.2B). These findings

were also true for the SEC23 human paralogs ustteis sec23-Tescue experiments.
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Figure 4.2: Evolutionary relationship of Sec23 paralogs. (A) Phylogram of known
zebrafish Danio rerio), human KHHomo sapiens mouse lus musculus Tetraodon
(Tetraodon nigroviridiy, and FuguTakifugu rubripey Sec23 paralogs. (B) Gene
replacement experiments in yetstec23-1(TGY526-7C).
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Collectively, these data show that Sec23 paralogbighly conserved in
sequence and function throughout phylogeny, wiit2Ske being more closely related to
the ancestral Sec23 gene. The zebrafish lossrafibn phenotypes and yeast
replacement experiments reveal potential functidifiérences between the two Sec23
paralogs. To further explore the mechanisms uyiterthe Sec23 paralog-specific

functions during development, we used zebrafishrgaibgy approaches.

Sec23b, but not Sec23a is essential for neural crest migration

To test the requirement of the two Sec23paralogeural crest cell migration,
we injectedsec23a and/or sec23mtisense morpholinos into transgenic zebrafigh li
Tg(sox10(7.2):mrfpand inspected facial primordia formation in livalayos at 30 hpf
and 48 hpf. While the migratory neural cresse¢23amorphants developed normally
and were indistinguishable from uninjected contreés23bmorphants showed delayed
migration and abnormal patterning of mesenchymatieasations (Figure 4.3). These
results indicate that Sec23b is required for nonrmigration and condensation of neural
crest cells while Sec23a is dispensable. Theseatatconsistent with our previously
published Sec23b craniofacial dysmorphology phemotizat showed absent cartilage

elements of the ventral pharyngeal skeleton.

ECM components of the notochord sheath have differential requirement for Sec23a
and Sec23b

We hypothesized that the developmental stage-spéldiferences in the
requirement for Sec23 paralogs may be due to pgsgecific requirements for transport

of different cargos. Bothrusher/sec23andbulldog/sec24dnutants have defects in
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30 hpf 48 hpf

sec23a-MO

secZ23b-MO

Figure 4.3: Migration of craniofacial primordiain sec23a and sec23b mor phants.
Images of transgensox10:mRFRembryos at 30 hpf (lateral view, anterior to tai)l
and 48 hpf (ventral view , anterior to the topeafhjection with specified morpholino.
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collagen secretion. Collagen poses a special pnolibr the secretory machinery
because while cargo-free self-assembled COPII dessare 40-80 nm in diameter
(Barlowe et al., 1994; Miller and Barlowe, 2010;1gaurt and Barlowe, 2010), fibrillar
procollagen bundles form rigid 300 nm rods (Fragel., 1979; Canty and Kadler, 2005;
Stephens and Pepperkok, 2002). As such, collaggrrequire auxiliary COPII
machinery components to facilitate ER export.

In order to understand whether loss of Sec23b sardagen trafficking defects
similar to loss of Sec23a, we performed immunostgifor type-Il collagen of the
notochord ottrushermutants andgec23kmorphants. The notochord functions as a
hydrostatic skeleton, the mechanical propertiestoth depend on an external fibrous
sheath, which consists primarily of a collagen Emdinin matrix (Scott and Stemple,
2005; Adams et al., 1990). We found that in castttacrusher/sec23autants, which
have large accumulations of collagen Il in the nbtwd sheathsec23tmorphant
notochords do not accumulate collagen (Figure 4.4 A-labeled proteins such as
glycosaminoglycans do not appear disrupted witHdke of either paralog. These data
indicate that different Sec23 paralogs have evoteatifferentially traffic large cargos,
including collagen II.

Because neural crest condensations do not fosad@3kmorphants and the
movement of neural crest cells is dependent owffiéctin and laminin components in the
extracellular matrix (Alfandari et al., 2003; Stinao and Condic, 2008; Testaz et al.,
1999; Desban and Duband, 1997), we hypothesizéeither fibronectin or laminin
trafficking may be disrupted isec23bdepleted embryos. To test this hypothesis, we

performed immunostaining of the notochordsrfshermutants andec23lmorphants.
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WT sec23a-MO sec23b-MO

Laminin

Laminin

Figure 4.4: Trafficking of collagen, laminin, and fibronectin in the notochord of
sec23a and sec23b mor phants. Immunofluorescence of type-II collagen (Col2) (A),
laminin (B), and fibronectin (Fn) (C) and wheatmeagglutinin (WGA).
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We found that while laminin localization in the aohord sheath is indistinguishable
from wild-type embryos (Figure 4.4B), fibronectiecsetion is disrupted isec23b
morphants but not inrushermutants. Combined, these data indicate that betRE

and Sec23b are required to transport distinct carf§ec23a for collagen and Sec23b for

fibronectin.

A divergent loop of 18 amino acidsisimportant for the distinct functions of Sec23a
and Sec23b in the developing fin

We hypothesized that the divergent loop of 18 anaitids near theec24binding
site could be responsible for the functional deéferes betweesec23paralogs. To test
this hypothesis, we utilized a gene replacemeatexiy. We designed a Tol2-based
rescue construct (Kwan et al., 2007) containinigegitvild-typesec23awild-type sec23b,
sec23awith the divergent loop fromeec23khereafter referred to agc23a>h or sec23b
with the divergent loop froraec23ahereafter referred to aec23b>3. These
constructs were cloned into a vector that contaaredbiquitousbeta-actinpromoter and
acmlc2:egfptransgenesis marker and injected icioshermutants at the one-cell stage
to create chimeric transgenic zebrafish overexprgsadividual constructs.

crushermutants have three easily scorable phenotypes$ighe is shortened
along the anterior posterior axis, the body lengthortened, and the pectoral fins are
kinked. To evaluate the effectiveness of the Bma23constructs at rescuing tiseusher
phenotype, we examined fin morphology, which hasasily quantifiable binary
readout- kinked/mutant or curved/wild type (FigdtBA).

While crushermutants have a negligible number of normally curfnes (<2%),

crushermutants injected with wild-typgec23ahad >40% curved fins (Figure 4.5A). In
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Figure 4.5: The 18-amino acid divergent loop of Sec23a hasa significant rolein the
ability of Sec23ato rescue fin morphology and collagen trafficking (A) Live image
(dorsal view) of 6 dptrushermutant injected witlsec23ademonstrating chimeric
rescue of fin morphology, one normally curved fmdane kinked fin (B) Quantification
of normally curved fins in 6 dpf embryos injectedhnindicated constructs. (C)
Immunostaining of WGA and Col2 in the actinotricbiathe pectoral fin of 6 dpf
embryos injected with the indicated constructs.
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contrast, wild-typesec23bwas much less effective at rescuing fin morphol@¥gss than
<15% normally curved fins). This is consistenthwaur previous data in yeast that show
incomplete overlap in functions between the twajmgs. Strikinglycrushermutants
injected withsec23b>ahad >40% normally curved fins, indicating that substitution of
the 18 amino acid loop was sufficient to incredmedbility ofsec23hto rescue
comparably to that dfec23a However, injection witlsec23a>Hed to just over 20% of
fins with normal morphology, significantly lowergh wild-typesec23a

The kink ofcrusherfins occurs at the actinotrichia, which are colla¢pased,
non-calcified spicules found in brush-fashionedugroat the distal end of the fin (Duran
et al., 2011; Wood and Thorogood, 1984). To urtdacsmolecular basis of the fin
phenotype, we performed immunostaining for typeellagen and WGA-binding
proteins. We found tharushermutants have large conglomerations of collageheat t
distal end of the fin, and that the deposition d&¥/labeled proteins to the actinotrichia
is disrupted (Figure 4.5B). Injection with wildgtgsec23aor sec23b>gpartially rescued
collagen spicule formation and restores the dejpostf WGA-labeled proteins
comparable to wild-type fins. In contrast to tlsisc23lor sec23a>hinjection rescues
collagen spicule formation much less effectivelyhese data suggest that the Sec23
divergent loop is critical for collagen transpartthe developing fin.

The extracellular matrix composition of the actiratia is predominantly
collagen. To determine whether the functionaledéghces betweesec23aandsec23b
were consistent in more complex matrixes, we evatuthe ability of the fousec23
constructs to rescue short body lengtleroishermutants.

Zebrafish body length is largely dependent on notot stiffness, which depends
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on both an external fibrous sheath and internaliet@s within notochord sheath cells
(Scott and Stemple, 2005). These biomechanicapooents rely on matrix composed
of diverse proteins including collagens, fibronectaminin, and secreted
glycosaminoglycans. We measured the trunk andrteni the posterior edge of the ear
capsule to the distal tip of the caudal fin in wijghe, crusher,andcrusherinjected with
each of the fousec23constructs embryos (Figure 4.6). We found thadtpn with all
four constructssec23a, sec23b, sec23ax sec23b>awere sufficient for partial rescue
of trunk length, and we found no statistically sigrant difference in the magnitude of
the rescue betweesec23aandsec23b Combined with the immunofluorescence
experiments, these data suggest that both parategequired for trafficking of the

essential components of the notochord basement naaeb

Discussion

Here we show that the COPII componesgs23aandsec23bdespite being
highly conserved paralogs, functional differentlye show thasec23kis most closely
related to the ancestral gene in yeast23ds required for collagen secretion in the
notochord and fin, whilsec23ls required for fibronectin deposition in the ndtood
and a divergent loop of 18 amino acids plays a&cealitole in specifying the paralog-
specific functions ofec23aandsec23b.This provides a basis for understanding the
divergent human diseases caused by loss of funeti&EC23 paralogs as well as
providing clues to deciphering the secretory cautkthe dynamic relationship between

COPII and the cargos it transports.
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Figure 4.6: Either Sec23a or Sec23b is sufficient to rescue body length defectsin
crusher mutants. (Left) Live images (dorsal view) of WT amdusherembryos injected
with indicated constructs. Pink vertical line iogiescrusherbody length, purple line
indicates body length of injected embryos, lightebline indicates WT body length.
(Right) Quantification of body length of injectethbryos relative t@rusherand WT.
(n>20 for each condition).
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Evolutionary History

Phylogenetic analysis and gene replacement expetsnne yeast indicate that
sec23ls most closely related to the ancestral geneghdory, ifsec23lperforms the
traditional functions of the ancestral gene, tekea23acan evolve new specialized
functions. One such potential specialized functgocollagen secretion, which does not
occur in unicellular organisms such as yeastadtiecently been shown that the
ubiquitylation of outer coat component SEC31A isesdial for collagen secretion (Jin et
al., 2012) and accessory proteins such as TANGO/lbeaequired for loading of
collagen into vesicles (Saito et al., 2009b; Wilsbil., 2011; Saito et al., 2011). Thus,
there appear to have been other evolutionary atil@psao facilitate collagen secretion.
Considering thasec23as required for collagen secretion and that thealphenotype
of crusher/sec23autants is mostly restricted to collagen secretisguessec23anay
have evolved specialized functions in relationdatbagen secretion, possibly due to

interactions with novel adapter proteins or oth&Rll components.

Developmental stage and tissue specific functions

Our analysis of migratory neural crest cellS g(sox10(7.2):mrfgish indicates
thatsec23aandsec23khave developmental stage specific functions. Megsec23b
overexpression is able to rescue the body lengthushermutants but not fin
morphology. What is the mechanism of these stagé-tissue-specific functions? One
possible explanation is cargo centric. The defecsgec23bmorphants could be
explained as defects in fibronectin deposition,clhs required for earlier steps in

chondrogenesis than collagen. Moreover, in theptexrbasement membrane of the
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notochordsec23loverexpression may facilitate efficient secretiéfitoronectin or other

matrix proteins to partially restore body length.

Sec23 and Sec24

Sec23 paralogs are not known for cargo sortingagpand the mechanisms by
which this could be accomplished has not been addde One potential possibility is
through interaction with specific Sec24 paralo§ec23 and Sec24 form a heterodimer of
the inner COPII complex, and the loop of 18 divetgemino acids that we have shown
contributes to functional differences between Sae2fgl Sec23Is located adjacent to
the Sec24 binding site (Figure 4.1). Potentidlgc23a may have a higher binding
affinity for Sec24D under physiological conditioas\d it is the cargo sorting function of
Sec24D that conveys cargo specificity of the hetiener. Alternatively, Sec23 may
have its own, currently uncharacterized, cargarsgpifunction, or the groove created by
the Sec23/Sec24 heterodimer may allow for bindingeounknown auxiliary cargo
adapters.

Understanding how the COPII machinery handles fipaxargo types and loads
in a tissue specific manner will lead to betterensthnding of this fundamental cellular
function as well as human diseases related toiprotficking, which include both
those caused by a failure of secretion, such &ppstosis (Goldring and Goldring,
2007), and those caused by excessive secretidmasutbrosis (Trojanowska et al.,
1998). Parsing the paralog specific functionsetZ3a and Sec23b represents an
important step in cracking the “secretory code't tlbows the secretory machinery

respond to the each tissues demands during devetdmnd adult homeostasis.
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CHAPTER V

DISCUSSION AND FUTURE DIRECTIONS

Discussion

The goal of this dissertation was twofold: to idmovel genes involved in
protein trafficking that are important for craniofa morphogenesis, and to dissect the
mechanisms by which the COPII machinery respondsitgue demands of each tissue.
The work presented here outlines the identificatiboandidate genes for six zebrafish
mutants through a positional cloning strategiyangelove/sox9a, zhivago/gfpt1,
brak/atp7a, maggot/(plod3), round/(scarb@hdfeelgood/creb3I2

| found thatfeelgood/creb3I2s an ER-localized transcription factor that is
required for collagen secretion, but not for otbergos. This is because Creb3I2
regulates COPII in a paralog-specific manner, tfg transcription factor known to do so.
Creb3I2 provides a transcriptional mechanism whetkee COPIl machinery can respond
to the cargo demands of a cell.

| also identified functional differences betweea thvo highly related paralogs
sec23aandsec23bcomponents of the COPII inner coat, which aréedsntially
regulated by Creb3I2. | found differential seayatof collagen by Sec23a and
fibronectin by Sec23b. This is the first cargope function identified for COPII
components other than the cargo-sorting Sec24qegahnd suggests that different
combinations of COPIl components preferentiallypsg@ort certain protein classes,

generating a “secretory code” that customizesrdnesport machinery in order to meet
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the secretory demands of cells. Combined witlptralog-specific transcriptional
regulation by Creb3I2, this allows for a COPII ctit is highly dynamic and able to
respond to stimuli from cargo.

Strikingly, feelgood/creb3l2egulates the expressions#c23aandsec24dthe
two COPII components implicated in collagen trdfiing and chondrocyte maturation
(Lang et al., 2006; Sarmah et al., 2010), sugggshat there is a regulatory network for
collagen that links the special trafficking requients of the cargo to the secretory
machinery. This, combined with the cargo, tissu developmental stage-specific
defects we have found feelgoodand COPII component loss-of-function phenotypes
lead to the hypothesis that coat proteins represerntral regulatory target to couple the
concentration and composition of COPII carrierigsues secretory demand thus
constantly adapting to the needs of developingraatlire organs. The specialized axis

of Creb3I2/Sec23a/Sec24D proteins is one such mktemimized for collagen transport.

Future directions

| dentification and characterization of the genetic network regulated by Creb3l2
during cartilage development

The work outlined here postulates a novel Creb@filatory network for
collagen transport. Beyond Sec23a and Sec24d,‘evwhe specific Creb3I2 targets in
chondrocytes are unknown. We hypothesize that3I2alegulates the expression of a
broad range of genes involved in protein transaod cartilage maturation. A

comprehensive assessment of Creb3I2 targets vatwer novel pathways operating in
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tandem to optimize ECM secretion and cartilage &drom.

To discover Creb3I2 targets, we will use whole $@iptome shotgun sequencing
to compare the RNA expression profiles of wild-tyelfeelgoodembryos to identify
genes with altered expression levels. This is@afpe advantageous to do faelgood,
because our analysis will be done in intact tissrsus cultured cells, which might alter
important cellular characteristics, especially icedl type as dependent on ECM
interactions as chondrocytes. Also, the hypomarfgglgoodmutation does not trigger
an ER stress response, which will eliminate maisefpositives by uncoupling of the
primary Creb3I2 function from the secondary effexft&R stress. Due to the unbiased
nature of this approach, it has high potentialdiscovering new mechanisms relevant to
cartilage development and human disease.

One potential problem with this approach is nomeduced by using the whole
embryo. A potential solution to this problem isuse Fluorescence Activated Cell
Sorting (FACS) to enrich for chondrocytes and osieazletal cell types. Other labs at
Vanderbilt have gotten FACS to work well with zdish (Liu et al., 2011), so it is likely
to be a viable approach. One tool that we havadiithte FACS is a Tol2 construct with
GFP-CAAX under the type-Il collagen promoter. Toostruct will allow us to generate
transgenic animals that express GFP in the chogth®@nd notochord, our ideal tissues
for analysis.

To validate putative Creb3I2 targets found by egpi@n profiles, we will
compare our datasets of up- and down-regulateddrgts with public databases of
skeletal-specific genes in zebrafish (http://zfig)o Also, we will select genes that

contain putative Cre regulatory sites in their tagary regions. Our bioinformatics

109



analysis shows that 829 skeletal genes from theafisb database have at least one Cre
binding site in their promoter, and thus could b&eptially regulated by Creb3I2.

To determine whether Creb3I2 directly regulates¢hdentified targets, we will
perform chromatin immunoprecipitation sequencinglfEseq) to test whether Creb3I2
binds directly to their promoter. For ChIP-seqwit use human fibroblasts. This
provides several benefits. There is an antibodynsgauman Creb3I2 that works for
ChIP (Saito et al., 2009a) so we can perform ChtR andogenous protein. Fibroblasts
are more amenable to maintaining a consistentlaetate than chondrocytes, which
must be carefully maintained to prevent hypertrof@mnuckner et al., 1989), and their
physiological relevance to trafficking diseasesehbgen shown, as fibroblasts in CLSD
patients present a collagen-filled distended ERlairnto zebrafiskcrushermutants.
Moreover, doing ChIP in human cells while doing RN&q in zebrafish confirms that
any identified Creb3I2 targets are relevant acspexies.

These experiments will assemble a collection okegeegulated directly and
indirectly by Creb3I2 (Figure 5.1). We expect thet will find genes that are already
known to be targets of Creb3I2 suchsas23aandsec24dand discover which of the
remaining COPII components are also regulated iep&2. In addition, we expect to
assemble a novel collection of Creb3I2 targetslvaain pathways independent of but
cooperative with the COPII structural componentsici will provide a conceptual

framework explaining the way secretion is regulatedhondrocytes.
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Figure 5.1: ldentification of novel Creb3l2 targets. Experimental design of RNA
profiling combined with bioinformatics approachebne expected number of genes to be
targeted by Creb3I2 is based on bioinformaticsyamabf existing public databases.
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In silico identification of novel regulatory components and networksinvolved in
protein trafficking

The approaches outlined above will allow us to idgmovel factors downstream
of Creb3l2, however there may also be importantreapm factors. Moreover, there are
likely other regulatory networks governing the stary demands of different tissues.
One method of identifying candidate genes for thpseesses is through amsilico
approach.

To identify novel upstream regulators of the semyepathway, | can utilize the
Over-represented Transcription Factor Binding Bitediction Tool (OTFBS) (Zheng et
al., 2003) to analyze the promoters of COPII congmdsr OTFBS compares a group of
sequences that are thought to be similarly regtilatel determines if any known
transcription factor binding sites are preseneaels above baseline. After identification
of over-represented transcription factors, | caal@ate the effect of overexpression or
loss-of-function of that transcription factor oretéxpression levels of COPII components
and the secretory capacity of cells.

To identify novel regulatory networks involving COBomponents | can utilize
the correlative expression data of the Multi-expemt matrix (Adler et al., 2009). This
tool will identify genes whose expression is simttaa gene of interest across a variety
of experimental conditions. | can then build a date containing each COPII paralog
and all the genes identified to have similar exp@spatterns to it. | then can compare
the results for each COPII paralog to each othdrdmtermine if there are clusters of
genes from a common pathway or tissue of origih dha@identified with only a single

COPII paralog or a subset of COPII paralogs. Ifteis, would suggest that those COPII
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paralogs may be part of the same regulatory netasitke gene cluster, and merit further

analysis.

| dentification of the mechanism for cargo-specific functions of Sec23a and Sec23b

We found that Sec23a is essential for collageresiecr while Sec23b is essential
for fibronectin secretion, although the mechanigiSec23-mediated cargo selection is
unknown. Potentially, the cargo-specific functafrSec23 is mediated by differential
binding to Sec24 paralogs. The divergent 18 aratid loop that we have shown is
important for secretion by Sec23a is located neaStec24 binding site, giving credence
to this hypothesis. It is possible that unehevivo conditions in chondrocytes, Sec23a has
a greater affinity to Sec24d, which is then reqiiiice collagen secretion due to its cargo
sorting function.

To test whether Sec23a has a greater affinity 8e023b for Sec24d, we will
perform competition assays in cultured human filast) which secrete collagen and
manifest phenotypes similar to zebrafish chondexypon loss of Sec23a function
(Boyadijiev et al., 2006). We will transfect cellglwboth SEC23 paralogs, perform pull-
down experiments, and probe for endogenous SECPA®paralog with higher affinity
should pull-down a larger portion of the limiteddegenous SEC24D. We can then test
whether the divergent 18 amino acid loop is impdrfar this Sec24d interaction by
using constructs with the divergent loops swapededid in fish.

If we find that Sec23a has a higher affinity foc34d than Sec23b, this would
suggest that COPII paralogs have differential &f@s not only for cargos, but also for

each other, adding a greater level of complexitheodynamic regulation of the COPII
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coat. If Sec23a and Sec23b have similar affinfoesSec24d, this would suggest that a

novel protein, such as a cargo adapter, binds Sgu2®ides its cargo-specific function.

Elucidation of therole of round in protein trafficking

One of the mutants for which | identified a cantkdgeneround,appears to be
essential for protein secretion, likely in the pGsilgi. roundis required for trafficking
of both collagen and WGA-labeled proteins. The tliksly candidate gene fapundis
scarb2,the role of which in the secretory pathway hasyebtoeen elucidatedscarb2
has, however, been implicated in Parkinson’s desea&al failure, and epilepsy
(Hopfner et al., 2011, 2; Rubboli et al., 2011; Mitakakis et al., 2012), therefore
understanding the cellular functionreund may provide insights into the etiology and

treatment of these diseases.

In closing, craniofacial and skeletal dysmorphoésghccount for the majority of
birth defects and most of them are of unknown arigihe fact that random mutagenesis
screens in zebrafish have yielded mutants thamiplighe transport machinery with high
frequency, suggests that at least some of the tfiacts of unknown origin are due to
abnormal protein transport. Besides developmelgtgcts, a host of human diseases,
including arthritis, fibrosis leading to intersatiscar formation after organ injury, as well
as aging, have been linked to deregulated collagesuction. Therefore, better
understanding of the regulatory and structural comepts of the intracellular transport

machinery may lead to novel diagnostic tools aedttnents for human diseases.
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