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Abstract

Evolutionary developmental biology (exd®vo) is the study of how
developmental mechanisms that shape organisms have changed through evolutionary
time. A centraguestion in evalevo asks how early vertebrates may have
transitioned from sedentary filter feeding to active predatory lifestyles during early
Cambria. Neural crest cells (NCCs) are a vertebrate innovation that has been
credited for facilitating this trasition and therefore have long been of interest to
evolutionary devel opment al bi ol ogi st s.
germl ayer 0o due to the wide asucheagjavsf cel |
Lampreysare primitively jawless vertebtes (agnathahthat possess NCCs and
occupy a critical position at the base of vertebrate phylogahyfossils dating back
to 360 million years ago. Additionally, advancements in molecular biology have
engendered a resurgence of interest in lampssareh in recent year&ebrafish
are basal jawed vertebraigmathostomesind straddle thagnathargnathostome
boundary Zebrafish research has continued to gain momentum over the years,
becoming a powerful vertebrate model for developmental stathagside mice,
Xenopusand chick. This dissertation work combines the power of zebrafish
genetics and theritical phylogenetic position of lampreys to study how regulation of
neural crest development has evolved by changes in the functions of SoxE
transcription factors across the agnatgaathostome boundary. In Chapter One, |
provide the context for how researahnlampreys can inform our understanding of
vertebrate evolution. | also lay out a rationale for using lampreys and zebrafish to

study the evolution of neural crest developmental mechanisms.



The regulation of neural crest development is a complex sysiamposed of
a gengegulatory network that involves signaling molecules, transcription factors,
and effector genes. SoxE gensX8 Sox9 andSox1( originated from a single
ancestral SoxE through gene duplication and encode transcription factors that
regulate neural crest specification, survival during migration, and activation of
effector genes to initiate differentiation of multiple cell types. The sea lamprey
(Petromyzon maringgpossesses three SoxE gerfas$oxE1PmSoxE2and
PmSoxER of which saly PmSoxE2s required for pigment cell and peripheral
neuron development. In Chapter Two, | show BraSoxE2s the likely agnathan
ortholog ofSox10and also retains functional conservation veiéorafish Danio
rerio) Drsox10 | show also that theegulatory role by a SoxE gene may be different
between lampreys and zebrafiatthe context of cartilage differentiatiowhile
Sox9regulates differentiation of cartilage in gnathostome vertebrates, this function
was acquired in lampreys by the lamprpgafic SoxE homologPmSoxE linstead
of the lampreySox9ortholog,PmSoxE3 Taken together, these results suggest that
Sox10/SoxEdiverged fromSox9early in vertebrate evolution and these genes now
possess disparate functicensd arespecialized foriheage specifiactivitiesduring
neural crest development. However, it remains unclear what confers these different
abilities to closely related SoxE paralogs. In Chapter Three, | have performed an in
depth comparison between zebraiXisox10and lampey SoxE protein domains
using chimeri®mSoxE 1PmSoxE2andPmSoxEZonstructs that feature domains
recombined from among different SoxE paralogs. The differential ability of these

chimeric constructs to induce melanogenesis, neurogenesis, and choasi®ogen



zebrafishDrsox10andDrsox9amutants was compared with the abilities of-full

length lamprey SoxE constructs. The results show that the composition of the C
terminal transactivation (TA) domain of SoxE proteins can have a significant impact
in thar abilities to induce melanogenesis and neurogenesis. However, protein
regions outside of the TA domain may also have important roles in the regulation of
neural crest development. Furthermore, our results suggest that the inability of
PmSoxE2o regulate cartilage differentiation is likely due to protein regions outside
of its TA domain. We speculate that multiple SoxE protein domains may work in
concert to fully activate specific downstream target effector genes. Additional
studies incorpating precise amino acid changes in chimeric variants will be
important for understanding how SoxE protein domains may have evolved
differently across the agnathgnathostome boundary to acquire neural crest

lineagespecific activities.

Xi



Chapter 1

The Study of Vertebrate Evolution using Lampreys and Zebrafish

Authors: Eric Myunglae Leand David W. McCauley

Department of Biology, University of Oklahoma, 730 Van Vleet Oval, Norman, OK

Abstract

Thedevelopment of lampreys has fascinated evolutionary developmental (evo
devo) biologists for a long time_ampreys, as one of the two surviving members of an
ancient group of jawless vertebrates, have long been recognized as key taxa for
understanding vegbrate evolution due to their basal position in vertebrate phylogeny
While classical descriptions of lamprey development have uncovered many similarities
in development among the few lamprey species that have been studied, these studies,
together with mdern techniques, have provided key insights for understanding how
developmental changes have been important for vertebrate evoltitienise of
zebrafish for the study of vertebrate development has seen tremendous growth over the
past two decadeand utike lampreyszebrafisharehighly amemble to both forward
and reverse geneticglere we provide an updat overview of contributions of both
lampreyand zebrafislievelopmental studies for understanding vertebrate evolution, a
summary of modern molear and genetic togland methods that have been applied in
bothlampreyand zebrafislevo-devo researchFinally, we lay out the rational for
combining the strengths of batmodel organismto address questions regarding

vertebrate evolutian



Lampreys and Comparative Studies of Vertebrate Evolution

~

Lampreys are popul ar |l y(Esnerf2@OB)Havvert o as
they cannot be considered as a proxy for the ancestral vertebrate since gnathostome
(jawed) and agnathan (jawles®rtebrates havbothdiverged from a common ancestor
ca. 500 million years ag@anvier, 1996) Nevertheless, extant lampreys are
remarkably similar in appearance to fossil lampi@eardack and Zangerl, 1968; Gess

etal., 2006) Inthefor war d t o Ha r dhe Bidlogy ohLanpreyswlumee r 6 s

1, Young pointed out that the interest in lampragsong zoologists stems from the
observation that #ALampreys and hagfishes r
ancestral craniate than (roungrl®yl) Howdves,r me mb €
while primitive,lampreys contain characters that are defining for vertebrates, including

an axial skeleton, tripartite brain complexity, mlde-derived sensory ganglia, and

neural crest cells and their derivativess the sister taxa to gnathostome vertebrates,
cyclostomes (lampreys and hagfish) can be used in comparative studies with model
gnathostomes to differentiate the origins of dewveleptal mechanisms for characters

that are shared among all vertebrates from those that may be derived in gnathostomes

Each of these characters represents an avenue of investigation for understanding

vertebrate development and evolutigkmong these, delopment of the neural crest

has gained perhaps the most interest among evolutionary developmental biologists,

owing to the hypothesized critical importance of the neural crest for vertebrate origins

(Gans and Northcutt, 1983Farly in the 21 century, as new molecular, cellular, and

genetic tools are developed, thapplication to lamprey development continues to



increase interest among evolutionary developmental biologists thers@s a tool for

understanding vertebrate evolution and development

Neural Crest Cells

The neural crest is a transient populatiomottipotent cells that migrate
through tissues of the early embryo and contribute or give rise to numerous derivatives
critical to vertebrate developmernthese include such defining features as the
peripheral nervous system with contributions to cragaalglia,the craniofacial
cartilage, and most notably the ja@i4all, 1999; Le Douan and Kalchiem, 1999)
Induction is a process by which one group of cells influences another, causing
them to adopt a new cell fatd he coordination of multiple signaling pathwgys.,
wnt, FGF, BMP, and Notch from the neural plateggdjacennonneural ectodermand
paraxial mesoderm is required for the induction of the neural crest at the neural plate
border, which results in the activationredural plate boardepecifier genesicluding
Msx1, Msx2 Pax3 Pax7, andZicl (Meulemans and Bronné&iraser, 2004; Sauka
Spengler and Bronndfraser, 2008a)As the neural plate invaginates and folds onto
itself to form the neural tube, the two borders (neural folds) atebe midline along
the anteroposterior axiS'The dorsamost aspect of the neural tu@geof plate)is where
neural cest progenitors ariseDuring or after neural tube closure, neural crest cells
undergoanepitheliatto-mesenchymal transition to dissociate from the neural tube and
migratetowardtheirfinal locations Neural cresmigration is followed by lineage
spedfic differentiationinto different derivatives The discrete steps of neural crest

development are regulated by a network of signatio¢eculesand transcription factors



that are deployed with precise spatiotemporal conkalvancements in molecular
techniques for the lamprey model organisas facilitated the elucidation géne
regulatory networkin the last decad@andzik et al., 2014; McCauley and Bronner
Fraser, 2003, 2006; Nikitina et al., 2008; Sa&keengler and Bronndtraser, 2008).
Sinceits discovery by Wilhelm His in 186@His, 1868; Horstadius, 195ahe
neural crest has been of interestnabeyologists and evolutionary developmental
biologists due to its intimate link to the vertebrate transition from seddiitary
feedingto activepredatory lifestyle¢Gans and Northcutt, 1983Dver the past decade,
increasing knowledge of the neural crest induction process at molecular and genetic
levels (discussedbelow) suggests that the origin of neural crest cells predates
vertebrategDonoghue et al., 2008)Critical support for this idea comes from the
discovery and investigation of rudimentary neural eligstcells (NCLC) n
urochordates (tunicateshn 2004, Jeffery and colleagues discovered NCLC in the
ascidianEcteinascidigurbinatathat originate near the neural tube, undergo extensive
migration, express the HNK antigen, and differentiate into pigment célisffery et
al., 2004) Subsequent studies showed that this cell line originates from mesoderm
flanking the neural tube, but nonethes, expresses a host of key neural crest markers
(Twist, AP2 FoxD, andMyc) reminiscent of vertebrate neural crest cgliffery, 2006;
Jeffery et al., 2008)A more recent study by Abitua and colleagues identified a
cephalic melanocyte lineagetime ascithn, Ciona intestinalis This cell line originates
at the neural plate border, expresses neural crest specification igeseg(, Ets and
FoxDD and can be reprogrammed into migratin

missexpression ofwistdriven by aMitf enhancefAbitua et al., 2012)



While thesestudies reinforce the idea that a rudimentdeyralCrestGene
RegulatoryNetwork (NGGRN) existed prior to the emergence of the neural crest, true
neural crest cellhat possess all components of the-@RN still remain a vertebrate
innovation(Hall and Gillis, 2013) Evidence to support this theory comes from lamprey
developmental studies that employ molecular technigdssa basal vertebrate,
lampreys possess a welkvelopedbonafide neural crest population, and although they
lack major neural crest derivatives, such as the jaws and sympathetic chain ganglia of
gnathostomes, lamprey neural crest development follows that of other vertebrates
(Horigome et al., 1999; Johnels, 1956; McCauley and BreRreser, 2003; Tomsa and
Langeland, 1999)Limitations of earlier studies of lamprey neural crest development,
using purely descriptive or experimental embryol@ggngille and Hall, 1988; Newth,
1950, 1951)have been overcome by using molecular technigue®stigations using
lipophilic Dil-labeling eyperiments show that lamprey neural crest cells take migratory
routes similar to those seen in gnathostomes, twittexceptiors: the migratory pattern
of neural cresbriginating from the hindbraiand timing differences of migration into
the presumptivelparyngeal regioHorigome et al., 1999; McCauyl@and Bronner
Fraser, 2003)

Gene expression studies laid the initial groundwior comparisons to be made
between lamprey and gnathostome neural crest regu{diememans and Bronner
Fraser, 2002; Meulemans et al., 2003; Myojin et al., 2001; Neidert et al., 2001; Tomsa
and Langeland, 19995ubsequely, synthetic antisense morpholino oligonucleotides
(morpholinoshavebeen usetb knockdowrexpression olamprey neural crest

specifier geneto investigate chondrogenic neural crest in the lam(vieCauley and



BronnerFraser, 2006) Morpholinos have also been used in conjunction with mRNA
rescue experiments to caryulissect the lamprey NGRN (Nikitina et al., 2008;
SaukaSpengler et al., 2007)These studies revealed that the underlying®RN is
conserved between lampreys and higher vertebrates, albeit with differences in the
spatiotemporal expression of neural crest specifiers sutwiasandEts1(Nikitina et
al., 2008; Nikitina and Bronndfraser, 2009; Saukdpengler and Bronndtraser,
2008b; Sauk&pengler et al., 2007)

Lampreys are well suited for these studies due to their relatively slow rate of
development; fertilization to hatching occurs over 11 dByavis, 1971)and neural
crest migration can be obsenveglthe sixth day of developmefNlcCauley and
BronnerFraser, 2003) This slower rate of development allows for investigators to
more precisely observe the timing of gene expression and the effects of gene
knockdown on putative gene targetsich may have otherwise been missed in a more
rapidly developing model systenThe construction of the lamprey NGRN has also
opened doors for comparisons to be made to invertebrate chdpdatetsal., 2008)

With these factors taken together wiktie recent sequencing of the lamprey genome
(Smith et al., 2013)ampreys willcontinue to be a valuable model for studying the

evolution and diversification of neural crest céeen and Bronner, 2013)

Placodes
Cranial placodes are transient ectodermal thickenings of columnar epithelial
cells with defined boundaries that form in stereotypic regions of the vertebrate

embryonic head Together with contributions from neural crest cells, placgiesrise



to numerous cranial paired sensory organs of the vertebrate embryo, including the nose,
ears, eyes, and sensory ganglia, as well as the lateral line $gateirin basal aquatic
vertédbrateg Graham and Begbie, 2000; Le Douarin N.M., 1986; Le Douarin et al.,
1992; Northcutt, 1996; Vogel and Davies, 1993; Webb and Noden,.19@8)lar to
the various derivatives of neural crest cells, individual placode lineages that give rise to
different derivatives are thought to have evolved at different t{Ba&ser and Bronner
Fraser, 1997; Graham and Begbie, 2000; Graham and Shimeld, 2013; Shimeld and
Holland, 2000) Thereforethe emergence of cranial plates is central to the evolution
of vertebrate sensory syste(@aker and BronneFraser1997; Gans and Northcultt,
1983)

Despite the fact thatlacodes were describeg von Kupffer more than a
century agdBeard, 1885; van Wijhe, 1883; von Kupffer, 189tuch of our
understanding of placode development comes from recent studiegeral vertebrate
species including zebrafiskenopuschick, and mousg@aker and BronneFraser,
2001) Placodes arghought to originate from a common pplacodal primordium
located at the border of the neural plate and future epidéBaker and Bronner
Fraser, 2001; Noramly and Grainger, 2002; Schlosser, 2002; Schlosser and Northcultt,
2000; Toro and Varga, 20Q7T he expression of general placode mari8xd/2 Six4/5
(sine oculis) andtya (eyes absent) families of transcription factars required for
initial placadal differentiationwhereasexpression of thitx, Sox DIx, Fox, andPax
families of transcription factors is required for lineapecific differentiatior{Ladher
et al., 2010; Sato et al., 2012; Schlosser, 2005, 2006, 2010; Schlosser and Ahrens,

2004)



Placode development has also been studiednrvertebrates, including
urochordateg¢Gasparini et al., 2013; Manet al., 2004; Mazet et al., 2005;
Meinertzhagen and Okamura, 2001; Wada et al., 1@@®halochordatgsiolland and
Holland, 2001; Kozmik et al., 2007; Manzanares et al., 2000; Meulemans and Bronner
Fraser, 2007)and other invertebratéllill et al., 20L0; Posnien et al., 2011)
Interestingly, aglobal comparisommongthese studies suggests that agxisting gene
regulatory network for sensory epidermal cell formation easptedfor placode
formationduring the course of chordate evoluti@ertrand and Escriva, 2011)

Lampreys possess sensory organs and cranial ganglia that ard frenve
placodes as in other higher vertebrates,thagmay provide key insights into the
origin of such placodéerived features as ears and the lateral line system, as well as
developmental mechanisms important for origipaifed nostrilgdiplorhiny). Here

we highlight the current understanding of these features.

Lateral Line and Otic Placodes

Similar to gnathostomes, the lamprey lateral line contains both mechanosensory
neuromasts and el ectroreceptive epider mal
vertebrate acquisition of the lateral line predates the gnathostgnaghan divergence
(Akoev and Muraveiko, 1984; Baker et al., 2013; Gelman et al., 20018 lateral line
and ear®riginate from a common placodedtogether form th@cousticelateralis
system that; a system that possesses mechanoreceptive héBaladiset al., 2013;

Gelman et al., 2007; Schlosser, 200@)hile the otic placode is believed to be common

to all chordategShimeld and ldlland, 2000)its origin remains a mysteryn order to



address questions regarding vertebrate ear evolution, it is also important to understand
the development of its critical components, namely hair cells and sensory neurons
(Fritzsch and Beisel, 20013ll of which are derived from the otic placodarald and
Kelley, 2004; Fritzsch et al., 20Q6lRecent studies using light and electron microscopy
have shown that tunicates possess secondary sensory cells located on the coronal organ
These cellsesemble vertebrate hair cells, suggesting that hair cells originated in the
chordate common ances{Burighel et al., 2008; Burighel at., 2003; Caicci et al.,
2007; Caicci et al., 2010; Caicci et al., 2013; Manni et al., 2004; Manni et al., 2006;
Rigon et al., 2013)

The vertebrate inner ear is a complex sensory organ that is responsible for
hearing, balance, and orientation in thd@@ensional spacelt is comprised of the
cochlea of the auditory systesiong with the semicircular canals and otolith organs
(utricle, saccule, lagena) of the vestibular systRmkwitz et al., 2001) Angular
acceleration causes the displacement of endolymph contained throughtiuee
semicircular canalsThis displacement is detected by mechanoreceptive hair cells of
the crista ampullaris located at the base of each.cdharefore, each semicircular
canal detects a major axis of movemebevelopment of the vertebrate amear
begins during gastrulation as surface ectoderm that thickens to form the otic placodes at
either side of the neural tulfRinkwitz et al., 2001) A signaling cascade, involving
fibroblast growth factorsHGFs), bone morphogenetic proteins (BMPs), sonic hedgehog
(Shh), and Wnts, has been described for otic placode induction and inner ear
morphogenesi€Chatterjee et al., 2010; Chen and Streit, 2013; Groves and Fekete,

2012; Kiernan, 2013; Ladher et al., 2010amprey otic vesicle development follows



that of othewertebratesind also possessiegrizontal semicircular carstihat likely

arose through parallel evoluti¢Maklad et al., 2014; Richardson et al., 2010; Scott,
1887; Shipley, 1887)The pocess of patterning and morphogenesis of the three
semicircular canals from the dorsal otic placode is not fully underg¢Bumidet al.,

2007; Martin and Swanson, 1993 ecent studies have shown tdk1 may account

for all major differences between gnathostome and lamprey otic vesicles, suggesting
that lampey ears may represent a primitive version of gnathostome inngFeiézsch

et al., 2001; Hammond and Whitfield, 200@)urther studies have highlighted the
importance obmp2ba n d  Waténin bignaling specifically during morphogenesis of
semicircular canals in zebrafish and mieemmond eal., 2009; Rakowiecki and

Epstein, 2013)but this has yet to be examined imfa@eys

Nasohypophyseal placode

Unlike thediplorhiny seen in aljnathostomes, lampreys possess a single nostril
(monorhiny) that develops from a median domain of the rostral ectoderm called the
nasohypophyseal placofi€leerekoper and Erkel, 1960The solid nasohypophyseal
plate preclude the rostromedial growth of premandibular ectomesenchyme, which
forms major components of the gnathostome jivhas beemypothesized that the
heterotopic separation of the nasal and hypophyseal placodes may have been a
prerequisite to the emergencetloé jaw(Gai et al., 2011; Kuratani, 2005, 2012;

Kuratani et al., 2013; Kuratani et al., 2001; QOisi et al., 2013; Uchida et al.,.2003)

Despite the evolipnary significance of placodgerived featurest is not

known if the developmental and molecular mechanisms of early placode development
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are conserved between lampreys and gnathostoimggne expression studies, it was
shown that placodes present in the developing lamprey erekpyesDIx andPax
transcription factors, likely reflecting an ancient roléhesegenes in fate specification
of placodes that extends to the base of verteb¢steSauley and Bronnefraser,

2002; Neidert et al., 2001)5iven the poor state of our current understanding, the
evolution of vertebrate ptode development is ripe for investigation using the lamprey

as a model

Paired appendages

Another key vertebrate innovation is paired lateral appendaljesrefore, fier
over 150 years of resear(@wen, 189), the vertebrate limbtill garnes interest from
evolutionary and developmental biologi§Boates, 1994; Coates and Cohn, 1999;
Ruvinsky and GibsoiBrown, 2000) Lateral appendagdse., fins and limbsare
important for locomotive stability and sdpticated maneuverin@reder, 1926;

Drucker and Lauder, 2002All gnathostomes possess paired appendages; the paired
sets ofpectoral and pelvic fins in bony and cartilaginous fishes are homologous to the
forelimbs and hindlimbs of tetrapods, respecti€swrroll, 1988; Shubin et al., 1997)
Snakes, caecilians, and e#tathave undergone secondary loss of paired appendages,
andaquatic species (e.g., whales, dolphkggu) have lost pelic fins that in some

cases exist as vestigial structu¢Bsjder and Hall, 2002; Cohn and Tickle, 1999; Don
et al., 2013Tanaka et al., 2005)n contrast, lampreys are primitively limbless
agnathan vertebrates that diverged prior to the emergence of pairedaggsoder

360 million years aggDonoghue et al., 2000; Gedsa¢, 2006)
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Modern molecular techniques can now be used to address questenasngg
the evolutionary origin of vertebrate paired append@yessvander, 1997; Tanaka and
Onimaru, 2012; Tickle, 2003)A study by Freitas and colleagues shows the shared
expression of two genes implicated in limb developmidok@ndTbx) in both median
and paired fins of the developing catsha&kyliorhinidag. Thesegenes are also
expressed in lamprey median fins, suggesting that the developmental mechanism
responsible for the paired appendages of gnathostomes may have its origins in the
median fin of the ancestral vertebréffeeitas et al., 2006)More recent analysis
showedthathoxd13aactivity promotes distal proliferation of zebrafish fins, suggesting
that the modulation & 6 H gend expression through novel enhancer elements may
have facilitated the evdiwn of fins(Freitas et al., 2012)Further, analysis of the
recently sequenced lamprey genome revealed a fablk ¢tong rangeis-acting
enhanceBShhappendagspecific regulatory element (ShARE), which is required for
limb-specific expression &hh Thus,this regulatory element required for patterning
the anteroposterior axis of limbsay havesvolved indepettently in the gnathostome
lineage(Smith et al., 2013)

Comparative studies of lampreys have also elucidated our understanding of the
tissue catext in which paired fins first appearebh gnathostomes, the generation of
fin/limb buds from the somatic mesoderm (somatoplenk@lvesmultiple
developmental stepg-irst, the lateral plate mesoderm divides into cardiac mesoderm
(CM) and posteriolateral plate mesoderm (LPMHox genes have been shown to play
a crucial role in defining the anteriposterior axis of the LPM, where they show nested

expression in ctinear fashionRuvinsky and Gibsoc#rown, 2000) Second, the LPM
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thickens before further splitting into tkematopleure and splanchnopleué@enes
involved in the generation of fin/limb bfdrming fields are expressed in the
somatopleure, which gives rise to fin/limb buds that develop into paired appendages
(Logan, 2003) However, in lampreydjistological evidence shows that the LPM does
not split into the somatopleure and theasighnopleureespite the fact thatested Hox
gene expression is present in the LEDAIimMaru et al., 2011)Interestingly, ipophilic
Dil-labeling show that the somatopleure is eliminated during the course of lamprey
embryonic deviepment(Tulenko et al., 2013)These results suggest tiaith the

nested Hox gene expression patterns in the LPM and the formation of the somatopleure
facilitated the emergence of fin/limb buds after élgaathargnathostome transition
Future advancements of molecular techniques will allow for the dissection of gene
regulatoryinteractions in lampreys to further our understanding of vertebrate paired

appendage evolution.

Skeleton

Cartilage and mineralized boaeekey vertebrate characteristics, and they are
used for structural support, protection, and predatiimereforethe vertebrate skeleton
has long been a bject of interest to biologisi®e Beer, 1924, 1937; Gadow, 1933,
Hertwig, 1874, Kingsley, 1894; Reif, 1982; Smith and HEI90) Despite the fact that
cartilaginous structures have been found in invertebrdi@s homologyto vertebrate
cartilageremains unclegiCole, 2011; Cole and Hall, 2004)

Questions regarding the origin of the vertebral elements have been addressed

using lampreys and hagfish. Theaghostome vertebrae differentiate from the
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sclerotome, and consist of two axial elements that form both dorsally and ventrally
along the notochor(Goodrich, 1930; Janvier, 1996 he developmentf the vertebrae
involvesa complex patterning ehesodermasomitesthatcreate separate
compartmentso form the dermatome, myotome, and sclerotomés the ventromedial
somites (sclerotome) that give rise to the vertebrate axial skel€t@mechaism of
vertebrate sclerotome induction involvagerplaybetweerhedgehogsignals from the
notochord and antagonist&mpsignaling from more lateral mesoderm to subdivide the
somite(Christ et al., 2004; Shimeld, 1999; Shimeld and Holland, 2000jile the
spinal cord of lampreys is not ensheathed within a vertebral column, they do possess
neural crestlerived and sclerotorrderived axial cartilage nodules dorsally along the
notochord, which are thought to be homologous to gnathostome vertebrahede
(Shimeld and Donoghue, 2012; Tretjakoff, 1927; Zhang, 20B@jthermorehagfish
possessclerotomederived axial cartilage nodules have been found in ventral aspects of
the notoclbrd (Ota et al., 2011, 2013)The evolutionary sequence that led to these
cartilage nodules in lamprey and hagfish remains a mystery

Questions regarding the evolution of skeletal tissues and their mineralization
have also been addressed by using lampreys and ha§fisties have shown that the
cartilage of lampreys and hiegh, share similar gene expression profi8exD SoxE
andRuny with that of gnathostomes, while additional studies in amphioxus suggest that
a primitive genetic repertoire already existed in the protocho(Qatitell et al., 2011;
Hecht et al., 2008; McCauley, 2008; McCauley and Broinaser, 2006; Ohtani et al.,

2008; Wada, 2010; Zhang a@ahn, 2006; Zhang et al., 2006)
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Lampreys are known to have structurally distinct cartilage types not found in
gnathostomeslastinlike proteins known as lamprins serve as the major extracellular
matrix component in contrast tiee fibrillar collagerthatcomposes mosif
gnathostome cellular cartilageakiza et al., 2011; Ohtani et al., 2008; Robson et al.,
1993; Wright et al., 2001; Wright et al., 1983; Wright and Youson, 1983; Yao et al.,
2008) Mucocartilage is another lamprspecific type of cartilage that supports most
of the anterior head structures of the ammocoete (dfaa et al., 2011) Whereas the
elastinlike cartlage of the branchial basket supports the pharynx and gill openings,
mucocartilage supports the lamprey upper and lower lips, the ventral pharynx, and the
first and second arche3his histologically distinct cartilage shares major similarities
with gnatlostome cellular cartilage in that it expresResxA Barx, andAlx genes, and
is patterned along thaorsoventrabxis by endothelin signalingattell et al., 2011;
Wright and Youson, 1982; Yao et al., 2011)

Lamprey craniofacial cartilage is composed of elements that support and protect
the brain, ad a viscerocranial skeleton made up of cartilage elements éofused
pharyngeal basket to support the 7 gill arches and associated lamelliidacdins et
al., 2009) The lamprey trabecular cartilage forms as paired cartilagék®@lements
that ae locatedaterally alongside the adenohypophysis to support the @laimels,
1948; Kuratani et al., 2004; Langille and Hall, 1988; Martin et al., 20@yen their
possession of uniquend potentially primitivecartilage typesa dissectingof the
genetic basis underlying the cartiladjeersityin lampreys may elucidate our

understanding of verteate skeletal evolution.
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Articulated jaws

The acquisition of articulated jaws during vertebrate evolution is thought to have
led to the explosive adaptive radiatioihgnathostome@Gans and Northcutt, 1983;
Janvier, 1996; Mallatt, 1996 Advantages conferred by jaws include imprdv
efficiencyof the branchial respiration system via the musculature of the upper and
lower skeletaklements, and the ability to occupy entirely reswironmentahiches via
predation

The vertebrate head is comprised of the neurocranium (dorsal), viscerocranium
(ventral), and mandibular archWVith the exception of the neurocranium all of these
strudures are derived exclusively from the neural cfiestDouarin and Kalchiem,
1999; Noden, 1988)The development of the jaw requires tlwrsoventrakubdivision
of the embryonic rostrahost pharyngeal arch, the mandibular gtratani and Ota,
2008; Mallatt, 2008) The mandibular arch formed the palatoquadrate of the upper jaw
and Meckel 6s cartil age of t(8ienknéchtw@lB) j aw i r

The classic theory by Carl Gegenbaur postulated that evolution of the jaw and
hyoid arch was facilitated by the transformation of a rostral gill éé&genbaur et al.,
1878) Mallat theorized that the original mandibular arch first functioned in ventilation
before moving rostrally towards the old mouthdorf m a A n éMuallatt) 4998) h 0
Janvier hypothesized that the mandibular arch arose through modification of the velar
skeleton (found in lancelets and lampreys), because the velar cartilage in lampreys is
comprised of articulated upper and lower elemé&iaavier, 1996) While fossil
intermediaries to support these theories &

supported by molecular evidence to suggest the importance of thelBsstilomologs,
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DIx genes, in thelorsoventral DV) patterning of the first pharyngeal arch, and
ultimately in the evolutionary acquisition of jaiBepew et al., 2002; Panganiban and
Rubenstein, 2002; Qiu et al., 1997; Simeone et al., 19849 advent of the segmented
branchal bars and jaws is assumed to have occurred in the vertebrate lineage after the
agnathargnathostome divergence, and that gradual changes in the interaction between
migrating neural crest cells and surrounding pharyngeal tissues could account for the
evolution of the mandibular argishigetani et al., 2002)These features make lampreys
an attractive model for studying vertebrate jaw evolufi¢uratani and Ota, 2008)

As discussed above, lampreys possess an upper lip, lowlstiprch, and
second arch that consist of mucocartilage, and a fused branchial basket composed of
seven pharyngeal arches that consist of cellular cartilggelies have reported a
conserved nested pattern@ik expression in the pharyngeal arch ofathostomes,
suggest iDixg o t b &doptefer thedorsoventrapatterning of the jaw
during vertebrate evolutiofMedeiros and Crump, 2012; Minoux and Rijli, 2010;
Takechi et al., 2013; Talbot et al., 2010; Zuniga et al., 200)ile initial studies using
lampreys showed expressionik throughout the proximodistal axis of the pharyngeal
archegKuraku et al., 2010; Neidert et al., 2004)subsequent study by Cerney et al
showed a nested expressiorDiX genes, together with dynamic expressioivisk
Hand andGscgenes along thdorsoventrabxis of the lamprey pharyngeal ar@@erny
et al., 2010) This suggests that the pharyngeal atalsoventrapolarity already
existed in the vertebrate common ance@ttedeiros and Crump, 2012furthermore,
recent studies have reported the nested expressioix génes in the pharyngeal arch

of elasmobranches and paddlefish, suggesting a minimal degree of neo
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functionalization ofDIx genes over gnathostome evolution and further supporting the
theory of a pharyngealarecher i ved jaw by thelxcodpdi on of
(Compagnucci et al., 2013; Debidikibaud et al., 2013; Gillis et al., 2013; Takechi et
al., 2013)

While these studies suggest that the core components dbith@ventral
patterning program already existedaifawless vertebrate ancestor, several key
differences have also been notétky regulators of joint formatiorB@pxand
Gdf5/6/7) were found to be missing in the rostnabst pharyngeal arch of lampreys,
wherea®Barx1, which is a known repressor of joiiormation, was expressed in the
intermediate first arch of lampreySernyet al., 2010; Kuraku et al., 2010y hese
observations suggest that ajerasting pharyngealorsoventrapatterning program
wascooptedo work in conjunction with noveBapx,Gdf5/6/7 andBarx1 expression
domains to give rise to articulated jagedeiros and Crump, 2012; Nichols et al.,
2013) Given the current level of understanding, further investigations are required in
order to establish a precise evolutionary relationship between lamprey and gnathostome
DIx/Msx/Handdorsoventrapatterning programs, and to determine the functional roles

of Bapx Gdf5/6/7 andBarx1during lamprey skeletal development.

Myelination of vertebrate nerves

The neural crest also makes an important contribution to the success of
vertebrates by givingse to peripheral myelin sheaths. While invertebrate axons are
ensheathed by supporting cells, the speed of electrical signals is limited by the lack of

highly compact myelin sheatli@alc and Colman, 2000)The axons of gnathostome

18



vertebrate nerve cells are capable of high vel@atiatoryconduction due to the

insulation provided by myelinated membranous sheaths that surround vertebrate axons
Oligodendrocytes form compact myelin sheaths around axons of the brain; while neural
crest derived Schwann cells perform the same function for peripheral &tense,
myelinationmay have enhanced predatory abilities and escape response times in early
vertelrates(Gans and Northcutt, 1983; Ritchie, 1984; Zalc and Colman, 2000)
Interestingly, myelinated axons are absent in lampaagshagfisi{Bullock et al.,

1984)

In the peripheral nervous system (PNS), axons are ensheathed by myelinating
Schwann cells that originate from neural crest ¢€llgin et al., 1990¢Geren, 1954; Le
Douarin et al., 1991)Schwann cell development involves three phaségrrating
neural crest cells give rise to puesor Schwann cellsThese give rise to immature
Schwann cells Finally, immatureSchwann cellslevelopinto myelinating and non
myelinating Schwann cellfJessen and Mirsky, 2005Myelination requires the
continuous contact and interaction between axons and Schwann cells, whereby axonal
cues such as neuregulin(Nrgl) are detected by the ErbB family of tyrosine kinase
receptors loated on Schwann cel{dessen and Mirsky, 2005; Meyat al., 1997)

Nrgl binding, specificallysoformtype-1ll (sensory and motor neuraterived factor)
to ErbB2/3 receptors activates signal transduction cascades that are essential for
myelination of axongBirchmeier, 2009; Brinkmann et al., 2008; Leimeroth et al.,
2002; Lemke and Chao, 1988; Nave and Salzer, 2006; NewbeBirahdheier, 2010;

Taveggia et al., 2005)0ne stuly has also highlighted the function oGaprotein
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coupled receptor, Gprl26, that plays a role during development in elevating CAMP
levels in Schwann cells after axonal contact to trigger myelin@tilmmk et al., 2009)
Tetrapod peripheral myelin is characterized by the presence of highly compact
regions held together by celell adhesion transmembrane proteins identified adimy
protein zero (F). Py is encoded by theayelin protein zer¢mpz gene The
extracellular domain of fadheres to otherfPnolecules across the extracellular matrix
at cellcell interfacego facilitate membrane wrapping around an aflamke et al.,
1988) Myelin is geneally considered to be a vertebrate innovation, although myelin
like sheaths that appear to be structurally and functionally similar have arisen
independently in crustaceans and annelids through convergent ev@Ramts, 2008;
Waehneldt, 1990)The initial steps in the evolution of myelin may have incorporated a
homophilicP, analog to achieve an early version of an electricall lsetween glial and
axonal membrang$iartline and Colman, 2007)Nhile R, is not essential for
peripheral myelination, due to its functional redundancy Ritip2(peripheral myelin
protein 2), it is thought to lva been a key molecule for the emergence of myelin within
the gnathostome lineagawaz et al., 2013)There are no extant species or fossil
records that exhibit the primitive conditioh myelination(Hartline and Colman, 2007)
However, while lampreys and hagfish do not possess myelin, they do possess axon
neighboring glial cells that maintain close cellular con{Batlock et al., 1984and
show R immunoreactivity in the central nervous syst@heehneldt et al., 1987)A
recentanalysis of the lamprey genome revealed the presence of a number of genes
associated with myelin formation, includiMbp (myelin basic protein)Pmp22

(peripheral myelin protein 22)Mpz (myelin protein zero, §, Plp (myelin proteolipid

20



protein),Mal (myelin and lymphocyte protein), amdlytll (myelin transcription factor
1-like) (Smith et al., 2013) The authors of this study suggest two eviohgry

scenarios: 1) the ancestral vertebrate already possessed the molecular components of
myelination and these were adapted by glial cells to form myelin in the gnathostome
lineage, or alternatively, 2) the ancestral vertebrate possessed oligodentikeayial
cells that were secondarily lost in the lamprey ling&geith et al., 2013)However, a
subsequentommentary by Werner points out that the gene identifiddigsby Smith

et al., 2013may also bénomologous to the protein productsgaineof-the-
oligodendrocytdineage(GOLLI), while the other presumed myelin protemsy not
evenberelated to myeh (Werner, 2013) The authosuggests that theeutomated
annotations of the recently sequenced lamprey genome may be unrahabileat

myelinis arguably stilla gnathostoménnovation(Werner, 2013)

Adaptive Immunity

Lampreys have provided recent insights into evolution of the vertebrate adaptive
immune systenfAlder et al., 2008; Boehm et al., 2012; Guo et al., 2009; Kasamatsu et
al., 2010; Litman et al., 2010; Pancerkt 2004; Pancer et al., 20059 daptive
immunity in vertebrates is characterized by the presence of two tiypesphocytes,

B-cells derived from bone marrow anecélls that develop in the thymuB-cells
produce billions of unique immunoglobulin proteins (antibodies) that recognize and
bind foreign antigensT-cells interact with cells that express a foreigtigen at their

surface to elicit an immune response, dependent on expressierebhfréceptors
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(TCRs) The diversity of antibodies and TCRs are both dependent on activity of
recombinase activating gene (RAG) protgi@annon et al., 2004; Nagaoka et al.,
2000)

Over the past decade, independent emergence of adaptive immunity has been
demonstrated in agnathans, where variaptgphocyte receptors (VLRS) are present at
three loci in the lamprey genoni@as et al., 2013)Interestingly, two VLR paralogs
have been identified in hagfish, further strengthening cyclostome monophyly
(Heimberg et al., 2010; Pancer et al., 2008).R-based adaptive immunity is similar
to the TCR receptors of gnathostome vertebrates in that VLR assembly involves genetic
rearrangement dependent on a cytosine deaminase (CDA) instead ¢RR&Gzin et
al., 2007) Though these two systems arose independently in agnathans and
gnathostomes, their functions depend on the activity of lyoytles in both groups,
suggesting that the evolution and development of adaptive immunity was likely
dependent on cell regulatory networks present in the vertebrate common afiR@stor
and Buckley, 2013)Going forward, comparative investigations of the sea lamprey
genomg Smith et al., 2013ith gnathostomes may provide additional insight into the

evolution of the vertebrate adaptive immune system.

Techniques to study lamprey develoment

Over the past few decades, numerous experimental techniques developed for use
in model vertebrates have been adapted for use in lamddéyis a lipophilic
fluorescent dye that has been used to follow cells for long term cell tracinghaxio

andin vitro (Honig and Hume, 1986; Markus et al., 199%gveral studies have used
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fluorescent dyes to examine the contributions of cranial neural crest to development of
the lamprey hea(Horigome et al., 1999; McCauley and Brorukgaser, 2003)In situ
hybridization is a tool that is used to determine the spatiotemporal pattern of genes
expressed during development, and has been especially usefulfdewystudiesIn

situ hybridization methods have been adapted for us¢ least three species of

lampreys Petromyzommarinus,Lethenteronaponicg andLampetrafluviatilis, and

have allowed investigators to infer important insights into the evolution of
developmental mechanisms in early vertebréBe®rman and Shimeld, 2002; Derobert

et al., 2002; Lakiza et al., 2011; McCauley and Brotiraser, 2002, 2006; Murakami

et al., 2001; Myojin et al., 2001; Nikitina et al., 2009; Ogasawara et al., 2000; Rahimi et
al., 2009;SaukaSpengler et al., 2007; Swain et al., 1994; Tomsa and Langeland, 1999;
Zhang et al., 2006)The application of pharmacological agents has also been used to
decipher developmental evemsolving Retinoic Acid, hedgeho@yclopamine) and

FGF (SU5402)signaling in lampreyg§Jandzik et al., 2014; Murakami et al., 2004;
Sugahara et al., 2011)

Gene knockdown techniques are genesasmpl es
of interestareperturbed in functioy preventing accumulation epecific protein
producsin order to determine the phenotgpat arisérom specific gene sequersce
Two sut knockdown techniques that have been used in lampreyseénclud
microinjection of morpholinoand RNA interference (RNAi)Morpholinamediated
geneknockdown has been adapted for use in lampreys and is useful for understanding
the developmental roles ofesgific genes in an evolutionary contékakiza et al.,

2011; McCauley and Bronnéraser, 2006) RNA interference (RNAI) is an
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endogenous intracellular mechanism to regulate gene expression via the targeted
degradation of specific mRNA transcrifgddello and Conte, 2004)RNAI has gained
widespread use as a tool for understanding gene function and has recently been shown
to perturb lamprey developmefiieath et al., 2014)Quantitative reatime qPCR has

also been used to demonstrate relative changes in gene expression levels following gene
perturbation(Lakiza et al., 2011)

Transgenesis is the technique of introducing exogenous DNA into an organism,
either to determine the spatiotemporal expression of a gene through the use of an
enhancereporter construct, or to introduce a gene sequentaitharoduce a
phenotypic effect Transgenesis may be transient, in which expression of the transgene
is limited to somatic cells such that phenotypic effects are manifest only within
organisms undergoing the transgenesis procedhiternatively, gerrline transgenesis
involves incorporation of the exogenous sequence into the germ line of an organism
such that the transgene is heritalBermline transgenics can be maintained as stable
lines for genetic analyses

With the advent of reverse geneticlieiques for developmental studies,
lampreys have become more tractable as ardevo modelKur at ani 6 s group
that transient transgenic lampreys could be made to express a green fluorescent protein
(GFP) reporter gene under the control of a ggaeeific (actin) promote(Kusakabe et
al., 2003) The forced expression of genes under tisspexific promoters has the
potential to broaden understanding of evolutionary chamgeidevelopmental roles
of genes and gene regulatory netwqi&aukaSpengle and BronneiFraser, 2008a;

SaukaSpengler et al., 2007)
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Comparative Approach using both Lampreys and Zebrafsh

While molecular genetic techniques are beconegeasinglyavailable to
lampreysthere are mantechniques that a@nly applicable tanodernvertebrate
model organisms such as mice, chiXknopusand zebrafishPrior tothe recent
sequencing afhe sea lamprey genonf®@mith et al., 2013)dentification of lamprey
gene sequences required either screening genomic or cDNA libraries usiraogeus
probes, or by polymerase chain reaction (PCR) amplification of lamprey gene fragments
using degenerate oligonucleotideBhe lamprey genes used in this study have all been
cloned in this fashionAlso, due to their lifespan and semelparous mod
reproductionwhere they die soon after spawnif@ple, 1954, lampreys are not
amenabl e to cl assi cabk(.efj &peedotypeidivencappfoach)ywar d ¢
to determine the roles of genes with developmental importeBeeause of their long
generation time, and an inability to perform backcrossggagnline transmission of
gene constructs is not practical for establishing stable germline transgenic amimals
addition, there is a mulgrear interval between embryogenesis and reproduckon
these very same reasons, reverse gesgec, agenedriven approachpare also limited
to genefiknockdowrd as opposed to complete gene knockoutsnockins These
biological constraints have limited the use of genetics as a tool to unddestamdy
biology.

The use of zebrafish for the study of vertébr@development and diseases has
seen tremendous growth over the past two decddelike lampreys, zebrafish are
highly amenable tbothforwardand reversgenetic approache&ebrafish are

relatively cheap to maintain in small spadeigh stocking desity) andarehighly
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fecund (200" 300offspringper spawning pair). They undergo rapid developntgnt (
days to larval perioddnd exhibit optical clarity that can be further enhanced by
inhibiting pigmentation using phenylthiourea (PTBexual maturityis reachedvithin
three months, which allows for screening=@fand B progeneswithin the same year
A hallmark of zebrafistiorward genetice®ccurred inl996when NussleirVolhard
(Tubingen and Drieverand Fishman (Boston) published their resultenftbe first ever
largescale ethylnitrosourea (ENtNduced random mutagenesis sceaarthis species
(Driever et al., 1996; Haffter et al., 1996)hree years later, tliesultof the first
retrovirally induced insertional mutagenesis scn@aspublished Amsterdam et al.,
1999) The use of tagged insertions allowed for a less laborious process of identifying
mutated gene@Amsterdam et al., 2004)These pioneering largeale forward genetic
approackspropelled zebrafismto useas one of four mjar vertebrate developmental
modelsandprovidedresearchers with a plethora of mutant strains, many of which
represent human disease models.

Reverse genetics has also seejor developmentgspeciallywith the
development of target specificilly recentyears. The reverse genetapproach
involves the targeted perturbation of a gene or pathway of intd?batrmacological
reagentshat have been used in lampreys (mentigorediously have also been used in
the zebrafishsuch as Retinoic acid (RALonlon, 1995; Durston et al., 198%GF
receptor antagonist SU54(QRoss et a] 2000) and cyclopamine (inhibitor of sonic
hedgehog pathwayiCooper et al., 1998)Shortly afterthe releasefahe first zebrafish
genome assemhl¥ILLING (targeting induced local lesions in genom@drCallum et

al., 2000)was successfully used in zebraf{¥Mienholds et al., 2003)Unlike the
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phenotype driven approach in forward genetics, TILLIOS&S not require the
laborious screening overy single F3 progeny. InsteddNA can be collected from
sperm ofmutatedF1 foundemalesandprescreened fanutationsby PCR
amplificationusing gene specific primefsllowed by direct sequencinglhe results of
the prescreening process can thedrapared to the corresponding offspring.

Transgenic approaches have also beielely employed for many years by
microinjectingcircular or lineaplasmid DNA irio onecell stage zebrafish embryos.
This method is effectivat creatingransient transgecsto assess gene activitytime
FO generation. Howevegermline transmission rateselow (~5%) due to mosaic
expression anthteintegration of injected transgenguart et al., 1988}-or the
purposes of generating stable germline transgemedrdditionalmethod was
improved upon by flanking the transgene with tw#ckl recognition sites and-co
injected with thedScel meganuclease enzynfeuccessful gertime transmission
frequences carbeimproved by upto 50% using this metho@Grabher et al., 2004)
Another method of improving the frequency of transgerisssusethe Tol2
transposormediated transgenesgstem In this methogdthe gene of interest is
inserted into a transposable element anthxted into the zebrafish embryo with the
transposase mMRN# induce stable germline integratififtawakami, 2004; Kawakami
et al., 2004) These systems can now be used as gene trap and enhancer trap methods in
zebrafish(Kawakami, 2005) Both of the aforementioned approachase greatly
facilitated therapidgeneratdn of stable transgenic lines.

Recent exciting advances have expanded the pligssoof targeted genome

editing in zebrafish, owing to the adaptation of chimeric nucleases, saticdisiger
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nucleases (ZFNs) anichnscription activatelike effector nucleases (TALENgDoyon

et al., 2008; Meng et al., 2008; Sander et al., 20THLE proteins, naturally found in

the Xanthomonabacteria, contain a DNAiInding domain that can be engineered to
bind to any specific genomic target. When fused with aspatific nuclease, the
chimeic TALEN protein has the ability to induce targgiecific DNA double stranded
breakgGaj et al., 2013) In addition to targeted disruption, TALEN mRNA can be co
injected with a donor plasmid to induce targeted integration of genes of inteusst
openng up the possibilitie$or sitedirected gen&nockins in zebrafisiZu et al.,

2013) Despite the commercial availability of TALE arrays, this approach still requires
engineering unique TALEN foreach gene of interest.

The latest and most cosffectivegenome editing tool that has besdopteduse
in zebrafishis theClustered, Regularly Interspac&hort Palindromic Repeats
(CRISPR / CRISPRassociatedGag system(Hruscha et al., 2013; Hwang et al.,
2013) Bacteria have evolved an adaptive defense system against foreign nucleic acids
by using CRISPR in conjunction with Cas protemberebyforeign DNAfragments
are taken up into CRISPR loci, transcrilzediprocessed into short CRISPR RNAs
(crRNAs)thataresubsequently annealed to traativating crRNA (tracrRNA), which
can then direct Cas9 endonucleases in targeting foreign (Biangou et al., 2007;
Brouns et al., 2008; Jinek et al., 2012ustomizable yntheticsingle guide RNAs
(sgRNA) consisting of a fuen of crRNA and tracrRNA cabe designedn vitro
transcribed, and emjected with theCasO9mRNA to performendonucleasenediated
targetspecific genome alterations in zebrafish embiybsang et al., 2013)Unlike

ZFNs or TALENS, the CRISPR/Cas9 system is highly aab&nto highthroughput

28



use. Furthermordhelatest reports show thdtis systencannow be modified to
induce sitespecific gene knockins imebrafishin vivo (Auer et al., 2014

While the aforementioned approaches can be powerful, theydd#teandnore
resources to raise, house, and feed the exponentially expanding generations of putative
transgenic linegn addition to daboriousscreening processes. Therefdhe
traditional method of areverse genetic approaarestill widely employed taconduct
gainof-function or lossof-function experimentsWhile these methods have their
inherentlimitations, they require far fewer ras@esandcan be highly effectivevith
the appropriate experimental design adequatesample sizesMorpholino antisense
oligonucleotide®r RNAI can be injected into fertilized eggs to specifically knockdown
the expression of target genés limitation of using the morpholino approach is that
the resulting phenotypes can be highly variahie to unevedistributionof
oligonucleotidesluring cleavage, in addition to the loss of effectiveness during later
stages of development dueditution. While RNAi has been widely employed in
mammalian and invertebrate systems, it has not been fully adopted by the zebrafish
community owing to potential nespecific deleterious effects on the development
(Skromne and Prince, 200&)nd partly due to the overwhelming popularity of
morpholinos Gainof-function can be achieved Inyicroinjecting transgenes contained
within expression vectors or indglform ofin vitro transcribednRNA. These
expression vectors can possess various promoters such as tbledogbiromoter,
which can confer some degree of spatiotemporal control of expressiorastheied
usinga modified soldering iroto obtainlocal activation of the heahock response

(Hardy et al., 2007)a CMV ubiquitous promoteor a gene specific promotef
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traditional gainof-function approach can be combined with morpholinos or applied to
the numerougnockoutmutantsavailable to the zebrafish community.

In 2006, a study by McCauley and Bronf@aser reported the discovery of
three SOXERmMSoxE1PmSoxE2andPmSoxEBgenes in the lamprey and showed that
they are all expressed in the developing pharyngeal ar¢th@severtheir evolutionary
relationship to gnathoston8ox8 Sox9 andSox10remained unclear, as orBMSoxE3
was found to be orthologous to tBex9clade(McCauley and Bronneffraser, 2006)

In 2011, Lakiza et al. used morpholino oligonucleotides to knockdown the expression of
all three lamprey SoxE genes, which resulted in defectsutifple neural crest
derivativegLakiza et al., 2011)thus confirming thaPmSoxE1PmSoxE2PmMSoxE3

all have important roles during lamprey neural crest developnkéowever, the

evolutionary reldonshipamonglamprey and gnathostome SoxE genes remained
unclear.

In thisdissertationl asked howthe duplicationof SoxE geness related to the
evolution ofneural creslineage specificatioby combining the advantages conferred
by both the lamprgand zebrafish model systemBhe pCS2+expression vector
contains a strong promoter (simian CMV IE94) followed by a SV40 late
polyadenylation site. Thedirect injection of DNA contained within thECS2+ vector
is used for ubiquitous higlevel transiat expression in the zebrafiskive placed the
lamprey SoxE genes infiCS2+ expression vea®andheterospecifically expressed
them in zebrafish wildtype emyos, as well agllyfish (jef) andcolourless(cls)
homozygousnutantsthatlack expression of functionabx9andsox10proteins,

respectively.The resulting rescue of pigment cells can be observed in live embryos,
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while rescue of other neural crest derivatives can be detected using Alcian blue staining,
immunohistochemistry, @hmethylene blue stainindJltimately, the optically clear
zebrafish embryos can serveasmsn vivo system for testing thieinctionalcapabilities

of lamprey SoxE genes.
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Abstract

Vertebrate SoXE geneS@x8 Sox9 andSox1() are key regulators of neural
crest cell (NCC) development and arose by duplication of a single ancestral SoxE gene
in the vertebrate ancestor. While all SoxE paralogs are expressed together early in NCC
developmentSox9andSox10have acquired distintater functions, withthe
requirement oSox9for differentiation ofchondrocytesn the head, an8ox10for
melanocytesind peripheral neuroms the headndtrunk. When these functions first
evolved, and whether the divergent functions of these glosklted genes are linked to
differences in the developmental potentiatlifferent neural crest lineagesmain
unresolved issues in vertebrate evolution. Sea lampreys are basal vertebrates that also
possess three SoxE genBsSoxE1PmSoxE2andPmSok3) which are all expressed
in the neural crestln order to address the developmental potential of SOXE genes and
how their duplication has influenced the evolution of NCC development, we tested the
ability of SoxE genes from lamprey and amphioxus touesox9aandsox10lossof-
function phenotypes in zebrafish embryos and lar¥de.reexamined the relationship
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of lamprey to other SoxE sequences and in our revised phylogenetic analysis we now
place lampreyPmSoxEat the base of the gnathostoB@x10clade. Lamprey
PmSoxE2xpression ircls mutants induced the differentiation of multiple pigment cell
types and peripheral neurgrmit not cartilageFurther, nisexpression oPmSoxE2n
wildtype embryos induced the formation of excess melanophbinedampreys5ox9
ortholog,PmSoxE3also induced pigment cell and peripheral neuron differentidtian,
not cartilage. Interestinglyhe lamprey specifiemSoxElene wasble to promote
differentiation of cartilage nodules, but showed limiteelanogerg and neurogenic
capabilities The single amphioxuSoxEwas also able to promote differentiation of
melanophoresenteric neuronsand cartilage nodulesVhile the SoxE genes examined
here have mostly retained the ability to induce pigmentacellentac neuron
differentiation, tleseactivitiesare diminishedn lampreyPmSoxE1 Our data suggest
that the protevertebrateéSoxEgene already possesdsath ectomesenchymal and Ron
ectomesenchymaégulatory capalities prior to gene duplication. féer duplication of

an ancestral SoxE gene very early in the vertebrate linPag@oxEZ Sox10diverged
quickly from Sox9andSox8§ losing its skeletogenic properties and becoming
specialized for exclusivglnonectomesenchymal function€oupled with previous
results thiswork suggests that the regulation of chondrogenic, melanogenic, and
neurogenic activities of the neural crest was partitioned among duplicated SoxE

homologs early in vertebrate evolution.
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Introduction

Neural crest cells (NCC) are a popudatof migratory pluripotent cells that
give rise to a wide range of vertebrateecific cell typegHall, 1999a LeDouarnn and
Kalchiem, 1999 The emergence of NCCs during vertebrate evolution is thought to be
linked to the evolution of the vertebrate craniofacial skelettich facilitated the
transition from a filter feeding to a predatory lifestifég. 2.7A) (Gans and Northcultt,
1983. Consistent with thisiew, invertebrate chordates are filter feeders and tecia
fide NCCs(Holland and Short, 2008/edeiros, 2013Putnam et al., 2008

Lampreys occupy a basal positiorvertebratgohylogeny; they are primitively
jawless (agnathan) predatory vertebrales diverged from the lineage leading to
gnathostome (jawed) vertebrataser 450 million yearago(Janvier, 1996Kuratani et
al., 2003. Like other vertebttas,lampreypossess mukgene families that play critical
roles in NCC development, whereas many of thegest as single copy genes in
invertebrate¢Meulemans and Bronndiraser, 200;7Yu et al., 2008

The Sry-related HMG lox (Sox) family of transcription factors is found
throughout the animal kingdo(egner, 1990 Sox genes are related by the presence
of a conserved high mobility group (HMG) box DNAnding domain(Laudet et al.,
1993 Prior and Walter, 1996Sox proteins regulate gene expression by binding the
consensus sequentk “/TCAA”/+G (Mertin et al., 1999van deWetering et al., 1993
and also througheir interactions with other protein partn@®ndoh and Kamachi,
2010. Chordates share a highly conserved set of Sox proteins belongingSioxikhe
SoxB, SoxC, SoxD, SoxE, Sox&nd SoxHsubfanilies, with multiple members of

subgroupg (Bi F) often present in vertebratéBowles et al., 2000 For example,
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vertebrates possess three members obtxE subfamily $ox8 Sox9 andSox10 all of
which are required for NCC specification and differentia{@arney et al., 2006
Dutton et al., 2001Guth and Wegner, 2008long andSaintJeannet, 2005 pokony et
al., 2002 Wegner and Stolt, 2005

Sox9regulates expression of tml2algene encoding the major extracellular
matrix protein, typdl collagen,in gnathostome vertebrate cartilg@&kiyama et al.,
2002 Bell et al., 1997Zhang et al., 2006 SOX9defects in humans lead to
Campomelic dysplasia characterized by major defects in cartilage an(Vdageer et
al., 1994. Two Sox9paralogs $0x9aandsox9l) exist in zebrafish due teleost
specific gene duplicatiofCresko et al., 20Q3ostlethwait et al., 200&an et al.,
2002 Yan et al., 200p Togethersox9aandsox9bperform thefunctions of the
ancestral tetrapo8ox9(Chiang et al., 20QL.i et al., 2002 Rau et al., 2006yan et al.,
2005. The zebrafish@9aloss of function mutarjellyfish (jef) exhibits majo loss of
craniofacial cartilage elementsnd bss of botlsox9aandsox9bin zebrafish leads to
more severe cartilage defects, suggesting partitioning of roles (subfunctionalization)
between the two genésynch and Force, 200 an et al., 2002Yan et al., 200p

Sox10s required for multiple stages of KI&levelopmentSox10s first
expressed during specification of NCCs in the dorsal region of the neurdCiubreg et
al., 200Q Honore et al., 20031t persists in migrating NCCs, later becoming restricted
to theperipheral nervous system (PN&)d melanocyte lineagé8oki et al., 2003
Bondurand et al., 1998ondurand et al., 20Q®ritsch et al., 2001Kelsh and Eisen,
200Q SouthardSmith et al., 1998 Mutations in humaisOX10ead to Waardenburg

syndr ome and Hi rchardeteriged byrdeferts in pigmentatios @nd
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the enteric nervous system (ENS), as well as dysmyelination synd(Bmgault et al.,
1998. The zebrafistsox10lossof-function mutantolourlesscls) lacks differentiated
pigmentcellsand enteric gangliayhile also possessing greatBduced numbers of
dorsal root ganglia (DRGCarney etl., 2006 Dutton et al., 2001Kelsh and Raible,
2002.

Early in developmenox8 Sox9 andSox10arefunctionaly redundan
showing a high degree of interchangeability during induction ofpktigenitors at the
neural plate bordeHowever, the degree to which they have divergguetéorm
specific functiondater in development with differentNCC lineages isotclear
(Cossais et al., 2010Binzsch et al., 200&Kellerer et al., 20060'Donnell et al., 2006
Stolt et al., 2004Taylor ard Labonne, 2005 Furthermore, it is unknown if
neofunctionalization and/or subfunctionalization of SoxE paralogs was a driving force
in the diversification of NC derivatives during early vertebrate evolution.

To address these questions, we examined the functional activity of SoxE genes
present in theea lampreyKetromyzon maringdy expressing constructs of the
lamprey genes in zebrafishs andjef mutant backgrounds. At the present time,
expression studies in lamprey to examine the evolution of SoxE gene functions remain
technically challenging duprimarily to long development times in the lamprey (18
days to chondrogenesidlartin et al., 2008 and the unavailability of genetic null
backgrounds. However, the availability of appropriate zebrafish mutants |aszkifg
andsox10expressior{Dutton etal., 2001 Yan et al., 200§ their rapid development
time, ease of manipulation, and optical clarity for analysis provide a strong rationale for

expression of foreign constructs fromnhprey,as well as other SoxE genes from

61



amphioxusand frog (Van Otterloo et al., 20)2Here, we show that foreign SoxE DNA
constructs expressed in zebrafish are functional and are able to resanfeflmstion
phenotypes in theox10(cls) mutant backgroundur results suggest thattivities of

the ancestraboxEgenewere likely ceopted byneural crestellsearly in vertebrate
evolution We hypothesizéhat after gene duplicatipoxE genes underwent
differential adaptation and specialization in the agnathan and gnathostome lineages,
with the divergent lamprey paoa, SoxE1 acquiring the chondrogenic function that
was acquired by gnathostor8ex9 Furthermore, we find that while both lamprey
SoxEland amphioxuS$oxEare able to promote differentiation of small disorganized
cartilage nodules in zebrafighf mutants their expression is unable to rescue proper
morphogenesis of the gnathostome craniofacial skeleton. Finallgesults highlight

the role of subfunctionalization in the diversification of neural crest derivaawnes
reinforce the idea that tle®m-option and subsequent subfunctionalization of neural crest
regulators, rather than the evolution of new protein functions, was kiyeisification

of the neural cregMeulemans and Bronndiraser, 2004
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Materials and methods

Phylogenetic analysis othordate SoxE proteins

ClustalX2.1(Larkin et al., 200ywas usedo align the following sequences:
AAH43704.1, AAH23808.1, AAH23356.8AX73357.1, AAG09814.1,
AAK50536.1,AAK84872.1,AAQ67212.1, AAI70060.1, AAO13216.1, AAF73917.1,
BAA25296.1, AAD38050.2, AY830453, DQ328983, DQ3289Bedit 7.0.9.QHall,
1999 was used to manually complete sequence alignments following ClustalX2.1
analysis MaximumLikelihood (ML), Minimum-Evolution (ME), and Neighber
Joining (NJ)Saitou and Nei, 199 phylogenetic tees were constructed from the
aligned sequencesingMEGADS (Tamura et al., 20)1andthe Jamed§ aylor-Thornton
(JTT) model with 1000 bootstrap replications and partial deletion with 50% site

coverage cutoff.

Construction of amphioxus, zebrafish, and lamprey SoxE expression vectors

Sea lampreyRetromyzon marinysnd zebrafish¥anio rerio) SoxEfull length
coding sequences (AY830453, DQ328983, DQ3288&4102677.1, and AF277096.1
wereinsertednto pCS2+CMV promoter driverexpression vectofsetween EcoRI and
Xhol (PmSoxE1/PmSoxERrsox9g, Xhol and Xbal PmSoxE3, and Clal and Xhol
(Drsox10 sites of the pCS2+ multiple cloning si&xEcontaining pCS2+ clones
were dilutedo 357 55 ng/pl concentrations 0.1M KCI. Experiments using the Tol2
vectors were conducted independently inktexleiroslaboratory. Following the

excision ofeGFP from the original Tol2 vector (T2KXIGKawakami, 2004
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amphioxus Branchiostoma floridaeSoxEfull length coding sequenceassubcloned

into T2KXIG (Kawakami, 2004

Whole-mount in situ hybridization

LampreySoxE1l SoxE2 andSoxE3genefragments weramplified fom pCS2+
expression vectors (described previousigingthe following primerdPmSoxEF: 5 6
ACCTGCACAACGCCGAGCTG3 6
PmMSoxER: 5 &€ATGTCCACGTTGCTGAAGT3 ;0
PMSoxEZF: 5 €GAGTTCGACCAGTACCTGCCES
PMSoOXER: 5 - ATGGTGGTGATGGTGGTGCTES 0
PMSoXEJF:5 GGCTGGACGGCGGGGTGGTATTE 0
PMSOoXER: 5 ACGTCCGCGCTGGGTGAGTCE Y cloned into pGEMT vectos,
ard sequenced. Aniense and seadigoxigeninlabeled(Roche) RNAriboprobes
weresynthesized by T7 or Sp6 RNA polymeraséebrafish embryos were fixed i
PFA overnightat4°C, washed twice in PBS, bleached in 3% hydrogenqmeand 1%
KOH in dH,0, and then transferred to 100% methaodiestored in -20°C for at least
30 minutes Wholemountin situ hybridizationwas performed as previously described
with modifications:embryos were incubated 65°C for hybridization, followed biwo
30 minute washes in 50% formamide in 2XSSCT at 65°C and 15 minutes in 2XSSCT at

65°C (Westerfield, 200).
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Microinjection and fixation of zebrafish embryos

Zebrafishjellyfish (jef "***%) mutants were purchased from the Zebrafish
International Resource Center (University of Oregon) anddtmirless(cls"®'9
mutantwasa kind gift fromDr. Robert Kelsh (University of BathZebrafish embryos
were injected at the-gell stage throgh the chorion at the boundary between the yolk
and blastometer directly into the blastomerijectionvolumes using the pCS2+
vector containing lamprey SoxE gervesre titered betweenrd and10nl (105350 pg)
per embryolInjections using the T2KXI@lasmids were performed as previously
describedKawakami, 200% jefembryosinjected with foreign constructgereraised
to the age of 96 hours post fertilization (hpf), anesthetized using tricaine mesylate (MS
222), and fixed in 4% paraformaldehyde (P&Ayoom temperature for 2 hourefore
acidfree alcian blue staining\lcian bluestained embryos were immediately processed
for imaging and then genotyped by DNA extraction and PCR using primers specific for
thesox9amutational insertion ggreviouslydescribedYan et al., 200 cls embryos
injected with foreign constructgere reared to 96pf, anesthetized using M&2,
mounted on microscope slides for live imaging of pigmentatindthen subsequently
fixed in 2% trichloroacetic acid (TCAgtroom temperature for 3 houpsior to

immunostaning.

Immunostaining
Unlabeled anthuman neuronal protein HuC/HuD (ahtuC/D) mouse
monoclonal antibodies (Invitrogen) were reconstituted in 8@ phosphate buffered

saline (PBS, pH 7.4) containing 1% bovine serum albumin (BS#Y)whole mount
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immunostaining, zebrafish embryos were fixed in 2% TCA for 3 hours at room
temperature (RT), anthen washed witPBT (PBS with 1% Tritorx-100). Embryos

were treated in blocking solutionQ% goat serum, 1% BSA) for 4 hours at Rifid
incubated with arkHUC/D (1:100) overnight at 42, washed 10 x 30 minutes in PBT,
then incubated in Alexa Fluor 488 (Invitrogen) secondary antibody (1:750) overnight at
4° C. Both primary and secondary antibodies were diluted in (1% goat serum, 1% BSA,
and 1x PBT)Following removal of secondary antibody, embryos were washed 10 x 30
min with PBT,and cleared in 30% glycerat 4°C. Zi series image stacks of
immunofluorescence in whole mount embryos were photographed on a Zeiss ApoTome
AxioimagerZ1 compound microscope, andxmaum intensity projections (MIP) were
created from relevamptically sectionedtacks using Zeiss Axiovision software

(v4.8.1)

Alcian blue staining

Embryos were fixed in 4% PFA (in PBS) for 2 hoatsoom temperature (RT)
dehydrated in ethanol, asthined with 0.02% Alcian blue solution in 70% ethanol and
35mM MgCl; for 3 hoursat RT(Walker and Kimmel, 2007 Stained embryos were
digested with 0.2% trypsin, 0.002% Tritanl00, and 60% sodium tetraboratieen
cleared with 2% KOH, 0.002% Tritex+100, and 50% glycerol and subsequently stored
in 50:50(glycerol:PBS containing 0.1% sodium azide. Manua&ries image stacks
of stained cartilage were captured on a Zeiss DiscoveryV12 stereo microscope@quipp

with an Axiocam MRc camera, or with a Zeiss AxioimagerZ1 compound micrascope
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Image stacks were then compiled using the NIH ImageJ extended focus module

(Rasbany

Selected embryos were washed in PBS and placed in DNA extraction buffer for
3 hours at 50€C. Extracted DNA was ethanol precigiedand resuspended in nuclease
free water for use as templates in PCR genotyping of homozyjefouatant embryos

(Yan et al., 200

Reverse transcription PCR

Zebrafishwildtype control andcls mutant embryos were processed under
identical conditionsSincecls embryos naturally exhibit pigmentation in the retinal
pigment epihelium (Dutton et al., 200} cranial elements anterior to thimdbrain were
removed prior to RNA extractiomnjected embryos were reared tol§#f, anesthetized
in MS-222, decapitated, preserved in Rlisi#&r (n=10 per 1.5nl tube) and stored at 4°
C overnight prior to being transferred-80° C for storage Tissua in 1.5 ml Eppendorf
tubesweresnapfrozenin liquid nitrogenand homogenized mechanically usaband
operated pellet pest{€isher Scientific)n conjunction with QlAshreddel®iagen).
RNA wasextracedusing the RNeasy kit (Qiagen) with-aonlumn CNasel treatment
Total RNA was dilutedn nuclease free wat¢t:10 ~ 1:30), treated with RNagee
DNasel (Qiagen) and RNase inhibitor (Roche), and then stor80°4E. Total RNA
was reverse transcribed into cDNA using random hexamers ordligoimeas
supplied by the Applied Biosystems Retroscript Kiie resulting reverse transcription
reactions were normalized across samples prior to PCR amplificationbaaatigr and

mitfa-specific primersPrimer designs with minimal conflicting targets weoaducted
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using NCBI PrimeiBLAST (Altschul et al., 199p mitfaF : - 5 0
CGAGCCGGGGGTCTACGACA3 tmjtfaR : -G&AGGACAACAGCGGGTCGE
3 d-actinF : -B@TATGGGACAGAAAGACAG-3 d-actinR: - 56

AGAGTCCATCACGATACCAG3 6 .

Statistical Analysis
Pigment cell count anchéeric neurorcount datasetd-ig. 2.2, 2.4) were
analyzed usingneway ANOVA with significance value threshold of 0,06llowed
by GamesHowell multiplecomparisorposthoctests. e vene s test was US
evaluatehomogeneity bvariances
All experiments were performed using protocols approved by the Institutional

Animal Care and Use Committee at the University of Oklahoma.
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Results

Comparative phylogenetic analysis of chordate SoxE protein sequences

A previous phylogeny based on a block alignnedrdonserved proteidomains
identified PmSoxE&s the lamprey ortholog ®ox9 buttheidentities ofPmSoxEXand
PmSoxE2emained unclegiMcCauley and Bronnéfraser, 2006Zhang et al., 2006
To clarify the identitie®f lamprey SoxE genes, we conductddlblength sequence
alignmentthat includechon-conserved regions outside the HMG, K2, and
transactivation domain&ig. 2.8). Our resultssuggesbrthology of lampreyPm®xE2
to gnathostom&ox10 andreconfirm the ahology ofPmSoxE3to gnathostom&ox9
(Fig. 2.1). The athology of BmpreySoxElIremainsunclear. It isstill positioned basal
to thegnathostom&ox8, Sox3r Sox10genes (Fig2.1), as previously described

(McCauley and Bronnéfraser, 2006

Lamprey SoxE genes can indee differentiation of pigment cells incls mutant
zebrafish

Sox10is important for NCC specification and survival during their migration
(Dutton et al., 2001 In lampreys, therockdown oPmSoxE2ed toabolished
pigmentation, whilPmSoxElknockdown led tattenuateghigment cell numberwith
an accompanying loss in their stellate morphol@gkiza et al., 2011 In addition,
PmSoxE2s also expressed in lamprdgrsal root gangliélLakiza et al., 2011)These
observations suggetttatthelampreyPmSoxE2and gnathostom8ox10orthologshave

similar roles in the regulation of neural crest development.
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In zebrafishwildtype embryos, melanophores form along the dorsal stripe,
ventral stripe, anterior horandlateral stripe, and along the dorsal artdral surfaces
of the yolk sac (Fig2.2A). cls (m618)mutants lack neural crederived pigment cells
(Fig. 2.2B). All three lamprey SoxE genes induaditferentiation ofmelanophores
when misexpressed ois mutants, but with varying degreesretcuepercentageé-ig.
2.2 Ci E). PmSoxEdad the greatest effect on melanophore development with an
averageof 55 and a maximum of 171 pigment c€hs114) compared t®mSoxE1l
(mean=2.22, max = 8n=68) andPmSoxE3mean=479, max = 27n=97) (Fig. 2.2G,
t-testp-values< 0.09. Interestingly, the ability dPmSoxE2o promote melanogenesis
exceeded that of the positive control (@G, ttestp-value< 0.05. Injection of
Drsox10into thecls mutant was able to promote only an average of 26.5 melanocytes,
with a maximum number of 111 melanocytes present gF2g5). The number of
animals exhibiting a partially rescued phenotype relative to the number of embryos

injectedis summarized in Tabl2.1.

Lamprey PmSoxE2can regulate expression ofitfa in cls mutant zebrafish

The production of melanin is dependent on tyrosinase regulationtfain
zebrafish(Hou et al., 2006 Zebrafishmitfais expressed in melanophores derived from
neural crest cellsvhereasnitfbis expressed in the retinal pigment epithelium (RPE)
(Lister et al., 2001l The loss osox10leads to elevated apoptosis of melanoblasts
during migration and loss ofitfa expression in melanophore lineagPsitton et al.,

2002, Elworthy et al., 2008 Results fromeverse transcriptio(rt)PCR usingRNA
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isolated fromPm®XE2-injectedcls homozygous mutantshows thaPmSoxE2s able

to regulatamitfa expressionn cls mutants(Fig. 2.2F).

Lamprey PmSoxE2can induce differentiation of xanthophores incls mutant
zebrafish

In addition to a lack of neural crederived melanophores, zebrafids mutants
also lack xanthophoresells responsible for the yellow pigmentation of fis{fas.
2.3A). These cells can be stained using the dye, methylenélldu@uyader and
Jesuthasan, 20p2PmSoxEinjected intacls mutants, promoted development of
methylene blugositive xanthophores (Fig.3B1 C). These cells exhibit the stellate
morphology of xanthophores found in wildtype animals (EigD) (Le Guyader and
Jesuthasan, 20p2PmSoxElandPmSoxE3lso induced differentiation of xanthophores
in cls mutants but the effect was limited to one to two pigment cells per embryo (data

not shown).

Lamprey SoxE genesan induce differentiation of enteric neurons inzebrafish cls
mutants

Zebrafishcls mutantdack neuron®f the enteric nervous system (ENS)
(compare Fig2.4A and2.4C) and have reduced numbers of sensory dorsal root ganglia
(DRG) in the PNCarney et al., 20Q€Iworthy et al., 200p The variable baseline
number of DRGs irls mutant controls made it di€ult to assess rescue effects.
Therefore we focused on rescue effects on Enganglia number€NS neurons were

counted alonghelength of the gut immediately rostral to the arusinjected wildype

71



(Fig. 2.4A) and nock injectedwildtype embryos(Fig. 2.4B) containin excess oHu-
positive enteric neurons along and around thigpery of thegut (Fig. 2.4A, B). Mock
injectedcls mutants lack enteric ganglia (F@4 C, G)(Carney et al., 20Q@&Iworthy
et al., 2005 PmSoxE2vas ablgo induce the formation ad greater number @nteric
ganglig with an averagef 5.6 and a maximum of 36 Hpositive neuronper embyo
(n=32;Fig.24 E, G),in comparisorto PmSoxE1l(mean = 1.3, max = 3, n=1Big. 2.4
D, G). While the maximum number of ENS neurons rescued folloRm&oxE2
injection (max = 36) exceeded that of iesox10control (mean = 4.1, max = 14,
n=52), a compa@son of means revealed no statistical significance between the two
groups GamesHowell, p-value= 0.357). Interestingly, the ability #fmSoxE3mean =
3.9, max = 24, n=44; Fi@.4 F, G) to promote ENS rescue equaled that oDisex10
positive control showing no statistical difference between their m&arag¢sHowell,
p-value= 0.822). The following-test comparisons yieldgsvalues < 0.05Drsox10/
PmSoxE1PmSoxEY PmSoxE2andPmSoxEY PmSoxE3 The number of animals
exhibiting a partially rescued phenotype relative to the number of embryos injected is

summarized imable2.2.

Lamprey PmSoxE1can induce formation of small cartilage nodules in zebrafisfef
mutants

Sea ampreyPmSoxElandPmSoxEare required for NC developmenand
their loss in expression leadsaompleteloss ofthe lamprey pharyngeal skeleton (the
branchial basketwhereas?mSoxE3lays a role in patterning of the branchial basket

(Lakiza et al., 201)1 Zebrafishjef mutants carry a viral insertion in tsex9agene
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resulting in a noffunctional proteirthat leadgo the loss of major craniofacial cartilage
elements (compare Fig.5 A and B) (Yan et al., 2002Yan et al., 200p jef embryos
typically possess onlijwo small round cartilage nodulésatmay be remnant
condensations of the ceratohyal (RR&B) (Yan et al., 200p Misexpression of
lampreyPmSoxE1(n=23/109 induced the formation afmallcartilage condensations in
jef embryos, (Fig2.5C), whereamSoxE2andthe lampreysox9homolog,PmSoxE3,

did not(data not shown)A ZebrafishSox9aconstruct injected intgef mutant embryos
also induced formatin of small cartilage nodules, whereas zebredigkl0did not
(datanot shown)Homozygousgef individuals were identified by PCR using primer sets

specific to the viral insertion (Fi@.5D).

Amphioxus SoxE can induce differentiation of melanophores, enteric neurons, and
cartilage

Lastly, we examined the ability of amphioxidnchiostoma floridaeSoxE to
promote development sbx9aandsox10dependent neural crest derivatives.
Misexpression of amphioxuBoxEin zebrafishcls mutantsnduceddifferentiation of
melanophoreandenteric neurons inls mutants (Fig2.6A 1 D). Unexpectedly, we
found that amphioxus SoxE is also able to promote the formation of small cartilage
nodules inef mutants (Fig2.6 E1 F), but these small nodules did not show patterning
of the craniofacial skeleton. This observatiosimilar to the result we observed with

expression of lampreymSoxE1n thejef mutant (Fig2.5C).
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Discussion

Differential adaptation of SOxE proteins across the agnathagnathostome
boundary

Lampreys diverged from gnathostowertebrate®ver 450 million years ago
(Janvier, 1995 and while theyack jaws andsympathetichain gangligHaming et al.,
2011 Rovainen and Dill, 1984 theystill share fundamentalspect®f neural crest
developmen{Kuratani, 2004McCauley and Bronnefraser, 2003Nikitina et al.,
2008 Ota et al., 208, SaukaSpengler and Bronndtraser, 2008SaukaSpengler et al.,
2007). However due to thendependent evolution of these lineages, much of the
phylogenetic signal among SoxE genes has beefMa&auley and Bronnefraser,
2006. Lamprey SoxE proteins are also larger than gnathostome SoxE proteins due to
the presence of repeats rich in glutamine, serine, glycine, alanine, and histidine amino
acids (Fig2.8). Previously it was shown that three SoxE genes exist in the sea lamprey
(Petromyzon maringgMcCauley and Bronneffraser, 2006Zhang et al., 2006
Although the orthology oPmSoxElandPmSoxE2could not be determined, it was
inferred from mMRNA expression patterns that all three lamprey SoxE genes are likely to
play roles in N@ derived chondrogenegjsakiza et al., 201IMcCauley and Bronner
Fraser, 2006 Lakiza et al., suggested tHatnSoxE2s required for NCC specification
andPmSoxE Xor differentiationof chondrogenidineage whereaghe gnathostome
Sox9ortholog,PmS0XS3, is required for propgpatterning of théampreybranchial
basket dring chondrocyte differentiatioffrig. 2.7) (Lakiza et al., 2011 Morpholinc

mediated knockdown d?mSoXE2 led tothe complete loss of pigmentatiomhile the
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loss ofPmSoxEDr PmSoxE3lid not appear to affepigment cell numberf_akiza et
al., 201). These results suggest an agnatsaecific specialization and adaptation of
lamprey SoxE genes, so we asked whether they have lost their functional equivalence
with gnathostom&ox10andSox9

Our revised fullength phylogenetic analysaces lampref?mSoxE2n the
vertebrateéSox10clade (Fig2.1, Fig. 2.7C) andgene expression and gene knockdown
studiessuggest thaPmSoxE2nay be functionally equivalent to zebrafistx10 In
zebrafishclsmutants premigratory neural crest cells develbjpwever NCC fated to
differentiate apigment cellsenteric neurons, and dorsal root ganglidsequently
undergo apoptosis due to the failure to initiate specificd@amney et al., 20Q®utton
et al., 2001Kelsh and Raible, 2002while sox10-dependent expression witfa is also
lost (Elworthy et al., 2003Elworthy et al., 200p ZebrafishDrsox10is able to induce
melanogenesis and neurogenesislsimutants (Fig2.2G and Fig2.4G), but
misexpression dDrsox10in jef mutants was unable to induce the formation of cartilage
nodules (data not shown), sugtieg that the lack of chondrogenic activity was not due
to a nonfunctional construct. Elsewher®px10has been shown to regulate the
expression o€ol2alin cultured cellsbut there is no evidende vivofor chondrogenic
activity of Sox10(Suzuki et al., 2006 These observations suggest thak10may have
evolved roles specific to regulation of melanogenesis and neurogdtraSiexEas
also dle toinduce differentiation of melanophores, xanthophores, and enteric neurons
in cls mutants(Fig. 2.2, Fig.2.3, and Fig2.4), but is unable to induce cartilage
formation injef mutants (data not showrfjurthermore, ovexpressn of PmSoXxE2in

wildtype zebrafisicausegormation of excess melanophores (FA@). Theseresults
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highlight both sequence and functional similarities betwaempreyPmSoxEzand
zebrafishsox1Q

Interestingly, ompared td®mSoxE2the induction of melanogenesis by
PmSoxEJlandPmSoxE3s reduced (Fig2.2 C and E)Such attenuation of functional
equivalencyduring later stages of NCC development is also observed when mouse
Sox10s replaced by mous®ox8(Kellerer et al., 2006 and theDrosophilaSoxE
orthologSox1008Cossais et al., 201DaNe have purposely not compared our results
between lamprey and amphioxus heterospecific expression of SoxE constructs due to
technical differencem our experimental design (lamprey constructs were cloned into
pCS2+ and amphioxuSoxEwas cloned intd 2KXIG). Neverthelessye found that
amphioxusSoxE is able to induce melanogenesis (Fd).

We also addressed the possibility that the observed differences in pigment
rescue rates among lamprey SoxE genes may be caused by gene expression mosaicism
following plasmid injections. fie ubiquitous CMV promoter contained in the pCS2+
plasmid has alregdbeen used to drive transient expression of reporter genes in
zebrafish(Ekici et al., 2010Kalew-Zylinska et al., 200R In our hands, pCS2+ CMV is
sufficient to drive ubiquitous expression of neGFP, comparable to results obtained by
direct injection ofin vitro transcribed neGFP mRNA (Fig.11). To compare degrees of
mosaic protein expression among the | ampr €
epitopetagged variants. However, we found that ArgggedPmSoxEZonstructs were
reduced in their ability to rescue melanogenesis compared to unalterkeeh il
construets. This precluded their use (F&12). Insteadin situ hybridizations revealed

similar patterns of transient mMRNA expression among wildtype embryos injected with
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PmSoxE1PmSoxR, andPmSoxB (Fig. 2.13). Furthermore, direct injection af vitro
transcribed mRNA did not improve the rescue rateBrfSoxElandPmSoxB injected
cls mutant embryos (data not shown).

The observededuction inchromogenicell-specificactivity by PmSoxEJand
PmSoxE3nay represent lampregpecific adaptations in their functions. Alternatively,
despite the fact that all injected constructs wereetiieve acknowledge the possibility
of reduced activity of constructs due to translational inefficiencies. However, as we
explain below, the chondrogenic activity of tRemSoxEXTonstruct expressed jef
mutants, and a lack 8fmSoxE2ctivity in this context suggests gene specific activities
may explain these observed differendagthermore, the ability dmSoxE3o indwce
enteric neuron differentiation at levels comparablBrgox10andPmSoxEZuggests
that itis actively expressed in zebrafists mutants(Fig. 2.4G). One possible
explanation is thabox10function requires protein domains in addition to the highly
conserved HMG box, such as tB&IA-dependendimerizationdomain(Peirano et al.,
200Q Peirano andVegner, 200§ theK2 domain(Schepers et al., 200@/egner,

1999, andthe Gterminal transactivation doma{€ossis et al., 2010b Earlier studies

of in vitro transfection assays showed that hurB8&@X10andPAX3 synergistially

activae MITF (Bondurand et al., 20Q®otterf et al., 2000 Proper development of
melanocytes and enteric neurons require functional Sox10 dimerization and K2 domains
in mice, suggesting th&ox10 may act in conjunction with other protein partners to
activatedistal enhancers of target ger{&shreiner et al., 200,/such as the one found

in Mitf (Watanabe et al., 20D2The reduced functional capabilities of riymSoxE2

may be due to interference by the myc tag at tkterisinal dimerization domain or-C
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terminal transactivation domain (Fig.13). Future studies to characterize the lamprey
SoxE dimerization, K2, and transactivation domains will be useful for understanding
how SoxE proteins diverged in function throughout evolution.

We foundthatlampreyPmSoxElcaninduce differentiation of disorganized
cartilage nodules jef sox94" mutants (Fig2.5). However,PmSoxE br BfSoxE
appear unable to rescue morphogenesisefebrafish craniofacial skeleton (F&p).
This may be due to the inevitable dilution of our injected plasmids during later stages of
development when chondrocyte differentiation is taking place. Alternativebxa
specific promoter driven express system may be required to yield a more robust
rescue phenotype. Nonetheless, despite the limitations of our assayngneySox9
ortholog,PmSoxE3andPmSoxE2¢r DrSox10areunable to induce any cartilage
nodules ifjef sox94 mutants (data not shown).

PmSoxE1s required for development of the lamprey craniofacial skeleton (the
branchial basket)Lakiza et al., 201;lMcCauley and Bronnefraser, 2006 Thus, it is
likely that the neural crest chondrogenic function was partitiondhSoxElin the
lamprey lineage, and insteBinSoxE&cquired lampregpecific roles in cartilage
morphogenesis and developmenadfiferent lampreyspecific tissuemucocartilage
through neofunctionalizatiof¥ao et al., 201l Support for this interpretation also
comes from a study showing that #féects of knocking dowrampreyPmSoxE1can
be mitigatedby heterospecific expression Xénopus Sox@GaukaSpengler et al.,

2007.
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Neural crest specific functions ofSox8 Sox9 and Sox10predate their duplicated
states

Two rounds of gene duplicati@ventsoccurred early in vertebrate evolution
(Ohno, 1970Wada and Makabe, 20Q6t has been proposed tithesegene
duplications drove the evolution of vertebrate specific featuregiwng as gene
repertoiregForce et al., 199%Kasahara, 20QKuraku et al., 2009Lynch and Force,
200Q Lynch et al., 2006Meyerand Van de Peer, 2006hno, 1970Wagner et al.,
2003 Zhang, 2003 Consistent with this notionanscription factorgnportant for
neural cresspecificationoftenexist as dplicate copie#n vertebrate¢Guth and
Wegner, 2008 Furthermorgcomparison of duplicategienesoriginating fromancient
duplication eventamongorganisns maybe used to distinguish vertebrates from
invertebrates at the genomic leyklraku et al., 2000 Interestinglythe presencef
migratory neural credike cellsin several invertebrate groupsggests the neural crest
likely arose from a prexisting migratory population of cel{\bitua et al., 2012
Jeffery, 2007 Jeffery et al., 2008l effery et al., 200Medeiros, 2018 A comparison
of the neural cresiene regulatory networks (GRNstween basal chordates and
vertebrateslsoreveals the prexistence ofundamental components of tERN in
early chordatesvhichmay have been eopted bythe vertebrate commomeestorto
give rise tatheneural cres(Medeiros and Crump, 201Rleulemans and Bronner
Fraser, 2004Meulemans et al., 200%aukaSpengler et al., 200Btone and Hall,
2004). This raises the question of etimer the NGspecific functions of vertebratox8
Sox9 andSox10arose through neofunctionalization following gene duplication, or

whether they collectively possess the functionality of the ancestral vertSordE€/an
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Otterloo et al., 2012 Our data suggest the latter scenario, et the protevertebrate
SoxEalready possessed melanogenic, neuroganatpossibly alsachondrogenic
regulatory capabilities prior to gene duplicatid¥te show thatmphioxusSoxEinduces
differentiation of melanophoresd enteric neuror(&ig. 2.6). The chondrogenic
pathway is regarded as a derived trait acquired by gsttimes at the time of their
divergence from agnathafisakiza et al., 201jlandalthough a cellular cartilage gene
regulatory network may not ta@ existed prior to vertebratesnphioxusSoxEcan
inducedifferentiation of small cartilage nodulesjef mutants(Fig. 2.6). Additionally,
amphioxusSoxEcauses an expansion in the expression of the NC m@ikgwhen
injected intoXenopusembryos sugestingregulatory activity of SoxE that might have
been ceopted by the neural crest in the vertebrate ancéSigr2.10).

In sum, our results revealcomplex history of SoxE duplication and
subfunctionalization in vertebratd®ased on sequence anasyandour functioral
investigation of SOXE genes near the base of vertebragesiggest that the
melanogenic, neurogenic, and chondrogenic capabilities of the ancestral SoxE gene
were ceopted by the neural crest in the ancestral vertebDi&¢esuggesthat early
duplication of the ancestral vertebr&exEgene into th&sox9andSox10clades
occurred in the common ancestor of jawed and jawless vertelkétasthis event,
neurogenic and melanogenic functions were partition&bid 0andSox9acquired
rolesin chondrogenispecification and morphogenedis gnathostomes the
chondrogenic specification and morphogenetic roles were maintairfeoxdy
However, in lamprey®?mSoxE3ost the early cartilage specification function, instead

maintainng only its later role in cartilage morphogendtekiza et al., 2011 This was
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made possibley the appearance of the agnatisgecific SOXE paralog®mSoxE1
which maintains role for SoxEn cartilage specificatiowithin lampreys.

Our data establisthe early appearance of tBex9andSox10clades butthe
timing and nature of the duplicatis that generated lamprEySoxEland gnathostome
Sox8are less cleain gnathostomessox8groups withSox9 albeit at low confidence
values(Fig. 2.1) (Meulemans and Bronnéiraser, 200) This couldsuggest thabox8
was generated from an ances8ak89 by the second whole genome duplication in the
gnathostome lineagresumably, a secor@bx10paralog would have also been
formed at this time, to be later lost in both gnathostomes and lam[irayspreys
diverged from gnathostomes after this second duplication event, as has been proposed
(Kuraku et al., 200p it is conceivable that lampré&mSoxElrepresents a highly
divergentSox8ortholog Alternately,PmSoxElmay be a divergent lamprepecific
duplicate ofSox9or Sox10 This scenario would not require lampsay have
undergone the same whalenome duplications as gnathostomes, or to hav&ms
With therecent releasef thesealamprey genoméSmith et al., 20183 it may be
possible to distinguish between thedernativesas improvements are made to the
genome assembluch analysewill help to paint a more accurate pictureSoikE

evolution as well as the evolution and diversification of neural crest cells.
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Figure 2.1. Phylogenetic analysis of chordate SoxE gemesduding thoseaised in this
study. A NeighbotJoining (NJ) tree was constructed in MEGAS using a Clustal
alignment of full length amino acid sequences from chordate SoxE genes: James
Taylor-Thornton (JTT) model with 1000 bootstrap replicatiand partial deletion with
30% site coverage cutofPhylogenies were calculated using NJ, MinimBErrolution
(ME), and MaximuraLikelihood (ML) methods. Numbers at each node represent
bootstrap values for NJ, ME, and ML from top to bottom respectively.
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Figure 2.2. Melanogenesis isox10" cls mutantsresulting from expressioof lamprey
SoxE sequences. (AE) 96 hpf zebrafisHarvae (A) control wildtype (B) cls mutant;
RPE retinal pigment epitheliunExpressiorof PmSoxEXC), PmSoxEZD), and
PmSoxEJE) in cls mutants. F) RT-PCR ofPmSoxEZnjected cls mutantsnitfa
expressionn a cls mutantesuling fromPmSoxE2njection (lane } is absent in the
controlcls mutant (lane 2)b-actininternal control (lanes B4). (G) histogram showing
the number of melaphores in zebrafisBrsox10injected, lampreyPmSoxE1
PmSoxE2andPmSoxE3njected, and contratls mutants. Whiskers represent standard
error. Each dot above the positive whiskers represents individual data points of the first
guartile.Sample sizes arindicatedunder each bawn the Xaxis.Comparisons of

means among samples all resulted in statistical significasaaésHowell, p-
value<0.05).vh, ventral horn; ysyolk sac; ye, yolk extension; ds, dorsal stripe; Is,
lateral stripe; vs, ventral step Arrows point to melanophores, arrowheads point to
iridophores. Orientation: anterior facing left.
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Figure 2.3. LampreyPmSoxEromotes differentiation of xanthophoressox10" cls
mutant zebrafish A1 B) 76 hpf zebrafish embryostained with methylene blue to
detect presence of xanthophorgs) cls mutantlacking differentiated xanthophores
(B) xanthophores igls mutants expressing th@mSoxEzZonstruct(C) inseti nBo f
highlights the presence of xanthophores afsanutantfollowing PmSoxEZxpression
(D) morphology ofxanthophores in a wildtype Hpf embryo Orientation: anterior
facing left.
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Figure 2.4. Lamprey SoxEexpressiorpromotedifferentiation of enteric neurorsdong
the larval guin sox10" cls mutant zebrafish(A i F) anttHuC/D immunofluoresence
in 96 hpf zebrafish. (Awildtype control (B) controlmockinjected wildtypeand(C)
cls mutant.Note the absence of Hu@bsitive enteric neuror(®rrows)in cls mutant
embryos. Enteric neurons anepentn cls mutantsnjected with ampreyPmSoxE1l
(D), PmSoxEZE), andPmSoxEJF) constructs (arrows in{B). (G) histogram
showing the numbeaf enteric neurons zebrafishDrsox10injected, lamprey
PmSoxE4 PmSoxE2 andPmSoxEs3injected, and contradls mutant embryos
Whiskers represent standard error. Each dot above the positive whiskers represents
individual data points of the first quartilBample sizes are indicatadder each barn
the X-axis Orientation: anterior facinkgft.
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Figure 2.5. LampreyPmSoxEXan promotalifferentiation ofsmallcartilage nodules in
zebrafishsox9d™ jef mutants (AT C) alcian blue stained 36f zebrafisHarvae (A)
craniofacial skeleton of a wildtypmntrol embryo (B) jef mutant; mat elements of the
craniofacial skeleton are missing) expression oPmSoxE1n thejef mutant
promotes the differentiation of small cartilage nodu{B3 PCRgenotypng of a
homozygousvildtype (+/+), a heterozygous sibling (4, anda homozygougef mutant
(-/-). With the mutatedrsox9ageneas template DNA our primer seproduces a
single 628p band, whereas tlsame primer sgiroduces a single 23 bandrom
wildtype Drsox9atemplate DNA. Template DNA isolated fronetierozygous
individualsresults inbotha628bp anda 237bp band+/- lane) ch, ceratohyal; pq,
pal atoquadrate; m, Meckel 6s cartilage; <cb,
trabecula; nt, notochord. Insets show outlines of cartilage elements. Orientation:
anterior facindeft, dorsal view
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Figure 2.6. AmphioxusSoxEpromotes differentiation of melanophores, enteric
neurons, and cartilage nodulés) expressiorof amphioxusBfSoxEn 96 hpfcls
mutants promotes differentiation of melanophoresdsmutants. (B D) antrHuC/D
immunofluoresence 96 hpf zebrafish. B) controlwildtype. (C) cls mutans lack
HuC/D-positive enteric neuronfD) Injection ofamphioxusSoxEpromotes
differentiation of enteric neurons aks mutants(E 1 F) lateral D) and dorsalK) views
of alcian bluestaired embryos reveal differentiation of cartilage nodules following
injection of amphioxu§&oxEinto jef mutantembryos;arrows indicate ectopic cartilage
elements. Orientation: anterior facing left.
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Figure 2.7. (A) both lamprey andebrafish contain craniofacial cartilai@ue)that is
dependent on expression of SOXE genes in neural crest. Left panel: the lamprey
pharyngeal basket consists of 7 arches. Posterior toltwpdlement on thearch,
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paired epitrematic processean be seen projecting out dt#rough §' arches. The
trabecular cartilage is situated at the anterior most aspect of the notochord. Right panel:
the zebrafish craniofacial skeleton forms from elements of the first and second
pharyngeal arches, withe remaining third to seventh arches acting as gill supports
analogous to the lamprey pharyngeal arches. tr; trabeculaloolp de; epitrematic, nt;
notochord, hbb; hypobranchi al basket, m;
ceratohyal, ep;tbmoid plate, hs; hyosympletic, cb; ceratobranchials. Outline of

zebrafish embryo adapted frqiikimmel et &, 1998. (B) phylogenetic relationships
between all the chordates used in this study. Amphioxus represent the closest extant
chordate basal to vertebrates that possess a Slogle Lampre/s are positioned basal

to all jawed vertebrates and possess three SoxE genes. Orientation: anterior facing left.
(C) vertebrate SoxE functions mapped onto the SoxE phylogeny shown in Figure 1.
Likely preduplication functions of ancest@&bxEare repreented in roman numerals,

and basal vertebrate functions are shown in parentheses. Functions specific to
agnathans and gnathostomes are shown in brackets. Basal functions of vertebrate SoxE
are conserved between agnathans and gnathostormé&s3, (hilederived lineage

specific functions [6 9] arose independently in lampreys or gnathostomes. Adapted
from Lakiza et al. 2011.
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Figure 2.8. Alignment of lampreyPmSoxE]l PmSoxE, andPmSoxE to gnathostome
Sox8 Sox9 andSox10genes.DIM (greenshaded bo)x HMG (blueshaded boy K2
(redshaded bo)k and TA (yellowshaded boxSoxE conserved domaingsterisks
demarcate identical amino acid residues among all sequences in the cGlustal X
was used to create a full length alignment thag manually edited using BioEdit.
Accession numbers are provided in materials and methods.
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Figure 2.9. LampreyPmSoxEdverexpression in zebrafish promotes ectopic formation
of pigment cellsn a wild-type embryo. (A) wiletype 56 hpf zebrafish embmywith

normal pattern of pigmentation. (B) witgipe 56 hpf zebrafish embryo injected with
lampreyPmSoxE2with the appearance of dense populations of melanophores in ectopic
areas, most notably in the miidink region(arrows) Orientation: anterior facg left.
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Figure 2.10. AmphioxusSoxEmRNA induces expansion &lugexpression in

Xenopus (AT B) frog (Xenopus laevjsembryos at stage 17 of development show
expansion oB5lugmRNA expression unilaterally only in the side of the embryo injected
with BfSoxEmMRNA. Arrows indicate the injected side of embryos. Compare injected
(arrow) and uninjected sides. Orientation: anterior facin@dy@MM, University of
Colorado, Boulder
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24 hpf neGFP mRNA 24 hpf CS2:neGFP

C wt

CS2:neGFP

Figure 2.11. Expression of neGFP by injectimgvitro transcribed mRNA and direct
injection of CS2+ plasmids into zebrafish wildtype embryosi @ fluorescence
imaging of GFP expressing wildtype embryos. (A) mRNA injected wildtype 24 hpf
showng GFP expression. (B) CS2+ neGFP injected wildtype 24 hpf showing GFP
expression. (C) CS2+ neGFP injected wildtype 28 hpf embryo showing GFP
expression.
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Figure 2.12. The ability ofPmSoxE20 promotemelanogenesis greaterthanthat of

500 r - ngydtaggedPmSoxE2 Induction of melanogenesis BynSoxE{mean = 55,

max = 171) is higherthad mS o x E 2 (mBad m¥, max=23)aRIimSox E2 506 myc
(mean = 2.6, max = 5). Whiskers represent standard error. Dots above positive whisker
repregent individual data points.
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Figure 2.13. mRNA expression oPmSoxE1PmSoxE2andPmSoxE3n PmSoxE1
PmSoxE2andPmSoxE3njected wildtypezebrafishembryos, respectively. (AC)
Wildtype 24 hpfembryos showing RNA expression of injected lamprey constructs.
Numbers on bottom left corner represent number affected / number observed.
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# of experimental # of mutants %

mutants observed rescued rescue
Drsox10 98 92 94%
PmSoxE1 127 32 25%
PmSoxE2 107 99 93%
PmSoxE3 181 54 30%

Table 2.1. Percentagef Drsox1Q PmSoxE1PmSoxE2andPmSoxE3njectedcls
larvaethat exhibit at least oneffierentiated pigment cell Left column indicates
identity of the construct injected.
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# of experimental # of mutants %

mutants observed rescued rescue
Drsox10 108 52 48%
PmSoxE1 102 10 10%
PmSoxE2 83 24 29%
PmSoxE3 88 41 47%

Table 2.2. Percentage ddrsox1Q PmSoxE1PmSoxE2andPmSoxE3njectedcls
larvaethat exhibit at least one Hoositive neuron in the hindguteft column indicates
theidentity of the construct injected.
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Chapter 3

Evolution of SoxE protein domains across the agnathagnathostome

boundary

Abstract

Neural crest development is orchestrated by a gene regulatory network that
involves signalingnolecules, transcription factors, and effector genes. SoxE proteins
(Sox8 Sox9 andSox1Q originated from a single ancestral SoxE through gene
duplication. These closely related proteins are transcription factors that regulate neural
crest specificationsurvival during migration, and activation of effector genes to control
differentiation of multiple cell typesSox10s required for differentiation of pigment
cells, dorsal root ganglia, enteric neurons, and myelinated glial cells of the peripheral
newvous system.The basal vertebrate sea lampregtomyzon maringgpossesses
three SoxE gene®(SoxE1PmMSoxE2andPmSoxER We have previously shown
that when misexpressed in zebraftéhsox10lossof-function mutant embryos, both
Drsox10andPmSoxR are able to induce differentiation of a greater number of pigment
cells and enteric neurons thBmSoxElandPmSoxE3 This observation suggested that
PmSoxE2nay be functionallyquivalento Drsox10. However, it remains unclear
what confers functionalifferences to closely related SoxE paralogs. Here we compare
the DIM, HMG, K2, and TA domains between zebrafsisox10and lamprey SoxE
proteins using amino acid identity and similarity matrixes. This analysis indicates that
within these domains PmSBS, rather than PmSoxE2, is more similar to Drsox10.

However, overlapping functions betwersox10andPmSoxEzuggest that amino
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acidsimilarity within these domainsay not be a reliable predictor thieir functioral
specificity.

To test the functiolof each domain, we created a series of SoxE chimeric
constructs featuring protein domains that have been replaced by homologous domains
from paralogous SoxE gene sequences. Chimeric constructs were then expressed in
zebrafishsox9a (jefandsox10 (cls)oss of function mutant embryos. Injection of the
SoxE1xE2TAchimeric construct intals mutant embryos induced the differentiation of
a greater number of melanophores in a higher percentage of injected animals than the
full-lengthPmSoxE1 SoxE1XE3TArescued a higher percentageisfembryos
compared t®>mSoxE1 ConverselySoxE3XE1TAinduced the differentiation of a
fewer number of melanophores tiamSoxE3while SOXE3XE1K2TAshowed both
greater melanogenic activity and a gregiercentagef rexue (30% vs 83%). These
results suggest that both the K2 and TA domains of lamprey SoxE proteins may be
required for melanocyte development. Howe¥anSoxE2nduced differentiation of a
significantly greater number of melanophores than all of the exahuhimeric
constructs, suggesting that regions outside of the TA doofi&mSoxE2nay be
important in the regulation of pigment cell developmentr @sultsalsosuggest that
the inability ofPmSoxE2o regulate cartilage differentiation is likely dizesequence
outside of its TA domain Additional SoxE protein domains mde required for
activaion of specific downstream target effector gemeseural crest development
Further studies with chimeric variants may elucidate our understanding of SoxE
proteins, and how they have acquired divergent functions in neural crest development

and evolution.
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Introduction

The neural crest is a mujpotent population of cells that are found in all
vertebrates. These cells arise during closure of the neurakddidsn the neural tube
Theyundergo an epitheligdb-mesenchymal transition (EMBndmigrate to target
locations. The EMT involves the reprograming of the cells to alter their shape, cell
adhesion properties, and cell signaling receptors to detect surroundin(ieDesain
and Kalchiem, 1999%aglia and Hall, 1999 This migratory ability allows the neural
crest to invade a multitude of cellular environmewntsere tley can give rise to a wide
array of vertebratspecific derivativesncluding craniofacial cartilage and bone,
neurons and glia of the peripheral nervous system, and pigment cell lijkagebt
and BronneiFraser, 200R

Ongoing investigations in the field of vertebrate evolutionary developmental
biology ask how a single calpe, the neural crest, can give rise to multiple derivatives,
and how absely related regulatory proteins have evolved to regulate different cell types
arising from this homogeneous cell populatibialdin and LaBonne, 20)0 The
induction of the neural crest is initiated by cell signaling moleciasnclude FGF,
wnt, Bmp, andNotch These signals originate from the adjacent ectoderm or paraxial
mesoderm. The induction process activétemeural plate border specifier genes
Pax3 Pax7, Msx}, Zicl, andAP-2, which in turn activate downstream neural crest
specification transcription factgrsicludingld, Sox8 Sox9 andSox10(Meulemans and
BronnerFraser, 2004Nikitina et al., 2008 Specification genes are required for
maintenance of pluripotency, cell survival during migration, and activation of

downstream lineage specific effecggnes. Different effector genes are activated in
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different cell lineages and includ4itf for melanocytesPhox2bandEdnrbfor
peripheral neurons, ar@bl2alfor chondrocytic lineagedElworthy et al., 2005Leon
et al., 2009Levy et al., 2006Zhao et al., 1997

SoxE transcription factor§6x8 Sox9 andSox10Q play important and
widespread roles during neural crest development. They belong to thebiglity
group (HMG) family of DNAbinding transcription factors that are related by the
presence of a highly conserved DNdading HMG domain that recognizeset
consensus sequentie”/tCAA”/;G (Laudet et al., 1993Negner, 1999 It has been
demonstrated in a number of species, including humans, Xeoepusand zebrafish,
thatSox10has a wide variety ables during neural crest developméBritsch et al.,
2002, Dutton et al., 2001Herbarth et al., 19981onore et al., 200Xuhlbrodt et al.,
1998a Pingault et al., 199&outhardSmith et al., 1998 Therefore, the disruption of
Sox10function affects a wide range of neural crest developmérgalresincluding
maintenance of pluripotency, proliferation, cell survival,-€afé specification, and
terminal differentiatior(Britsch et al., 20G1Kim et al., 2003Paratore et al., 2001
Peirano and Wegner, 200Bonnenbergriethmacher et al., 200$tolt et al., 200R
Studies in humans and mice havghiighted the importance &ox10function in the
regulation of melanogenesis and neurogene&ais10haploinsufficiency can lead to
partial loss of pigment cells and loss of enteric neurons of the distal (¢tdoparth et
al., 1998 SouthardSmith et al., 1998 Sox1d” homozygosity leads to severe
phenotypic defects, with complete loss of pigment cells and enteric néBrassh et

al., 2001 Herbarth et al., 199&apur, 1999 SouthardSmith et al., 1998 In humans,

the lossSOX1c auses Waardenburg syndr,ome and

114

Hi



characterized by the loss of pigment cells and aganglionosis, respe@velsult et
al., 1998. Waardenburgyndrome can be caused by defects in eRaeB(type | &
[), Mitf (type II), Ednrb(type 1V), orSox10(types Il & IV) (Bondurand et al., 2007
Bondurand et al., 200Bondurand and Sham, 2Q1Bang et al., 203MWang et al.,
2014.

Sox10has been shown to activate the melanocyte master regulatory gene,
microphthalmiaassociated transcription fact@Mitf), within pigment cell lineages in a
number of species including mice and zebrafidbrsky et al., 2000Hou et al., 2006
Levy et al., 2005 Furthermorein vitro studies have suggested the direct activation of
Mitf by Sox10(Bondurand et al., 20Q0&Ilworthy et al., 2003Lee et al., 2000Potterf et
al., 2001 Verastequi et al., 2000 Mitf in turn activaés downstream genes important
for melanocyte differentiation and melanin formation, includyrgsinasetyrosine
related protein landtyrosinerelated protein Adopachrome tautomerasect/Trp2)
(Goding, 2000Ludwig et al., 2005t Teleost specific gene duplication has led to two
Mitf genesmitfa andmitfb, of whichmitfais expressed in neural creftrived
melanophores anahitfb expression is limited to the retinal pigment epitheliiuister et
al., 200). As suchmitfa can rescusox10" pigment celldeficiencies in the zebrafish
(Elworthy et al., 2008

In mice, bothin vitro andin vivostudies have shown that HMG domains are
highly interchangeable among Sproteins even in different subfamilies. For example,
chimeric Sox9 proteins containing HMG domains from SoxB genes (Sox1/2/3) did not
show altered activityBergstrom et al., 200&amachi et al., 1999 SoxE genes share

similar expression patterns during embryoregelopment and have similar functions,
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suggesting functional redundancy among paraf@fgaboissier et al., 200€oo0k et al.,
2005 Kellerer et al., 2006Stolt et al., 2008 This raises the question of how closely
related SoxE proteins that are expressed in the salmeaplperform a range of
lineage specificoles Replacement of mou&ox10with Sox§ or with theDrosophila
SoxE homologsox100Brescued partial development of peripheral neurons but not
melanocyte lineaggfossais et al., 2010Kellerer et al., 2006 These findings
suggest that SoxE regulation of neurogenesis and melanogenesis were evolved
independently by using different amino acids and downstream targets.

Four SoxE conserved protein domains and the boundaries of each domain have
been characterized in several spe@Rndurand and Sham, 2013ossais et al.,
2010h Wegner, 2010 The corresponding regions in the zebrasisk10sequence
shown in Fig. 3.linclude the DNAdependent dimerization (DIM; amino acids-64
101), DNA-binding high mobility group (HMG; amino acids 10284), context
dependent transactivation (K2; amino acids 2324) and the @erminal
transactiation (TA; amino acids 410482) domaingSchepers et al., 200®/egner,
1999. The DIM domain is important for cooperative binding of two Sox10 proteins to
target promoters, whildné K2 domain has been shown to function as a strong
transactivation domain of SoXBarrionuevo and Scherer, 2Q1%chepers et al., 20p0
and a weak transactivation domain of Sox&6hreiner et al2007). Additionally it
has been suggested that the K2 domain may also mediate other-protein
interactions and céactor binding(Bondurand and Sham, 202\&ahlbuhl et al., 2012

Previougy it was suggestedhased on a block alignmethiat includedhe four

characterizeg@roteindomains (DIM, HMG, K2, and TAxhatPmSoxE3s the lamprey
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ortholog toSoxQ However, identities oPmSoxElandPmSoxE2emained unclear
(McCauley and Bronnéfraser, 2006Zhang et al., 2006 Results based onfall

length sequence alignmemyw suggest therthology of lamprefPmSxE2to
gnathostomé&ox10while reconfirming the orthology oPmSoxE3to gnathostome
Sox9(Chapter 2).Furthermore, heterospecific expression of lamprey SoxE genes in
zebrafishDrsox% andDrsox10null backgroundsavealed conservation of function
betweerDrsox10andPmSoxE2 Inthecurrent chapter, | addreksw closelyrelated
SoxE paralogbave evolved a differential ability to promdbe differentiation of

pigment cell peripheral neuras) and chondrocyte lingas We compare th®IM,

HMG, K2, andTA domains between zebrafiEhsox10and lamprey SoxE proteins
using amino acid identity and similarity matrixes. To test the importance of each
domainin vivo, we generated a set of chimeric proteins in which we replaced specific
domains from paralogous SoxE gene sequences and expressed them in zebrafish
Drsox9aandDrsox10lossof-function mutants. Our results show that both the K2 and
TA domains of SoxE protes impact their ability to induce differentiation of
melanophores and enteric neurohgerestingly, whilePmSoxEZ'A enhances both
melanogenic and neurogenic activities, the specific identity of thdondain is not
related to chondrogenic activityrhese findings suggest thae transactivation domain
may mediate some lineageesific activity of SOXE genes. Future experiments that test
the importance of DIM and HMG domains will be required to fully understand how
SoxE proteins have evolved neuredst lineage specific activities throughout vertebrate

evolution.
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Materials and Methods

Protein sequence alignments and comparisons of amino acid composition
ClustalX2.1(Larkin et al., 200ywas used tperform individual block

alignments usinghe following sequencesea lampreyRetromyzon marings

PmMSoxE1(AY830453, PmSoxEZDQ328983, PmSoxE3DQ328984, and zebrafish

(Danio rerio) Drsox10 AF402677.1.The amino acid position of each domain (DIM,

HMG, K2, TA) follows that of a previous publication of chiSkx10(Cossais et al.,

20100. Aligned sequences were used to calculate amino acid identities and similarities

usingSIAS (http://imed.med.ucm.es/Tools/sias.himl

Construction of chimeric and truncation SoxE proteins by PCRdriven overlap
extension

Sea lampreyRetromyzon marinysnd zebrafishanio rerio) SoxEfull length
coding sequences (AY830453, DQ328983, DQ32388d AF402677 Ylwere
directionally cloned into EcoRI and XhdPihSoxElandPmSoxE}), and Xhol and
Xbal (PmSoxES3 sites on the pCS2+ vector, after {BEIV promoter. These original
clones served @aemplates for PCRIriven overlap extension to construct chineaaa
previously describe(Heckman and Pease, 20({Table 3.1). The TA domairsf
PmSoxE1l, PmSoxE&hdPmSoxE3vere replaced with homologous domains to
constructPmSoxEIXE2TAMSoxXE1IXE3TA, PMSoxE3XE2RAJPMSOXE3XELITA
chimerae using overlapping primgisable 3.3. PmSoxE2runcation proteins missing
the Niterminal dimerizationRm® x E 2 gpdn® Gterminal TA domains

(P mS o x E Pwpre toBstructed using internal primers listed in Table Bt
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Dimerization and HMG domains &fmSoxElvere replaced with the homologous
domains oPmSoxE3o construcSoxE3XE1K2TAsing overlapping pmers(Table
3.3). SoxEcontaining pCS2+ clonesgere verified by gel electrophoresis and
sequencing. Cloned DNA wadutedto 357 55ng/ulin 0.1M KCl and stored a20°

C prior to injections.

Site directed mutagenesis

PmSoxEZontained in the CS2+ vector was used as a template to mutate amino
acid position 206 from Glycine to Valine via PCR based site direct mutagenesis as
previously describe{Zheng et al., 2004 The followirg primers were used:
Sox E3 G2 0-6ECCEAGABAGTCGGTCAAGAACGGCCAGAGGS 6,
Sox E3 G2 0-6&UTCRGEEGGTTCTTGACCGACTTTCTCCGCE 6 . Ther mal
profile: 95°C 5 mins, repeat 18x (9% 50 seconds, 60C 50 seconds, 68 6
minutes) 68C 7 minutes. High fidély DNA polymerase §fu Ultra HotStart) was
used in all amplification reactions. PCR products were digested using Dpni@f&7
60 minutes, inactivated by incubation at°€5for 20 minutes. PmSoxE%Y plasmids
were transformed into X1 Blue comptent cells and plasmid DNA isolated by column
purification (Promega). Purified plasmids were sequenced, and diluted to 35 ng/ul in

0.1M KCl and stored a20 °C prior to injections.
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Microinjection and fixation of zebrafish embryos

The zbrafishcolourless(cls™*¥ mutantwasa kind gift fromDr. Robert Kelsh
(University of Bathjandjellyfish (jef"™***% mutants were purchased from the Zebrafish
International Resource Center (University of Oregdgbrafish embryos were
collectedimmediately following fertilization and pipetted into agarose troughs with the
chorions intact using a controlled drop Pasteur pipette. Transgenes were injected
directly into theblastomerdrom the yolk side.Injectionvolumes using the pCS2+
vector comaining lamprey SoxE genegere titeredo between 3 10nl (105350 pg)
per embryo Embryoswereraisedto the age of 96 hours post fertilization (hafd
anesthetizedsing tricaine mesylate (M322) prior to fixation. Pigment cslwere
countedon anesthetized livels embryosthat weremounted on microscope slides for
imaging of pigmentation, then subsequently fixed in 2% trichloroacetic acid (TCA)
prior to immunostainingjef embryoswerefixed in 4% paraformaldehyde (PFA) for
acidfree alcian ble stainingprocessed for imagingnd then genotyped by DNA
extraction and PCR using primers specific forabg9amutational insertion as

previouslydescribedYan et al., 200R

Immunostaining

Anti-human neuronal protein HUC/HuD mouse monoclonal antibodies
(Invitrogen) were reconstituted in 5p0of phosphate buffered saline (PBS, pH 7.4)
containing 1% bovine seruntbamin (BSA) For whole mount immunostaining,
zebrafish embryos were fixed in 2% TCA for 3 hours at room temperature (RT),

washed in PBS, and PBT (PBS with 1% Tritod00). Embryos were treated in
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blocking solution (0% goat serum, 1% BSADf 4 hours aRT, incubated irantrHu
(1:100) overnight at 4C, washed 10 x 30 minutes in PBT, then incubated in Alexa
Fluor 488 (Invitrogen) secondary antibody (1:750) overnight &.48oth primary and
secondary antibodies were dilutedABT containindgl% goat serm,and 1% BSA
Following removal of secondary antibody, embryos were washed 10 x 30 min with
PBT,and cleared in 30% glycerat 4°C Zi series image stacks of immunofluorescence
in whole mount embryos were photographed on a Zeiss ApoTome AxioimagerZ1
compund microscope, and maximum intensity projections (MIP) were created from

relevantoptically sectionedtacks using Zeiss Axiovision software (v4.8.1)

Alcian Blue staining

Zebrafish enbryos were fixed in 49%araformaldehyde (PFA) phosphate
buffer solution(PBS for 2 hoursat room temperature (R;Tand seriallydehydrated
into 100%ethanol Fixed embryos werstained with 0.02% Alcian blue solution in
70% ethanol and 35mM Mgglor 3 hoursat RT (Walker and Kimmel, 2007 then
bleached (2% KOH, 30%4@,, 0.002% TritorX-100) for 1 hour at RT, digested.2%
trypsin, 0.002% Tritorx-100, 60% sodium tetraborat®r 45 minutes at RTthen
cleared2% KOH, 0.002% Tritorx-100, 50% glycenl), andstored in 50:50
(glycerol:PBS containing 0.1% sodium aziddlanual Zseries image stacks of stained
cartilage were captured on a Zeiss DiscoveryV12 stereo microscope equipped with an
Axiocam MRc camera, or with a Zeiss AxioimagerZ1l compoundosgmpelmage
stacks were compiled using the NIH ImageJ extended focus m@hgbanil

Embryos weresubsequentlyashed in PBS and placed in DNA extraction buffer for 3
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hours at 50C. Extracted DNA was ethanol precigiedand resuspended in nuclease
free water for use as template in PCR genotyping of homozygbmsitant embryos

(Yan et al., 200

Statistical Analysis

Pigment cell count anchéeric neurorcount datasetd-ig. 3.3, 34) were
analyzed usingneway ANOVA usingsignificance value threshold of 0.05e v e ne 6 s
test was used tevaluatehomogeneity of varianceand Gamesiowell was used as the
posthocmultiple comparisons test.

All experiments were performed using protocols approved by the Institutional

Animal Care and Use Committee at the University of Oklah{®@8-025, R2-017).
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Results

Comparison of amino acid between zebrafish Drsox10 and lamprey PmSoxE1,
PmSoxE2, and PmSoxE3

We compare@mino acidsequence identities and similarities among each of the
four recognized functional domains in lampfnSoxE1PmMSoxE2 andPmSoxE3
with zebrafishDrsox1Q EMBL-EBI Clustal Omega was used to align the sequences
and SIAS to perform amino acid identity and similarity matrices (Fig. 3.1). Sequence
identity calculations are based on matching residues, whereas sequencgysimila
calculations are based on whether or not two resit#liéato the same category, i.e.
aromatic, aliphatic, positively charged, negatively charged, polar, and small size
(Livingstone and Barton, 1993 The DIM ofDrsox10is most identical t#mSoxE3
(82%) and least identical mSoxEZA53%). The amino acid similarities BINSoxE1
(79%) andPmSoxE382%) to Sox10 are also greater tiRMSxE2 (61%) (Fig. 3.1).
Interestingly, while a comparison of identities reveals that the HMG dom&rsok10
is most identical t#mSoxE1(91%) and least identical mMSoxEZ88%), a
comparison of similarities show thait three lamprey SoxE proteiage 94% similar to
Drsox10(Fig. 3.1). The context dependent transactivation (K2) domains are less
conserved, where only PmSoxE2 ahdSoxE3how a 50% or greater similarity to
Drsox10 (Fig. 3.1). For the-@rminal TA domain, PmSoxE3 shows the highest
percent identity and similarity tBrsox10(Fig. 3.1). Examination of sequence
alignments reveals that the K2 domairPohSoxElcontains an additional 34 amino

acids, consisting of Glutamine and Histidine rich repeats not presBréamx10
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(Arrowheads, Fig. 3.2). Conversely, the K2 domainBrafSoxEZandPmSoxE3ack

the AS-R-S-G-L-G-V motif present irDrsox10(Arrowheads, Fig. 3.2). A previous

study specifically compared the K2 and TA domains betvitgFesophilaSox100B and
mouse Sox10,ral revealed that conservation within these domains was limited to the
N-terminal and @erminal ends of the K2 and thet€minal end of the TACossais et

al., 2010 This pattern is also found when comparing zebrafish Drsox10 with lamprey
SoxE proteinswith the exception of PmSoxE3 that shares similar residues throughout

much of the TA domain (Fig. 3.2).

Multiple lamprey SoxE protein domains are important for melanocyte
differentiation

In ChapterTwo, | showed that the ability #fmSoxE2o rescudifferentiation
of melanophorefacking incls mutant zebrafislkexceeded that ddrsox10
Furthermore lamprelmSoxE2esulted in hyperpigmentation following over
expression in wildtype embryos (Chaptevo) while PmSoxElvas able to rescube
differentiation ofonly a small number of melanophoresismutants. Addition of a 6x
myc-epitope tag to either the-t¢rmind or C-terminal end oPmSoxE2educed
melanogenic activity (Chaptd@wo), rendering these constructs irrelevant for this
analysis. The Gterminal 66 amino acids have been identified as a strong
transactivational domain of SOX10 and are highly conserv&DiX8 and SOX9
(Kuhlbrodt et al., 1998&uhlbrodt et al., 1998b These studies also showed that a
truncaed SOX10lacking the TA domaitedto complete loss of functiofiKuhlbrodt et

al., 1998aKuhlbrodt et al., 1998b To test the requirement of thetdrminal DIM and
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C-terminal TA domains for PmSoxE2 function, we constructed truncation constructs
missingthose domainPmSoxE2p1 eAdP mS o x E 2. 34 eixfiected from
previous studies in the mou@€uhlbrodt et al., 1998&Kuhlbrodt et al., 1998p these
truncation constructs were unable to indtleedifferentiation of pigment cells ois
mutants (Fig. 3.4K), suggesting their requirement for melanogenic activity of SoxE
proteins.

Chimericconstrucs were generated in which the TA domairashprey SoxE
sequences was replaced with the homologoggesee from another lamprey SoxE
paralog. We replaced the TA domainRshSoxElwith the homologous sequence from
PmSoxEASoxE1XE2TA and expressed this chimeric sequenadgmutant embryos.
SoxE1xXE2TA induced greater numbers of differentiated melzores and enteric
neurons in rescueds embryos thaiPmSoxE 1both in the number of cells per embryo,
and in the number of embryos that showed the partial rescue phe(fityp&4, 3.5,

3.7, and Table 3.2, Gamémwell p < 0.05). TheéSoxE1XE3TAconstriet was able to

rescue melanogenesisdls embryos, but with reducqekercentage of rescue

comparison to themSoxEgontrol (Table 3.2). The reciprocal construct

(SoxE3xXE1TA induced the differentiation of fewer melanophores tRerSoxE3Fig.

3.4, 3.7, and Table 3.2, Gamidswell p < 0.05). Interestingly, by replacing both the

K2 and TA domains of PmSoxE3 with that of PmSox&&XE3XE1K2TA, the

percentage of animals exhibitipggment cell rescue increased from 30% to 83% of
embryos ifected while the average number of pigment cells rescued increased from 4.8
to 7.4 (Gameslowell p = 0.052) (Fig. 3.4, 3.7 and Table 3.2). Unexpectedly,

expression of th&oxE3XE1K2TAconstruct in wildtype embryos induced
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differentiation of ectopic pigmeirells, while also causing pericardial edema in both
wildtype andcls mutant embryos (Fig. 3.6). A recent report showedsbedb
knockdown in wildtype zebrafish caused heart edema and reduced blood circulation
(Hofsteen et al., 2013 SincePmSoxE3s orthologoudo Sox9 theSoxE3XE1K2TA
chimeric construct may be acting asex9bdominant negative. This speculation is

discussed below.

PmSoxE1xE2TAinducesmore enteric neuronsthan PmSoxE1

Previous results show that the abilityRrhSoxE2o induce differentiation of
enteric neurons is greater thAmSoxEX{ChapterTwo). Therefore, we investigated the
functional relevance of the PmSoxE2TA domain for neurogenic activity using the same
SoxXE1XE2TA construct. SoXE1XE2TA misexpression induliéerentiation of enteric
neurons irclsembryosgmean = 2.3, max =& = 14 / 60, which was greater than
PmSoxElmean = 1.3, max = 3, n = 10/ 102), but less fiasoxEZmean = 5.6, max
=36, n = 24/ 83) in this activity (Fig. 3.5). Comparisoriteric neuron counts using
Oneway ANOVA and Gameslowell post hoamultiple comparison testevealed a
statistically significant difference betweBmSoxElBndPmSoxEZp = 0.02) in their
abilities to direct differentiation of enteric ganglia but ndinsenPmSoxEzand
PmSoxE1XE2TAp = 0.12) (Fig. 3.5) oPmSoxElBndPmSoxE1XE2TAp = 0.14)
(Fig. 3.5). Interestingly, expressionBfsox10in cls embryos revealed ectopic
formation of Hupositive neurons outside of the hindgut (Fig)3.Ectopic Hupositive
neurons were also found in lamprey SoxE injecisanutants but were not included in

our data (not shown). Concerns associated with counting enteric neurons for the
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purposes of scoring for differences betweentltrigth and chimeric SoxE consttsic

are discussed below.

The PmSoxE2 TA domain @esnot interfere with chondrogenic activity

Giventhe increased melanogenic activityRihSoxE1XE2TAn comparison to
the fullFlengthPmSoxEXonstruct (Fig. 3.4, 3.5), we asked whether chondrogenic
activity is affected by themSoxEZ'A domain. Heterospecific expression of
PmSoxE1xXE2TH jef embryos led to induction of cartilage nodule formation, but did
not promote differentiation of chormlrytes Fig. 3.8). The number of induced
cartilage nodules in botAmSoxElBndPmSoxE1XE2TAnjectedjef embryos was
similar, ranging from one to fouandwith similar efficaciesfig. 3.8. The lack of a
significant difference in the chondrogenic aittivof these constructs, suggests that the
PmSoxEZ'A domain did notnterfere with thechondrogenic activitpf the SoxE
chimeric sequenceThe ability ofSoxE3XE1K2TAto induce cartilage nodules has not

yetbeen examined.
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Discussion

Importance of the SoxE TA domain for induction of melanocyte differentiation

Rescue opigment cek ranged from a single melanophore up to 111
melanophores iDrsox1Ginjectedcls positive controls (Fig. 3.4). The higlercentage
of rescug94%, Table 3.2) suggested ttia¢ wide range of rescued melanophore
numbers may be influenced by the timing of integration and degree of mosaicism of
injected plasmidgéLieschke et al., 2009 Therefore, data are presented in box and
whisker plots, with individual representation of points near the maximum (Fig. 3.4).

Curiously, acomparison of amino acid identity between zebrafistox10 and
lamprey SoxEsequencereveals that the HMG domaat PmSoxE?2 is least identical to
Sox10 (Fig3.1, 3.2). Instead, amino acid residues in all four domains of PmSoxE3 are
more highly conserved with Drsox1Pig. 3.1, 3.2). Through amino acid comparisons
alone, it was difficult to determine wiBmSoxEZhowed the highest whilEmSoxE1
showed the lowest melanogenic and neurogenic activity. Since previous studies have
highlighted the importance of the K2 and TA domains for Sox10 protein fur(éada
et al., 2003Cossais et al., 2010budwig et al.,2004 Potterf et al., 2001Schreiner et
al., 2007, webegan our functionanalysis ofampreySoxE proteins byesing the
function of these two domains (Fig. 3.3).

PmSoxE1xXE2TAexpression resulted hfferentiationof up to 57 melanophores
ata rescue rate &0%, surpassing the melanogenic activityPaiSoxEby both
criteria (max =8, % recued= 25% (Fig. 3.4, Table 3.2. While the mean number of

pigment cells iPmSoxE1XE2TAnjectedcls embryos(mean = 6.7) is greater than that
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of PmSoxEImean = 2.2, Gamddowell p < 0.05), it is still less than that BimSoxE2
(mean = 55.3, Gamésowell, p < 0.05) (Table 3.1). Since the PmSoxE2 TA domain
was unable to fully restore melanogenic activity to PmSoxE1, this suggests that SoxE
protein sequences outside the transactivation domeayderequired forcomplete
melanognic activity of Sox10/SoxE2. It will be interesting to determine if
DrSox10xPmSoxE2 chimeric construet® able to shogreater melanogenic activity

than theDrSox10full-length sequence.

Limitations of the current assayfor the rescue of peripheral naron and cartilage
differentiation in zebrafish clsand jef mutants

Injection of positive control gene sequendassox10andDrsox93 into cls and
jef mutants respectively resulted in low rescue numbers and efficacies for both ENS and
cartilage (Fig. 3.53.6) relative to the wildtype phenotypes. Therefore, we did not use
these phenotypes to make comparisons betweelefgth and chimeric constructs.
Additionally, we found the presence of streams or clusters gddsitive cells in
ectopic locations obrsox10injectedcls mutant embryosHig. 3.7. One possible
explanation is that these Huositive cells are NCCs of the ENS lineage that have failed
to migrate into the hindgut and have undergone premature differentiation.
Alternatively, they may be NCs of the dorsal root ganglia (DRG) lineage that have
migrated to ectopic locations during development. Nonetheless, these observations
suggest that migration of peripheral neuron NCCs may be perturbrdor10injected

cls mutants, which could accoufar thereduced number of rescued ENS neurons
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compared to that of melanophores. Future experiments EbIBgpecific or DRG
specific markersnay reveal theell-typeidentity of ectopic Hepositive cells.

In contrast to melanophores that were countedgatbe entire length afls
embryos, analysis of ENS neurons was restricted to the hindgut. In addition, ectopic
Hu-positive cells were excluded from this analysis. Unlike the short durat®oxifo
expression in melanocyte lineag8sx10s expressed in presumptive enteric neuron
precursors prior to the onset of migration and also during their migration to the gut
(Anderson et al., 2@) SouthardSmith et al., 1998 Studies have also shown that
enteric neurons have a dual origin; vagal neural crest cells migrate from the neural tube
near somites 1 7 to poplate the foregut, and continue to migrate rostrally towards the
hindgut. Vagal NCCs that originate from caudal regions of the neural tube populate the
caudalmost region of the hindg@fnderson et al., 200®urbec et al., 199&apur,
200Q Wang et al., 2011 Additionally, coordination by both sacral and vagal NCCs is
required for proper entry into the gut; sacral NCC arrivahatindgut is a prerequisite
for vagal neural crest to populate the catrdakt regions of the hindg(Burns and
Douarin, 1998Kapur, 2000. Differentiation of vagal NCCs is also a complex process
involving downregulation ofSox10andP75 maintenance of RET arthox2b
expression, and upregulation of paeuronal markeréSasselli et al., 2032 Critically,
overexpression odox10has been shown to repress the differentiation of ENS
progenitors, suggesting that spatiotemporal contr8laxflOexpression levels is
important for proper ENS developmédBondurand et al., 2006 These stdies suggest
that the regulatory mechanism of ENS developmentmeayire precise spatiotemporal

controlof Drsox10that cannot be regulated usiagibiquitous promoter.
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The induction of cartilage by boPmSoxElandPmSoxE1XE2TAs limited to
small disor@nized nodules with low rescue efficaciEgy( 3.8. This limitation may
alsobe caused by the lack of spatiotemporal context in our pCS2+ expression vector
system. SoxStransactivation o€ol2alin chondrocytes requires-¢actor binding of
chondrocytespecific enhanceinding proteingZhou et al., 1998 FurthermoreSox9
is required for expression 8ox5andSox6(Akiyama et al., 2002keda et al., 2004
whereSox5andSox6are recruited b¥ox9to help secure binding t8ol2aland other
cartilagespecific enhancer@lan and Lefebvre, 2008Thus the precise spatiotemporal
timing of zebrafisrsox9aexpression may nedd coincide with the expression of
additional cefactors in order to initiatéhe full chondrogenic program jef mutants
(Cattell et al., 20111

Posttranslational modification by phosphorylation has also been shown to affect
Sox9 chondrogenic activity. In particular, mouSe is phosphorylated at SoX§*by
cAMP-dependent protein kinase (PKAgsulting ina phosphorylatiordependent
increase in DNAbinding affinity and transcription activation potenfjlluang et al.,
2000. We have found that thputativePKA-dependenphosphorylation siten
PmSoxE3ZPmMSoxES?™ has mutatedt the +Iphosphorylatiorsite (Valine to Glycine
PmSoxES?*® but not inPmSoxE1L(PmSoxE1?%Y) (Arrow in Fig. 3.7. The importance
of post translational modifications such as phosphorylationgfsas/sumoylation
(Taylor and Labnne, 200bunderscore the complex nature of the chondrogenic
regulatory pathway and may explain why lampRegSoxE1s unable to direct
morphogenesis of the gnathostome craniofacial skeld®estoration o& Valine

residue at the +1 position of the phosphorylation site in PmSoxE3 (Pm38XfEBut
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was unable to rescue chondrogenggimutants (n = 0/22, data not shown). While this
IS a negative result, we speculate that the mutation of the +1 phosphorylation site of
PmSoxE3 from Glycine to Valine alone may not be sufficient to restore chondrogenic
activity. It would be interesting tdeterminaf mutating the homologous site in
PmSoxEDr Drsox9aaffectstheir ability to regulate chondrogenesis. Nonetheless,
despite the limitations of our assay, we are able to shovibthdE1XxE2TAhas the

ability to induce cartilage nodule formatisuyggesting that chondrogenic activitay

not depend on the specific identity of the @@mainthat is present on the SoxE gene

sequence

SoxE3XE1K2TA induces differentiation of ectopic melanophores and causes heart
edema in wildtype andcls embryos

The number of melanophores that differentiatSaxE3XE1K2TAinjectedcls
embryoss greater than the number seen following misexpression &dkE3XE1TA
construct (Fig. 3.4, 3.7). This suggests that the K2 domd@am&oxEInaybe able to
function in amelanogenic contextFurthermore, expression 86xE3XE1K2TAresults
in ectopic formation of melanophoreswildtype embryos (Fig. 3.6), further supporting
melanogenic activity by the K2 domaimnterestingly SoxE3XE1K2TAalso caused
pericardial edemahen misexpressed in both wildtype artsimutant embryos (Fig.
3.6). This observation is similar to the effectsok9bknockdown that were recently
reported in zebrafisfHofsteen et al., 20130ne possible explanation is that this
phenotype may result from domimanegative effects by SOXE3XE1K2TA through

disruption of theDrsox9bregulatory pathway. It will be interesting to determine if this
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is effect results from SoxE3XE1K2TA binding@esox9bdownstream target promoters

or sequestration ddrsox9bco-factor proteins.

A proof-of-conceptstudy that opens doors for future investigations

The results of this study suggest that the differential activity of lamprey SoxE
proteins to induce melanophore differentiation is in part dictated by the amino acid
composition of their K2 and TA domains. A study by Schreiner et al. used
hypomorphicSox10alleles to show that both the DNA dependent dimerization and K2
domains may be important for pigment cell development in §8chreiner et al.,
2007, suggesting the importance of other profgiatein or cofactebinding
interactions. The next logical step is toateechimeric constructs with their DIM
domains replaced with homologous domains from other SoxE proteins. Sox proteins
may be able to influence the activation of downstream genes by acting as architectural
proteins(Werner and Burley, 1997 WhenSox proteis bind tothe enhancers of
downstream target genes, they cause a widening of the minor groove, which in turn
introduces a strong bend in tB&IA (Conner et al., 1994-errari et al., 1992
Inducing multiple bends along an enhancer may influence the overall conforrofti
the enhanceosome fiacilitate the recruitmerdand bindingof other cefactors and
assembly of the transcription activation comp¥egner and Stolt, 2005 This
hypothesis is supported by the presence of multiple binding sites in gene promoters and
enhancers, includin§ox9binding stes forCol2al, Collla2 andSox10binding sites
for Mitf, Dct, andMyelin protein zerdBridgewater et al., 199& efebvre et al., 1997

Ludwig et al.,2004 Ng et al., 1997Peirano and Wegner, 200egner and Stolt,
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2005. The degree to which the DNA is bent depends on whether the Sox proteins are
boundas monomers or dime(g/egner and Stolt, 2005 For dimeric binding, the
cooperative binding of SoxE proteins to adjacent binding sites on the DNA is mediated
by the DIM domairn(Peirano and Wegner, 2008chlierfet al., 2002 The disuption

of DIM function in the humaisOX9gene can lead to campomelic dysplgBiarnard

and Harley, 2010Sock et al., 2003 Therefore, it is possible for the DIM domain of
lamprey SoxE proteins to play an important role in the regulation of neural crest
development.

While our current method of gene expressioabke to promot@igment cell
differeniation incls mutants (Table 3.2)gesults from ouattempts to induce enteric
neuron and cartilage differentiation were lesisust(Fig. 3.5, 3.9). One possible
explanation is that the melanogenic regulatory pathway is uniquely simple in zebrafish.
In mice,Sox10expression persists in melanocyte precursors (melanoblasts) and
continues to be expressed during neural crest migration and incorporation into skin
(Hakami et al., 20080sawa et a) 2005. However in zebrafistsox10expression in
pigment cell precursors iapidly downregulated at the onset of migration, suggesting a
diminishing role forsox10during zebrafish melanogenegiButton et al., 2001
Elworthy et al., 2008 As such, the reintroduction ofitfa expression in zebrafish
sox10" mutants can fully rescue pigment cell defects, suggesting that initial activation
of mitfaby sox10is sufficient to promote normal pigment cell developni{&hiorthy
et al., 2003 It has been demonstrated thderspecies differences exist between mice
and zebrafish, wherebitf expression irSox10" mice can only partially rescue

melanocyte differentiatio(Hou et al., 2006
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As demonstrated in this stucgndin Chapter Two, the zebrafish melanophore
lineage is amenable for rescue experiments usinguwuent method of transient gene
expression. Additionally, optical clarity of zebrafish embryos allows for counting of
differentiated melanophores in rescwtsimutants without the need for csllaining.

In order to apply our method to other neurastiineages, we will need to produce
stronger peripheral neuron and cartilage rescue phenotypkssaimdjef mutants,
respectively. Exciting advances in genome editing techniques may prove to be useful
for future studies. The recently discovered CRREFas9 genome editing technique has
been successfully adopted for use in zebrafish to induce gene knockin and replacement
(Auer et al., 2014Hruscha et a).2013. This technique may enable usrteert lamprey

SoxE coding sequences under regulation of the zebiafsix9g Drsox9h and
Drsox10promoters to drive their expression with precise spatiotemporal control. While
our current methods have yielded important insights into changes in SoxE gene
functions, this new strategy may prove valuable for overcoming limitations of the

current experimetal design.
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Figure 3.1. Protein identity and similarity comparison matrices between zebrafish
Drsox10 and lamprey PmSoxE1, PmSoxE2, and PmSoxE3. The DIM of Drsox10 is
most similar to PmSoxE3 (82%) and least similar to PmSoxE2 (61%). The HMG of
Drsox10 shares a 94% similarity the homologous domain of all three lamprey SoxE
proteins. The K2 and TA domains of Drsox10 share the highest percent similarity to
PmSoxE3, 60% and 64% respectively. Amino acid positions of protein domains are
indicated in each box: DIM 64101, HMG102i 184, K2 236 324, TA 419 482.
Individual protein domains were compared between zebrafish Drsox10 and lamprey
SoxE proteins, with the numbdidlack color)representing percent identity and
numbers (red colomepresenting percent similarity. DINDNA-dependent

dimerization domain; HMG, higimobility group DNAbinding domain; K2, context
dependent transactivation domain; TA&minal strong transactivation domain.
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Figure 3.2. Clustal alignments of zebrafish Drsox10 with lamprey PmSoxEL1,
PmSoxE2, and PmSoxE3 protein domains. Amino acid positions correlate with
positions listed in Figure 3.1. DIM and HMG domains show a high level of

conservation between zebrafish Drsox10 and lamprey SoxE proteins. A 34 amino acid

insertion is present in ¢hK2 of PmSoxE1 causing a large gap in the alignment
(downward arrowheads). The K2 domains of PmSoxE2 and PmSoxE3 laciStie A
S-G-L-G-V motif that is present in Drsox10 (upward arrowheads).
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N- SoxE1

Figure 3.3 Schematic diagram of lamprey fl#ingthPmSoxE1PmSoxE2and

PmSoxE3Xhimeric proteins. (APmMSoxE1PmSoxE2andPmSoxEdative proteins

distinguished by different colors. (B) Lamprey SoxE chimeric and truncation constructs

follow the same color scheme as in (A). From top to bottom: SoxENAE
SoXE1XE3TA, SoxE2p410, SoxE2®ml109, SoxE3XxE]I]
SoxE3XE1K2TA.
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Figure 3.4. Expression oDrsox1Q and lampreysoxEnative and chimeric sequences
in cls mutant embryos. (A J) zebrafish larvae 96 hpf showing differentiated
melanogores in (A) wildtype control; (BPrsox10(mean = 26.5, max = 111); (C)
PmSoxElmean = 2.2, max = 8), (MHmMSoxE{mean = 55.3, max = 171), and (E)
PmSoxE3mean = 4.8, max = 27) injectets; (F) uninjectectls; (G) SOXE1XE3TA
(mean = 2.1, max = 11), JFPoxE1XE2TA(mean = 6.7, max = 57), (HoxE3XE2TA
(mean = 2.6, max = 11), ($pxE3XE1TA(mean = 1.4, max = 3) injectets. (K) Bar
and whisker plot of pigment cells counted along the entire length of each tdgva.
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mutant larvae lacking melanopho(&3. Injection ofDrsox10andPmSoxE2nto cls

mutant embryos each induced a greater number of pigment cell differentiation relative
to injection of chimeric constructs. Truncation of PmSoxE2 at either ieenhNnal or
C-terminal end resulted in loss of melanogenic activity iclsrembryos. Chimec
constructs that rescued a greater number of melanophores relative to the respective
native proteins include: SOXE1IXE2TAPMSOXEL1SOXE3XE1K2TA >PmSoxE3. Dots
above positive whiskers represent individual data points. Numbers orakis X

denote sanlp size. Anterior is oriented to the left.
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Figure 3.5. Induction of enteric neuron differentiationéts mutantsby PmSoxE 1
SoxE1xXE2TA andPmSoxE2 Box and whisker plots indicate the range ofpdisitive
neurons counted along the hindgut off@6 cls larvae. cls mutants lack enteric neurons
along the hindgutSoxE1XE2TA(mean = 2.3, max = 6) induced the differentiation of a
greater number of Hpositive neurons thaBmSoxEXmean = 1.3, max = 3), and a
fewer number thaRmSoxEZmean = 5.6, @x = 36). Percentescue oSOXE1XE2TA
(23%) was greater thaPmSoxEX10%) but less thaRmSoxEZ29%). Dots above the
positive whiskers represent individual data points. Numbers-axiXdenote rescue
efficacies (rescued / observed).
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Figure 3.6. Misexpression 050xXE3XE1K2TAin wildtype andcls embryos (Al D)
wildtype andcls 76 hpf embryos. (A) wildtype control. (B) ectopic melanophores
(arrowhead) and heart edema (arrow) in a wildtype embryocl$@)utant. (D)
melanophores (arrowheaai)d heart edema (arrow) incés embryo. Anterior is
oriented to the left.
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Drsox10 > cls

96 hpf

Drsox10 > cls

Figure 3.7. Ectopic Hupositive cells in twals mutant embryos following injection of
the positive controDrsox10plasmid. (Ai B) Drsox10injectedcls mutant larvae
stainedwith anttHuC/D showing groups of Hpositive cells located dorsal to the
hindgut (arrows). Anterior is oriented to the left.
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Figure 3.8. Comparison of cartilage nodulegé@hmutants injected with fullength
PmSoxEDr chimericSoxE1XE2TAconstruts. (AT D) Differential interference
contrast images of Alcian blue stained zebrafish larvae 96 hpf. (A) Wildtype
craniofacial skeleton. (B) cartilage development is limited to two small elements in a
jef mutant larva (arrowheads). (C) cartilage neduhjef a mutant injected with
PmSoxEXn = 23, 22%; arrow). (D) cartilage nodule formationgfra mutant injected
with PmSoxE1XE2TAnN = 21, 23%; arrows). Top right corner of (C) and (D) shows
number of animals rescued / observed. Anterior ented to the left.
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