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Abstract 

GTPases are integral components of virtually every known signal transduction 

pathway, and mutations in GTPases frequently cause disease.  A genomic analysis 

identified and annotated 174 GTPases in the sea urchin genome (with 90% expressed in 

the embryo), covering five classes of GTP-binding proteins: the Ras superfamily, the 

heterotrimeric G proteins, the dynamin superfamily, the SRP/SR GTPases, and the 

translational GTPases.  The sea urchin genome was found to contain large  lineage-

specific expansions within the Ras superfamily.  For the Rho, Rab, Arf and Ras 

subfamilies, the number of sea urchin genes relative to vertebrate orthologs suggests 

reduced genomic complexity in the sea urchin.  However, gene duplications in the sea 

urchin increased overall numbers, such that total sea urchin gene numbers of these 

GTPase families approximate vertebrate gene numbers.  This suggests lineage-specific 

expansions as an important component of genomic evolution in signal transduction. 

A focused analysis on  RhoA, a monomeric GTPase, shows it contributes to 

multiple signal transduction pathways during sea urchin development.  The data reveal 

that RhoA inhibition in the sea urchin results in a failure to invaginate during 

gastrulation.  Conversely, activated RhoA induces precocious archenteron invagination, 

complete with the associated actin rearrangements and extracellular matrix secretion.  

Although RhoA regulates convergent extension movements in vertebrates, our 

experiments show RhoA activity does not regulate convergent extension in the sea 

urchin.  Instead, the results suggest RhoA serves as a trigger to initiate invagination, and 

once initiation occurs RhoA activity is no longer involved in subsequent gastrulation 

movements. 
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RhoA signaling was also observed during endomesodermal specification in the 

sea urchin.  Data show that LvRhoA activity is required, downstream of a partially 

characterized Early Signal, for SoxB1 clearance from endomesodermal nuclei (and 

subsequent expression of GataE and Endo16 genes).  Investigations also suggest that 

within the endomesoderm, RhoA clears SoxB1 as part of Wnt8 signaling, as activated 

RhoA is sufficient to rescue Wnt8-inhibited embryos.  These data provide evidence of 

the first molecular components involved in SoxB1 clearance, as well as highlight a 

previously unrecognized role for RhoA during endomesodermal specification.  These 

analyses suggest RhoA signaling is integral to the proper specification and 

morphogenesis of the sea urchin endomesoderm. 
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Lewis Wolpert has been quoted in numerous places as remarking that “it is not 

birth, marriage, or death, but gastrulation, which is truly the most important time in your 

life.”  Indeed, for embryos, gastrulation marks a critical point during development, 

culminating in the formation of a gut from a single layer of cells.  However, gastrulation 

is comprised of much more than a coordinated set of cell movements, despite their 

elegance and complexity.  Cells in each germ layer must first be specified, laying the 

instructional foundations for cell fates and for control of the morphogenesis that 

follows.  Together specification and gastrulation comprise the earliest developmental 

goals in animals, and their architecture has been surprisingly conserved throughout 

evolution.  This enables researchers to use more easily manipulated organisms, such as 

non-vertebrates, and still apply their findings to clinically relevant, vertebrate systems. 

The sea urchin, a non-chordate basal deuterostome, has been used to study 

embryogenesis and gastrulation for more than a century.  As early as 1893, Curt Herbst 

described lithium chloride treatments which resulted in exogastrulation, while Theodor 

Boveri in his 1901 work on gastrulation postulated that the entire vegetal half of the 

embryo invaginates, although we now know that to be untrue (Hörstadius, 1975a).  By 

1910, both Strongylocentrotus purpuratus and Lytechinus variegatus, the two species 

discussed in this work, were being raised for embryological research (Giudice, 1973).   

This rich history helps to make the sea urchin embryo a powerful system for the study of 

early development. 

 The embryo itself facilitates study with excellent optical clarity, ease of surgical 

and molecular perturbation, and the short duration of embryogenesis.  As a model 

system, the sea urchin is supported by a wealth of detailed morphogenetic analysis 

(Hardin, 1996; McClay et al., 2004a), in-depth biomechanical study (Keller et al., 2003; 

Kominami and Takata, 2004; Wessel and Wikramanayake, 1999), and a well-defined 
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embryonic fate map (Davidson et al., 1998).  More recently, molecular and genomic tools 

have been added to this repertoire, with the innovative construction of a gene regulatory 

network (GRN) comprised of over fifty genes required for the specification of the 

embryonic endomesoderm (Davidson et al., 2002a; Davidson et al., 2002b), as well as 

the completion of the sea urchin genome sequencing project (Sea Urchin Genome 

Sequencing Consortium, 2006).   

Combined, these factors provide an excellent opportunity to investigate many 

questions, including the topic of this dissertation on the functions of the monomeric 

GTP-binding protein, RhoA, during sea urchin embryogenesis.  The study of GTPases is 

normally hampered by the fact that they are regulated at the protein (rather than the 

transcriptional) level.   However the long history and recent advances in sea urchin 

research helps to make investigations of RhoA practical.  The aims of this dissertation 

will be to review our current understanding of the processes of endomesodermal 

specification and gastrulation in the sea urchin, to introduce the small GTPase RhoA 

and the sequencing of the sea urchin genome, and then finally to investigate the GTP-

binding component of the genome and uncover the roles of RhoA during gastrulation and 

endomesodermal specification in the sea urchin. 

 

Endomesodermal Specification 

Endomesodermal specification in the sea urchin is coincident with cleavage 

(Figure 1.1A).  Previous investigations on the mechanisms involved in the first cell 

division revealed that RhoA localizes to the initial cleavage furrow (Nishimura et al., 

1998), where it is essential for the first cytokinesis (Manzo et al., 2003), although it does 

not appear to be required for later cleavage events. The first two cleavages are radially  
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Figure 1.1: (A) Early Cleavage in the Sea Urchin.  Dotted lines represent planes of 

cleavage during the first four cleavages. (B) Fate Map at 60-cell stage (left), with 

corresponding larval structures (right).   M = Mouth, A = Anus, FG = Foregut,             

MG = Midgut, HG = Hindgut, S = Spicules, P = Pigment Cells, EM = Esophageal 

Muscles, C = Cilia. 
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Figure 1.1: Early Cleavage and Fate Map 
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symmetric along the meridian.  Early work by Hörstadius revealed that isolated 

blastomeres at both the 2- and 4-cell stages develop into correctly patterned (although 

smaller) pluteus larvae  (Hörstadius, 1975b; Hörstadius and Wolsky, 1936).  The third 

cleavage in sea urchin embryos is also radially symmetric but along the equator.  

Blastomere separation at this 8-cell stage does not result in correctly patterned plutei 

(Hörstadius and Wolsky, 1936), suggesting  a polarized arrangement of maternal 

specification factors across the embryo.  To explain this, Hörstadius proposed the 

existence of one or more morphogen gradients (Hörstadius, 1975b), although modern 

research suggests it is actually a cascade of signals that proceeds along the primary 

embryonic axis, the animal-vegetal (A-V) axis (Angerer and Angerer, 1999; Davidson et 

al., 1998).  This work will demonstrate that RhoA is a vital part of this signaling 

cascade. 

Fourth cleavage is an important event in the specification process of the sea 

urchin.  At this time, the animal-most blastomeres divide meridianally to become the 

mesomeres.  The vegetal blastomeres divide equatorially and asymmetrically, giving rise 

to larger macromeres and much smaller micromeres, which lie at the vegetal pole.  At this 

stage, the sea urchin embryonic cells have been meticulously fate-mapped to their 

corresponding larval structures (Figure 1.1B; Davidson et al., 1998; Logan and McClay, 

1997).  The micromeres are the presumptive primary mesenchyme cells (PMCs), which 

will later form the skeletogenic mesoderm.  The mesomeres give rise to the majority of the 

ectoderm, while the macromeres will comprise some ectodermal cells and the entire 

endomesoderm.  It is within this endomesodermal territory that a role for RhoA during 

specification has been uncovered, as will be discussed in Chapter 4.  The endomesoderm 

subsequently divides into endoderm and secondary mesenchyme cells (SMCs), the latter 

of which give rise to the remaining mesoderm such as pigment and muscle cells.  It 
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appears to be from within this SMC territory that RhoA activity directs gastrulation 

movements, as will be discussed in Chapter 3. 

Although the first morphological evidence for the existence of the A-V axis 

occurs with fourth cleavage, the molecular basis for A-V polarity appears to be 

established even prior to the first cell division.  Disheveled (a Wnt signaling pathway 

member) localizes to the presumptive vegetal pole in fertilized eggs (Weitzel et al., 

2004).   The canonical Wnt pathway—where active Wnt signaling causes the 

stabilization of β-Catenin, allowing it to translocate into the nucleus and initiate gene 

expression (Figure 1.2A,B)—is commonly used during development for axis formation.  

Wnt signaling is essential for the establishment of the dorsal organizer and dorsal-

ventral (D-V) axis specification in Xenopus embryos, with β-Catenin nuclearization 

occurring downstream of Wnt11 (Heasman et al., 1994; Tao et al., 2005).  This is also 

true for zebrafish embryos, where β-Catenin accumulates in the nuclei at the dorsal 

margin and is one of the earliest markers of the D-V axis, although the corresponding 

upstream Wnt has not yet been identified (Schier and Talbot, 2005). 

In the sea urchin, the appearance of the micromeres at the 16-cell stage provides 

a visible landmark for the experimentally established initiation of mesodermal 

specification and origin of the signaling cascade that establishes the A-V axis.   

Beginning at fourth cleavage, maternal β-Catenin increasingly accumulates in vegetal 

nuclei, in a vegetal-to-animal progression that results in the specification of the entire 

endomesoderm (Logan et al., 1999).  If nuclearization of β-Catenin is inhibited with a 

cadherin construct (of the cytoplasmic region), the resulting embryos lack any 

mesodermal or endodermal structures (Logan et al., 1999; Wikramanayake et al., 1998), 

stressing the importance of this initial signaling event.  As with zebrafish, no upstream  
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Figure 1.2:  Canonical and Non-Canonical Wnt Signaling.  Simplified diagrams of (A-

B) Canonical and (C) Non-Canonical/PCP Wnt pathways.  (A) In the absence of Wnt 

ligand, a complex containing GSK3 phosphorylates unbound cytoplasmic β-Catenin, 

causing its degradation.  Downstream transcription mediated by TCF/LEF is repressed. 

(B) In the presence of Wnt ligand, the Frizzled receptor binds Disheveled.  Disheveled 

and the Wnt co-receptor LRP prevent the GSK3-containing complex from 

phosphorylating free β-Catenin, thus preventing its degradation.  β-Catenin is free to 

move into the nucleus, interact with TCF/LEF, and activate gene transcription.  (C) In 

the planar cell polarity (PCP) pathway, activated Frizzled binds to Disheveled.  When 

bound to Daam1, Disheveled promotes signaling by RhoA and its effector Rho-Kinase 

(ROCK).  Disheveled is also able to bind Rac, another small GTPase, promoting its 

signaling through JNK.   APC (Adenomatosis Polyposis Coli); Daam1 (Disheveled 

Associated Activator of Morphogenesis 1); GSK3 (Glycogen Synthase Kinase 3); JNK 

(Jun Kinase); LRP (Low-Density-Lipoprotein-Receptor Related Protein); TCF/LEF (T-

Cell Factor/Lymphoid Enhancing Factor).  (For an in-depth review see Gordon and 

Nusse, 2006.) 
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Figure 1.2: Canonical and Non-Canonical Wnt Signaling 
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Wnt has been identified that stabilizes vegetal β-Catenin in the sea urchin, although the 

presence of vegetally localized Disheveled in fertilized eggs suggests that one might yet 

be found.    

In the micromeres, the nuclear entry of β-Catenin results in the activation of 

Pmar1, a paired box transcription factor that specifies micromeres and is believed to 

repress the expression of a ubiquitous downstream repressor (Oliveri et al., 2003).       

This ubiquitous repressor is now known to be HexC (Eric Davidson, personal 

communication).  The ectopic expression of Pmar1 is sufficient to specify all cells as 

PMCs (Oliveri et al., 2002).  In addition, Pmar1 is upstream of the expression of an 

unidentified cell-to-cell “Early Signal” (ES), in which the micromeres signal to the 

overlying macromeres from fourth to sixth cleavages (Oliveri et al., 2003; Ransick and 

Davidson, 1995).  If the ES signal is inhibited by the removal of the micromeres as soon 

as they arise, the onset of gastrulation is significantly delayed by 12-18 hours (Oliveri et 

al., 2003).  The molecular outcome of the ES can be visualized by the clearance of SoxB1 

from the overlying endomesodermal nuclei (Oliveri et al., 2003).  SOX (HMG box) 

transcription factors, like SoxB1, are essential for ectodermal fates in the sea urchin, and 

are well-characterized inhibitors of nuclear β-Catenin signaling (Hecht and Kemler, 

2000).  Therefore, the clearance of SoxB1 from vegetal nuclei is essential for 

endomesodermal specification, and ectopic SoxB1 overexpression results in embryos 

that lack all mesodermal and endodermal structures, as seen with β-Catenin-inhibited 

embryos (Kenny et al., 2003).  We discovered that RhoA plays an important role in this 

ES-mediated endomesodermal SoxB1 clearance, as discussed in Chapter 4.  
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Pmar1 also initiates a second regulative cell-to-cell signal from seventh to ninth 

cleavage involving the activation of Delta.  The equatorial division of the macromeres at 

the 60-cell stage, or sixth cleavage, results in the formation of the more animal Veg1 cell 

layer and the more vegetal Veg2 layer (Figure 1.1B).  Expression of Delta in the 

micromeres signals to adjoining Notch-containing Veg2 cells, activating a Notch signaling 

pathway to specify SMCs, the non-skeletogenic mesoderm (Sherwood and McClay, 

1999; Sweet et al., 2002).  This Delta-Notch signaling event separates the 

endomesoderm into distinct mesoderm and endoderm lineages; Veg2 cells not receiving 

the Delta signal become endoderm, provided they have first received both nuclear 

maternal β-Catenin and the ES (McClay et al., 2004b).  In this way the endomesoderm 

lineage is subdivided into mesoderm and endoderm. 

Within the endomesoderm, β-Catenin signaling initiates a regulatory loop which 

drives and maintains endomesodermal specification.  Together with maternal α-Otx, β-

Catenin drives expression of Krox/Blimp1 shortly after nuclear β-Catenin accumulation 

begins (Li et al., 1997; Wang et al., 1996).  Krox/Blimp1 (referred to as Krox for the 

remainder of this work) is a zinc finger transcription factor that has recently been shown 

to be member of the SET domain proteins, which recruit methyltransferases for histone 

modification (Livi and Davidson, 2006).  Krox then in turn activates expression of both 

Wnt8 and zygotic α-Otx, the latter of which directly feeds back to positively reinforce 

Krox expression (Davidson et al., 2002b; Yuh et al., 2004).  This sort of positive 

feedback circuit is commonly found in development in situations where  “locking down” 

expression of essential specification genes is desirable (Howard and Davidson, 2004).  

The Krox/Otx loop itself initiates a second feedback circuit.  Otx, an orthodenticle-

related homeobox transcription factor, activates the expression of GataE, which 
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positively feeds back to maintain Otx expression (Davidson et al., 2002b).  This 

Otx/GataE loop ensures the expression of GataE, another zinc finger transcription 

factor, which drives the expression of a majority of endomesodermal genes (Davidson et 

al., 2002a; Davidson et al., 2002b).  

The small GTPase, RhoA, was unexpectedly found to be a regulator of 

endomesodermal gene expression (Chapter 4).  This turns out to be through its regulation 

of SoxB1, an antagonist of the nuclear β-Catenin signaling which drives expression of 

the entire endomesodermal gene network.   

 

Gastrulation 

In L. variegatus embryos raised at 23oC, embryos typically hatch around 7 hours.  

At this hatched blastula stage, embryos are a single-layered ball of ~500 cells with an 

empty interior blastocoel and no morphological indications of the A-V axis.  The onset 

of gastrulation typically occurs at 9 hours and is completed by 16 hours post 

fertilization.  Just prior to gastrulation, the cells of the hatched blastula’s vegetal pole 

thicken from a cuboidal to a columnar shape, forming the vegetal plate (Figure 1.3A).  A 

view of the vegetal pole fate map at this time resembles a series of concentric circles 

(Figure 1.3E): the PMC lineages in the center are surrounded by a ring of presumptive 

SMCs; and this is surrounded by ring of endoderm, radiating foregut, midgut and 

hindgut precursors in a proximal to distal orientation; while the outer-most rim is 

comprised of ectoderm (Ruffins and Ettensohn, 1996).   

Gastrulation in the sea urchin is typically divided into three parts, each defined 

by its corresponding cell movement (Figure 1.3A-D).  Gastrulation begins at the 

mesenchyme blastula stage with the ingression of PMCs from the vegetal plate (Figure  
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Figure 1.3: (A-D) Cell Movements During Sea Urchin Gastrulation.  (A) Thickening of 

the vegetal plate. (B) Ingression of PMCs from the center of the vegetal plate. (C) 

Blastopore formation and archenteron invagination. (D) Convergent extension of the 

archenteron. (E) Fate Map of the Vegetal Pole just prior to gastrulation.  Vegetal view. 
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1.3B).  After this epithelial-to-mesenchymal transition, the PMCs migrate throughout the 

blastocoel, extending long thin filopodia which are thought to mediate the transfer of 

ectodermal positional information to the PMCs (Armstrong et al., 1993; Miller et al., 

1995).  As gastrulation progresses, the PMCs form a syncytial ring at the endoderm-

ectoderm boundary, with two groups of PMCs coalescing on the oral side into two 

ventrolateral clusters from which the larval skeleton will arise (Hardin, 1996).   

Typically (in L. variegatus at 23oC), 2 hours following the onset of ingression a 

blastopore forms in the center of the vegetal plate, signaling the beginning of invagination 

movements (Figure 1.3C).  The first cells to invaginate are the SMC lineage (followed by 

the endoderm with foregut, then midgut, then hindgut territories), and by the end of 

invagination both the presumptive SMC and most of the endoderm lineages have entered 

the blastocoel.  Although RhoA is ubiquitously expressed throughout the embryo at the 

time of blastopore formation, it appears to be activated locally in response to a signal, 

presumably received by the SMCs, to initiate blastopore movements (Chapter 3).  The 

mechanism(s) underlying these movements are not completely understood, and four 

main types of force generation have been proposed to explain the initial in-pocketing of 

vegetal cells (Wessel and Wikramanayake, 1999).  Chapter 3 of this work will discuss 

how RhoA regulates at least two of these: apical constriction and apical swelling.   

The apical constriction model of invagination suggests that the microfilaments at 

the apical end of vegetal plate cells constrict, decreasing their apical surface and forcing 

cells to bend into the blastocoel (Davidson et al., 1995).  It is known that just prior to 

blastopore formation, a ring of F-actin forms around the center of the vegetal plate 

(Nakajima and Burke, 1996).  The apical tractoring model proposes that cells lateral to 

the vegetal plate use the extracellular matrix (ECM) to pull themselves toward the pole 

in what has been described as a “crawling” motion, compressing the vegetal plate until it 
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buckles; this is supported by the fact that antibodies to hyalin that disrupt the hyaline 

layer also prevent invagination (Burke et al., 1991).  The apical swelling model puts 

forward that proteoglycans secreted into the ECM at the vegetal pole swell and push the 

vegetal plate into the blastocoel.  Normal invagination is in fact accompanied by the 

accumulation at the blastopore of chondroitin sulfate containing-proteoglycans (Lane et 

al., 1993).  The last model is bottle cell formation, in which a ring of wedge-shaped cells 

with constricted apical ends (bottle cells) provides a hinge for the vegetal pole to bend 

inward; this is supported by the appearance of ~35 bottle cells coincident with 

blastopore formation, which when ablated inhibit invagination (Kimberly and Hardin, 

1998; Nakajima and Burke, 1996).  All of these models can lead to the onset of 

invagination (Davidson et al., 1995).  Given that RhoA regulates several of these models, 

it is likely that a combination of all four is utilized by the sea urchin embryo during 

invagination. 

Invagination leaves the embryo with a nascent archenteron that extends about 

one third of the way across the blastocoel, and which marks the apparent end of RhoA 

function during gastrulation (Chapter 3).  Starting at midgastrula stage, this invagination 

is elongated (Figure 1.3D) into a long, thin tube through convergent extension movements 

and recruitment of additional cells to the archenteron (Ettensohn, 1985; Hardin, 1989).  

Convergent extension movements are comprised of both cell intercalation and cell shape 

changes as these same cells lengthen.  Near the end of convergent extension, at late 

gastrula stage, SMCs at the tip of the archenteron extend filopodia toward the animal 

pole.  These filopodia contact the ectoderm in the region of the presumptive stomodeum, 

guiding the archenteron to the target site where the mouth will form and perhaps 

applying tensile force until elongation is completed (Hardin and Cheng, 1986; Hardin 

and McClay, 1990).  By pluteus larva stage the three germ layers are fully formed, and 
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the embryo has distinct mouth, foregut (esophagus), midgut (stomach), and hindgut 

(intestine) regions. 

While the movements of gastrulation have been meticulously studied, 

comparatively little is known about the molecular drivers behind these movements, 

which makes the discovery of a role for RhoA in driving one of these movements 

significant.  A great majority of the genes required for endodermal specification (as 

outlined in the endomesodermal GRN) result in a failure to gastrulate when they are 

inhibited (Davidson et al., 2002b).  However, most of these genes are active early in 

cleavage and thus are too far removed from the timing of gastrulation to be directly 

involved in the regulation of later cell movements.  Because of this, even some rather 

simple questions about gastrulation have previously not been answerable.  For instance, 

in the sea urchin, invagination of the nascent archenteron is immediately followed by the 

convergent extension of that archenteron; however it had been unclear whether or not 

these movements were connected.  Because of investigations into RhoA activity during 

gastrulation, it has now been demonstrated that invagination can be uncoupled from 

elongation movements, suggesting separate signaling mechanisms regulate these 

movements.  When combined with the additional role RhoA plays during specification, 

this suggests that the embryo’s use of RhoA as a signaling molecule is more complex than 

formerly recognized. 

 

RhoA GTPase 

Part of the Ras Superfamily of small monomeric GTP-binding proteins, the Rho 

Family includes three of the most highly characterized GTPases: Rho, Rac and Cdc42.  

These molecular switches act by cycling between inactive GDP-bound and active GTP-
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bound forms to regulate a variety of cell functions.  Rho is directly regulated at the 

protein level by three classes of proteins: guanine nucleotide exchange factors (GEFs), 

which activate Rho by increasing the release rate of bound GDP; GTPase activating 

proteins (GAPs), which inactivate Rho by stimulating its weak intrinsic GTP hydrolyzing 

activity; and guanine dissociation inhibitors (GDIs), which sequester Rho in its GDP-

bound form, preventing GDP release and subsequent activation (reviewed in Bishop and 

Hall, 2000).   

All Rho GTPases share common functional domains: a phosphate binding loop 

and guanine binding motif for binding to GTP and GDP; two switch regions, I and II; a 

short Rho family insert domain; and a carboxyl-terminal CAAX box (Cysteine, 

Aliphatic, X=any amino acid).  Upon GTP-binding, a conformational change occurs in 

the two switch regions (Ihara et al., 1998).  Switch I appears to be essential for effector 

binding, although specificity may be regulated by the Rho insert region and several other 

key residues in at the C-terminal end (Zong et al., 2001).  The CAAX box is the site for 

three post-translational modifications (Adamson et al., 1992a).  The first of these is 

isoprenylation, which for RhoA is the addition of a C20 geranylgeranyl group to the 

CAAX-box cysteine.  This is followed by proteolysis, resulting in the removal of the        

-AAX group, and carboxymethylation of the now C-terminal cysteine.   These 

modifications facilitate protein association with membranes, but although some RhoA is 

localized at the plasma membrane, the majority is cytosolic (Adamson et al., 1992b).  

This is probably due to the association of Rho with GDIs in the cytosol, which prevents 

Rho-GDP association with the membrane (Olofsson, 1999). 

Rho (for Ras homology) was originally identified from an abdominal ganglia 

cDNA of the sea slug Aplysia (Madaule and Axel, 1985).  There are three mammalian 

isoforms of Rho (A, B and C) with homologs across a wide variety of model systems, 
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although non-vertebrates such as Drosophila and Caenorhabditis elegans have only a single 

isoform which is most closely related to the RhoA isoform (Boureux et al., 2007). 

Traditionally, Rho was associated with the formation of stress fibers and focal 

adhesions in serum-starved Swiss 3T3 fibroblasts (Nobes and Hall, 1995).  However 

Rho signaling has been implicated not only in cell adhesion, shape change and migration, 

but also a wide variety of processes including cytokinesis, cell cycle progression, 

apoptosis, dorsal closure, and microtubule stabilization (reviewed in Burridge and 

Wennerberg, 2004; Etienne-Manneville and Hall, 2002; Manser, 2002).  

A role for Rho in gene transcription has also emerged.  Through its downstream 

effector Rho-associated Kinase (ROCK), RhoA regulates the nuclear localization of the 

transcriptional activator Serum Response Factor (SRF), and RhoA-effector binding 

mutants abolish this regulation (Liu et al., 2003; Sahai et al., 1998).  It has also been 

demonstrated that RhoA activates another transcription factor, NF-κB, causing its 

translocation into the nucleus (Perona et al., 1997), and this regulation of NF-κB is 

required for RhoA to mediate SRF activation (Montaner et al., 1999).  Additionally the 

RhoGAP, p190-B, is required for activation of the CREB transcription factor to control 

cell size during development, suggesting that Rho signaling is also associated with 

regulation of CREB activity (Sordella et al., 2002).  Lastly, in Drosophila ommatidia 

nuclear signaling by RhoA has been shown to be required for the expression of Delta in 

the regulation of epithelial planar polarity (Fanto et al., 2000). 

Studies of the planar cell polarity (PCP) pathway of non-canonical Wnt signaling 

(Figure 1.2C) has illuminated a role for RhoA in gastrulation.  In Drosophila the Wnt 

receptor, Frizzled, signals to Disheveled in control of planar polarity, and the RhoA 

effector ROCK has been shown to act downstream of Disheveled in that pathway 

(Winter et al., 2001).  This means of coordinating the organization of cells within a single 
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plane has been co-opted during gastrulation to coordinate cell movements.  Findings in 

zebrafish show that a ROCK homolog acts downstream of Wnt11 to effect both planar 

polarity and convergent extension movements during gastrulation (Marlow et al., 2002). 

Non-canonical Wnt11 signaling through Frizzled and Disheveled causes activation of 

Rho in Xenopus, and this appears to be mediated by a formin homology protein, Daam1, 

that is required for both RhoA activation in the dorsal margin zone and elongation 

events during gastrulation (Habas et al., 2001).  Also in Xenopus, Wnt11 has been shown 

to be a target of Bra, and both are required for gastrulation movements (Tada and 

Smith, 2000).  This mirrors what has been found in the sea urchin: Bra is required for 

gastrulation (Gross and McClay, 2001), and Frizzled 5/8 has been shown to act via the 

non-canonical PCP pathway (specifically through RhoA) to regulate  gastrulation 

movements (Croce et al., 2006a). 

While in vertebrates RhoA, as part of the PCP pathway, plays a role in 

convergent extension events during gastrulation, this does not appear to be the case in 

Drosophila, where instead another RhoA pathway has been revealed.  RhoA and its 

regulator RhoGEF2 have been identified as essential for gastrulation events in Drosophila, 

as mutant embryos lack ventral furrow formation and are defective in invagination of 

both the anterior and posterior midgut (Barrett et al., 1997).  The secreted factor Folded 

Gastrulation (FOG) signals through the Gα12/13 subunit, Concertina, and RhoGEF2 is 

downstream in this pathway (Barrett et al., 1997; Costa et al., 1994).  To date, no 

homologs of FOG have been identified in the sea urchin (or any other organism).  

However, the evidence suggests that in the sea urchin RhoA regulates invagination,  

similar to Drosophila, rather than other gastrulation movements. 

 Before this study, what was previously known about RhoA activity in the sea 

urchin was limited to the very earliest events in development.  Rho is found both in 
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unfertilized sea urchin eggs (Nishimura et al., 1998) and sperm (Castellano et al., 1997).  

After oocyte maturation, Rho is localized in fertilized eggs to the cortical granules, 

secretory vesicles which play a role in blocking polyspermy through formation of the 

fertilization envelope (Covian-Nares et al., 2004; Cuellar-Mata et al., 2000).  Eggs pre-

treated with C3-transferase (an exotoxin that specifically inactivates Rho) showed a 

marked decrease of protein synthesis upon fertilization and, although they formed 

fertilization envelopes, failed to complete the first cleavage (Manzo et al., 2003).  This is 

consistent with the finding that Rho localizes to the cleavage furrow during the first sea 

urchin cytokinesis (Nishimura et al., 1998).  Recent studies suggest that Rho and its 

effector ROCK mediate pH change at fertilization (through cytoskeletal changes) and the 

initial cytokinesis, but not cortical granule exocytosis (Rangel-Mata et al., 2007). 

However, the functions of RhoA during subsequent sea urchin development (specifically 

endomesodermal specification and gastrulation) are first discussed in this work.  

Fortunately investigations into these functions, particularly specification, were greatly 

facilitated by the completion of the Sea Urchin Genome Sequencing Project. 

 

Genome Sequencing 

In February of 2002, the white paper justification for sequencing the genome of 

the purple urchin, Strongylocentrotus purpuratus was submitted to the National Human 

Genome Research Institute (http://www.genome.gov/11008265).  One of the main 

arguments the sea urchin community and the Human Genome Sequencing Center of the 

Baylor College of Medicine made for the importance of sequencing this genome lay with 

the sea urchin’s evolutionary position within the Animal Kingdom (Figure 1.4).  From the 

last common Bilaterian ancestor (with bilateral symmetry) arose two groups: the 
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Figure 1.4:  Phylogenetic Position of the Sea Urchin within the Bilateria. Protostomes 

are highlighted in pink and deuterostomes in blue.  Representative organisms for which 

genome projects have been completed or are in progress are on the top line.  D. 

melanogaster, Arthropoda (fruit fly).  C. elegans, Nematoda (roundworm).  A. californica, 

Mollusca (sea hare).  S. mediterranea, Platyhelminthes (flatworm).   S. purpuratus (purple 

sea urchin).   C. intestinalis (sea squirt).  M. musculus (mouse).  H. sapiens (humans).  

(Adapted from Sea Urchin Genome Sequencing Consortium, 2006.) 
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protostomes (in which, by definition, the mouth forms first) and the deuterostomes (in 

which the anus forms first and the mouth second).  Among the protostome genomes that 

have been sequenced are Drosophila melanogaster (Adams et al., 2000) and Caenorhabditis 

elegans (C. elegans Sequencing Consortium, 1998).  The deuterostomes are subdivided 

into chordates (organisms which possess a notochord) and two sister non-chordate 

phyla—hemichordates and echinoderms.   The deuterostome genomes sequenced at the 

time of the white paper were all comprised of chordate genomes: such as Homo sapiens 

(Human Genome Sequencing Consortium, 2001), Mus musculus (Mouse Genome 

Sequencing Consortium, 2002), and Ciona intestinalis (Dehal et al., 2002).  However, no 

non-chordate genomes had been sequenced.  This meant that the echinoderm sea urchin, 

as a basal non-chordate deuterostome, was in a unique position to illuminate the 

conserved and divergent evolutionary differences between the protostome and 

deuterostome organisms—especially given that the sea urchin is evolutionarily more 

similar to humans than are (for instance) the more widely-studied fruit flies. 

Sequencing of the genome of a single male purple urchin was completed in 2006.  

The assembly combined 6X coverage from whole-shotgun reads and 2X coverage from 

BAC (Bacterial Artificial Chromosomes) clones, the DNA for all of which originated 

from the same male (Sea Urchin Genome Sequencing Consortium, 2006).  Sequencing and 

subsequent annotation revealed the sea urchin contains an estimated 23,300 genes, from 

an assembly size of 814 Mb that contains an extremely high percentage (4-5%) of single 

nucleotide polymorphisms (Sea Urchin Genome Sequencing Consortium, 2006).  

Annotation of the assembled genome was facilitated by the accompanying research on 

the sea urchin transcriptome.  Whole genome tiling array analyses were performed for 

early blastula, early gastrula and late gastrula stages using 50-nucleotide sequences from 

the initial (6X) draft assembly; this enabled the identification of ~12,000 genes that are 
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 actively transcribed during embryogenesis (Samanta et al., 2006). 

More than 9,000 genes (at the time of this study) have been individually 

annotated by members of the Sea Urchin Consortium, the majority of which are reported 

in the December 1, 2006, special issue of Developmental Biology (vol. 300; issue 1).  These 

include the sea urchin kinome (the kinase genes), which illustrate that although there is 

relatively little overall gene duplication as compared to humans, the sea urchin genome is 

still comparatively diverse (underscoring the particular benefits of its use in research).  

Annotation revealed that while the sea urchin has only 68% of total kinase numbers as 

humans, they possess over 98% of the kinase subfamilies found in the human genomes 

(Bradham et al., 2006).  Other analyses of the immune system component of the sea 

urchin genome highlight both the evolutionary insights and unexpected discoveries to be 

gained from the sequencing of a basal deuterostome.  One such evolutionary insight is 

the presence of Rag genes (Recombination Activating Genes) associated with adaptive 

immunity and previously found only in jawed vertebrates, despite the fact that the sea 

urchin does not produce antibodies (Hibino et al., 2006).  One highly unexpected (and 

as of yet unexplained) discovery was that the sea urchin has 222 Toll-Like Receptor 

genes associated with innate immunity; for comparison, Drosophila has only 9 and 

humans 11 (Rast et al., 2006).  

Although the assembled sequence is thought to cover only ~90% of the complete 

genome, these studies hint at the wealth of information still to be recovered from the 

sequencing of the sea urchin genome.  This includes the discovery of a sea urchin-specific 

mechanism for genomic complexity within the GTP-binding proteins.  One of these is 

within the Rho Family itself, where the sea urchin genome revealed a large duplication of 

RhoA genes not found in other organisms (Chapter 2).  Lineage-specific expansions such 

as these have brought the total number of genes in the sea urchin Rho Family to a number 
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which resembles that of the human Rho Family, giving each embryo a comparable level of 

signaling complexity using different genes.  This signaling complexity at the GTPase level 

may be one way in which different organisms, such as sea urchins and humans, can 

utilize similar signaling pathways but produce morphologically distinct embryos.   

 

Overview 

This work seeks to understand the roles of the small GTPase RhoA in the early 

development of the sea urchin embryo, of which previously nothing was known beyond 

first cleavage.  Firstly, the GTP-binding protein component of the S. purpuratus genome 

was investigated.  Annotation of the recently sequenced purple sea urchin genome 

provided an opportunity to showcase the importance of GTPases throughout evolution 

and, more specifically, to highlight their importance during sea urchin embryogenesis.  

Next, utilizing a RhoA homolog cloned from L. variegatus, the more traditional role of 

RhoA during sea urchin gastrulation was analyzed.  Although a requirement for RhoA 

during gastrulation is not novel, the finding that in the sea urchin RhoA is required not 

for convergent extension but rather for invagination was unexpected. Lastly, this work 

provides evidence of a role for RhoA during endomesodermal specification in the sea 

urchin.  Although RhoA has been implicated in numerous processes, there is very little 

research to suggest that signaling by RhoA is a critical aspect of cell fate decisions.  

Therefore it is significant, if rather surprising, that RhoA plays an essential role in the 

clearance of SoxB1 from the nuclei of endomesodermal cells, which is required for the 

specification of vegetal fates in the sea urchin.  Altogether, this work highlights both a 

continuous requirement for RhoA signaling during sea urchin development, as well as the 

versatility of the small GTPase as part of the cell’s molecular toolkit.
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Introduction 

GTP-binding proteins comprise an important class of molecules that regulate a 

multitude of biological processes, from cell division and pheromone signaling to vesicle 

fusion and protein synthesis.  GTPases are integral components of virtually every known 

signal transduction pathway, including Wnt (Croce et al., 2006b), JNK and MAPK 

pathways (Bradham et al., 2006), Hedgehog and Notch signaling (Walton et al., 2006), 

and TGFβ signaling (Lapraz et al., 2006).  This diversity speaks to the versatility of the 

GTPase molecular switch, which cycles between an inactive GDP-bound form and an 

active GTP-bound form that undergoes a conformational change allowing for interaction 

with downstream effectors (Wennerberg et al., 2005).  

Despite their many differences in both structure and function, all GTP-binding 

proteins share a common motif, classically known as the G domain, which binds guanine 

nucleotide and hydrolyzes GTP (Kjeldgaard et al., 1996).  These activities are typically 

regulated at the protein level by guanine nucleotide exchange factors (GEFs), which 

promote the exchange of GDP to GTP to drive the active form (Hoffman and Cerione, 

2002; Paduch et al., 2001), and GTPase activating proteins (GAPs), which catalyze the 

intrinsic GTP hydrolysis activity leading to inactivation (Scheffzek and Ahmadian, 

2005).  This regulation is illustrated by the classical cycle of Ras GTPase activity (Figure 

2.1).  In this manner, GTP-binding proteins are able to provide precise and immediate 

control of cellular responses with existing proteins. 

Given their prevalence in signaling, it is not surprising that mutations in, or 

altered activity of, GTPases often causes disease.  Bacterial toxins that interfere with 

GTPase function are responsible for both cholera and whooping cough, altering Gsα and 

Giα activity respectively (Farfel et al., 1999).  Autoimmune diseases also target GTP- 
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Figure 2.1: GTPase Activity Cycle of the Ras Superfamily.  The classical cycle of 

monomeric GTPase activity.   Ras GTPase activation is regulated at the protein level:  

guanine nucleotide exchange factors (GEFs) promote the GTP-bound active 

conformation which is able to interact with downstream effectors, while GTPase 

activating proteins (GAPs) drive the GDP-bound inactive conformation.  
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Figure 2.1: GTPase Activity Cycle 
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binding proteins, as in polymyositis where SRP-54 autoantibodies are produced 

(Romisch et al., 2006).  The hereditary diseases autosomal dominant optic atrophy and 

hereditary spastic paraplegia are caused by mutations in the dynamin related proteins 

OPA1 and atlastin, respectively (Namekawa et al., 2006; Votruba et al., 2003).  Further, 

mutations in eIF2B (the GEF for eIF2) lead to severe neurodegenerative disease (Abbott 

and Proud, 2004),  However, historically GTPases are best known as oncogenes.  For 

example, the founding members of the Ras superfamily were identified originally as 

sarcoma-inducing oncogenes (Malumbres and Barbacid, 2003).  The three Ras genes (N-

Ras, K-Ras and H-Ras) are mutationally activated in ~30% of all human cancers (Adjei, 

2001), whereas Rho GTPases, while not mutated, are aberrantly activated in human 

cancers by overexpression or altered regulator function (Sahai and Marshall, 2002).  

A survey of GTPases in the sea urchin should provide evolutionary insights into 

these disease mechanisms, as well as aid those utilizing the sea urchin to investigate the 

many associated signaling pathways.  This analysis covers five classes of GTP-binding 

proteins in the sea urchin embryo: the Ras superfamily, the heterotrimeric G proteins, the 

dynamin superfamily, the SRP/SR GTPases, and the translational GTPases.  Although 

many of the signaling pathways in which these GTPases function are conserved between 

sea urchins and humans, humans often have more overall gene numbers.  For instance, 

the 19 human Wnt genes correspond to only 11 Wnt genes identified in the sea urchin 

(Croce et al., 2006b).  Annotation of the sea urchin genome presents an ideal 

opportunity for the comprehensive investigation of genomic complexity among sea 

urchin GTP-binding proteins.   

Escherichia coli have roughly 3,200 genes, while humans are estimated to have 

approximately 24,500 (Blattner et al., 1997; Consortium, 2004).  One theory for why 

such a difference exists suggests genetic complexity “mirrors” organismal complexity 
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(Adami, 2002).  By this logic, sea urchins as non-chordate deuterostomes should have 

fewer genes per gene family than the vertebrate humans.  Indeed, evidence suggests two 

whole-genome duplications occurred early in vertebrate evolution (the 2R hypothesis), 

after the protostome/deuterostome split but before the appearance of bony vertebrates 

(Taylor and Raes, 2004).  And with some exceptions (most notably C. elegans), it does 

appear that vertebrate gene numbers are increased compared to non-vertebrates 

(Phillips, 2004).  To further examine this reduced complexity prediction in the sea 

urchin, phylogenomic comparisons were performed using Drosophila, Ciona and human 

genes, to assess the genomic profile of the five main classes of GTP-binding proteins.  

 

Methods 

Sea urchin GTPase sequence identification 

Human protein sequences were used to search (blastp or tblastn) the 

Strongylocentrotus purpuratus GLEAN3 prediction database and/or the EST database 

through the Baylor College of Medicine Human Genome Sequencing Center 

(http://www.hgsc.bcm.tmc.edu). Predicted sea urchin protein sequences identified were 

reciprocally compared (tblastn) against the non-redundant NCBI database (Altschul et 

al., 1997).  For certain genes, pfam predictions (Bateman et al., 2004) were used to 

identify sequences with specific domains and/or gene identity was tested by alignment 

using MultAlin (Corpet, 1988).  In all cases, phylogenic analysis was used to determine 

gene assignment.  Embryonic gene expression was identified by tiling array (Samanta et 

al., 2006) and/or EST data.  SU designation, and embryonic expression information for 

all identified GTP binding and associated proteins are listed in Tables 4-6.   
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Motif identification 

Where appropriate, identified urchin sequences were examined for known 

domains using the NCBI Conserved Domain Database (Marchler-Bauer et al., 2005) 

and/or the Pfam database (Bateman et al., 2004). 

 

Ortholog sequence identification 

Protein sequences for human, Ciona intestinalis and Drosophila melanogaster family 

members were obtained using the Ensembl database (Birney et al., 2006),  the NCBI 

Entrez Protein Database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= 

Protein), and/or the Human Protein Reference Database (Peri et al., 2003).  Ciona 

sequences were also obtained using ANISEED (http://crfb.univmrs.fr/aniseed/ 

index.php), and some Drosophila sequences using FlyBase (Drysdale and Crosby, 2005).  

SRP/SR protein sequences were obtained using the SRPDB (Rosenblad et al., 2003).  

Gene synonyms were obtained from the MGI Database (Blake et al., 2006) and/or 

HPRD (Peri et al., 2003).   

 

Molecular phylogenetic analysis 

Sequences were aligned using ClustalX-1.83.1 (Thompson et al., 1997), manually 

checking alignment as needed using MacClade 4.05 (Maddison and Maddison, 2000).   

Alignments in nexus format were used to construct phylogenetic trees.  Trees for whole 

families were calculated using PAUP 4.0b10 (Swofford, 1998) based on neighbor-joining 

method with bootstrap replicates of 1000.  For partial family trees, the neighbor-joining 

method was used as above, with bootstrap replicates of 5000, and nodes were 

confirmed by three additional methods: maximum parsimony, using PAUP 4.0b10 

(Swofford, 1998); Bayesian, using Mr. Bayes v.3.1.1  (Huelsenbeck et al., 2001; Ronquist 



  

 34 

and Huelsenbeck, 2003); and maximum likelihood, using RAxML VI-1.0 (Stamatakis et 

al., 2005).  For parsimony, 1000 bootstrap replicates were used. For Bayesian trees, a 

"mixed" amino acid substitution model was used, and analyses run for 500,000 

generations (sampling frequency of 100, burnin of 500).  For maximum likelihood trees 

the Jones-Taylor-Thornton model of amino acid substitution was used, with otherwise 

default settings.  Hs (Homo sapiens), Sp (S. purpuratus), Dm (D. melanogaster), and Ci (C. 

intestinalis). 

 

Results and Discussion 

 We identified 174 GTPase genes in the sea urchin genome (Figure 2.2A), as 

compared to the 201 characterized in humans (Figure 2.2B).  However, the relative 

number of GTPase genes in each family mirrors that of human GTP-binding families, 

suggesting a conservation of the overall architecture. The complete list of 256 annotated 

genes encoding GTP-binding and associated proteins from the sea urchin genome can be 

found in Tables 4-6 at the end of this chapter.  This listing includes 17 genes for which 

no evidence of embryonic expression exists (like the strong ortholog to RRP22): seven are 

found in the Ras family, six in the Rab family, three among the Dynamin-related 

proteins, and one from the Ras-related proteins.  Since expression analysis was 

restricted to the sea urchin embryo, it is not clear if these unexpressed genes represent 

pseudogenes or genes expressed only in the adult.  In order not to inflate duplicate gene 

numbers, genes with no evidence of expression were not included in the phylogenomic 

analyses or total gene numbers discussed below.  However these genes are included in 

Tables 4-6, highlighted in italics.    
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Figure 2.2: Comparison of Sea Urchin and Human GTPase Gene Architecture.  Pie 

charts describing (A) S. purpuratus and (B) H. sapiens GTP-binding protein families.  

Total gene numbers for each GTPase family are given.  Sea urchin values in (A) exclude 

non-expressed genes (sections masked in black).  Although total gene numbers are 

reduced in sea urchin families, the overall architecture as seen with human GTPases 

remains the same. 
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Figure 2.2: Sea Urchin and Human GTPase Gene Architecture 
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A. Vertebrate Expansions 

Analysis of the dynamin superfamily and G-protein Gα subunits revealed large  

vertebrate gene expansions (Table 1).  These expansions are commonly explained by 

whole genome duplication events believed to have occurred with the appearance of 

vertebrates, as often illustrated by Homeobox genes (Larhammar et al., 2002).  The 

selection pressures that retain these duplications as active genes might reflect 

differences, such as in immune systems or between cold- and warm-blooded 

metabolisms, which resulted in a need to maintain and utilize duplicated genes.  Studies 

of recently duplicated regions of the human genome found that genes with certain 

functions are more likely to be duplicated than others, among them genes involved in 

drug detoxification and immunity (Taylor and Raes, 2004).  Consistent with these data, 

the vertebrate dynamin superfamily expansions largely consist of two apparently novel 

families, the GBP guanylate-binding proteins and the Mx-like family, both of which are 

induced by interferons and regulate anti-viral resistance (Praefcke and McMahon, 2004).  

Thus for dynamin and Gα GTPase families, vertebrate duplications expand genomic 

complexity relative to sea urchin orthologs.  

Table 1:  Gene Numbers for Four Classes of GTPases 
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Gα  Family of G Proteins 

Gα proteins transduce sensory stimuli such as taste, sight and smell, as well as 

signals from neurotransmitters and hormones (Wettschureck and Offermanns, 2005).  

The heterotrimeric G proteins consist of three subunits, Gα, Gβ and Gγ, although only Gα 

is a GTPase.  Gα is characterized by a high affinity for guanine nucleotide and intrinsic 

GTPase hydrolysis (Spiegel and Weinstein, 2004).  G protein-coupled receptors (GPCRs; 

Raible et al., 2006) at the plasma membrane are bound to all three G protein subunits, 

with GDP-bound Gα (Hollmann et al., 2005).  GPCR ligand binding acts as a GEF and 

results in activated, GTP-bound Gα that can disassociate from the receptor and Gβ/γ 

subunits, leaving both Gα and Gβ/γ free to interact with effectors (McCudden et al., 

2005).  Gα signaling is regulated by GAPs (Regulators of G Protein Signaling or RGSs) 

and also Go-Loco motif proteins which maintain GDP-Gα (Abramow-Newerly et al., 

2006; Siderovski and Willard, 2005).  This Gα activity cycle is illustrated in Figure   

2.3A. 

Gα proteins are typically classified into four major classes: Gαs, Gαi/o/t/z, Gαq 

and Gα12/13.  The sea urchin genome contains at least one member of each class (Figure 

2.3B), including Gα subunits known to be involved in taste (Gαt, gustducin), olfaction 

(Gαolf), and neuronal stimuli (Gαo).  G protein investigation in the sea urchin has focused 

on fertilization events, with Gαs identified in sperm and Gαs, Gαi, Gαq and Gα12 in 

oocytes (Ohta et al., 2000; Voronina and Wessel, 2004b).  Data suggest Gαi positively 

regulates oocyte maturation (Voronina and Wessel, 2004b), while activation of Gαs and 

Gαq is required for Ca2+ release at fertilization (Voronina and Wessel, 2004a).  
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Figure 2.3: (A) Gα  Family GTPase Activity Cycle.  The classical model of G protein 

activity begins at the plasma membrane where G protein-coupled receptors (GPCRs) are 

bound to all three G protein subunits.  Ligand binding to the GPCR functions as a GEF 

and results in activated Gα disassociating from Gβ/γ subunits and the receptor to 

interact with effectors.  Regulators of G Protein Signaling (RGSs) function as inactivating 

Gα GAPs, while Go-Loco motif-containing proteins act as sequestering GDIs.  (For an in-

depth review see Wettschureck and Offermanns, 2005.)   (B) Phylogenetic Analysis of 

the Gα  Family of G Proteins.  Neighbor-joining tree for the four classes of Gα genes 

with bootstrap values indicated. Strongylocentrotus purpuratus (Sp) genes are in red. 

Caenorhabditis elegans Gas1 is outgrouped.  Scale bar equals amino acid substitutions per 

site. 
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Figure 2.3: Gα  Family of G-Proteins 
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Dynamin Superfamily 

The large GTPases of the dynamin superfamily are essential regulators of 

membrane fission and vesicle budding implicated in endocytosis, organelle division, viral 

pathogen resistance, and cytokine signal transduction (Praefcke and McMahon, 2004; 

Vestal, 2005).  Classical dynamins possess five domains (Figure 2.4A): a large GTPase 

domain; a middle domain and a GTPase effector domain (GED), both of which regulate 

oligomerization; a pleckstrin homology domain (PH); and a proline/arginine-rich 

domain (PRD; Danino and Hinshaw, 2001).  Other superfamily members (the dynamin 

related proteins) do not possess all five domains and most have their own specific 

motifs (Figure 2.4B).  Dynamin GTPases are characterized by low affinity for guanine 

nucleotides, particularly GDP, and are predicted to exist as GTP-bound in the cell 

(Praefcke and McMahon, 2004).  Dynamins do not require GAPs, as the GED domain 

catalyzes GTP hydrolysis (Thoms and Erdmann, 2005).  Oligomerization promotes 

membrane binding, and the most popular model suggests that subsequent GTP 

hydrolysis results in a mechanical tightening or “pinching off” of vesicles (Praefcke and 

McMahon, 2004).  This model of dynamin activity is illustrated in Figure 2.4C. 

The domain structure for each sea urchin dynamin superfamily member was 

considered, in addition to phylogenetic analysis (Figure 2.4D).  Two sea urchin classical 

dynamins were identified, although only SpDNM2 appears to have all five domains 

(Figure 2.4B).  The second dynamin, SpDNM1, lacks GED, PRD and PH domains, but it 

is clearly a partial sequence.  The sea urchin contains two OPA1 family genes (SpOPA1 

and SpOPA1Like), unlike Drosophila and Ciona which possess only one.  OPA1 is 

ubiquitously expressed in vertebrates, although upregulated in retina and brain, and 

localizes to the mitochondria where it functions in both fusion and division  
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Figure 2.4:  (A-B) Domain Analysis of Dynamin GTPases. (A) Comparison of domain 

architecture between human (HsDNM1) and sea urchin (SpDNM2) classical dynamins.  

(B) Domain architecture of sea urchin dynamin related proteins.  The domain structures 

illustrated here were homologous to the structures of human orthologs that were also 

analyzed (not shown).  (C) Dynamin GTPase Activity.  A commonly proposed model 

of dynamin activity.  GTP-bound dynamins undergo oligomerization which promotes 

binding to membranes.  Subsequent GTP hydrolysis results in a mechanical tightening 

or “pinching off” of vesicles. (For a complete review see Sever et al., 2000.)    (D) 

Phylogenetic Analysis of the Dynamin Superfamily of GTPases.  Neighbor-joining 

tree with bootstrap values indicated. Strongylocentrotus purpuratus (Sp) genes are in red. 

Saccharomyces cerevisiae MGM1 is outgrouped.  Scale bar equals amino acid substitutions 

per site.  
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Figure 2.4: Dynamin Superfamily of GTPases 
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(Praefcke and McMahon, 2004; Votruba et al., 2003).  Very little is known about 

dynamin GTPases in the sea urchin, although endocytosis of major yolk protein in 

oocytes is a dynamin-dependent process (Brooks and Wessel, 2004).  

 

B. Genomic Conservation 

Analysis of the SRP/SR family and translational GTPases revealed a pattern of 

tightly conserved gene number throughout evolution, with no apparent gene duplications 

(Table 1).  Gene duplications arise in several ways, from duplications of only a portion 

of a single gene to entire genome duplications (Carroll et al., 2005).  These duplicated 

genes often begin with duplicate functions, to have either the expression domain or 

functionality drift over time, often co-opting a portion of the original gene’s function 

(Hughes, 2005; Lynch et al., 2001). Although most duplicate genes which arise are 

silenced (Lynch and Conery, 2000), acquiring a separate functional niche can result in a 

gene duplication being retained.  This could be one explanation of why translational 

GTPase and SRP/SR gene numbers display genomic conservation, given their narrow 

specificity of function which provides less opportunity for subfunctionalization.  It is 

notable that no potential pseudogenes were identified in these sea urchin families, 

suggesting gene expansion may indeed be constrained. 

 

SRP/SR Family 

The signal recognition particle (SRP) and its receptor (SR) deliver nascent 

membrane and secretory proteins to the endoplasmic reticulum (ER) translocation 

machinery (Luirink and Sinning, 2004).  The SRP is composed of a 7S RNA and six 

associated proteins, while the SR is composed of two subunits SRα and SRβ; although 

only SRP54 and the two receptor subunits are GTPases (Pool, 2005).  SRβ is more 
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closely related to Arf family GTPases than to the other two SRP GTPases, which are 

characterized by low affinity for guanine nucleotides, rapid exchange of GDP and GTP, 

and the presence of a unique insertion box domain (Egea et al., 2005).  Ribosomal 

association increases SRP54 affinity for GTP, and GTP-bound SRP54 can bind to GTP-

bound SRα; in this way the SRP/ribosome complex is attached to the ER via the SR 

(Nagai et al., 2003; Pool, 2005). While SRP54 and SRα function to direct the nascent 

chain to the translocon and act as mutual GAPs (Egea et al., 2005; Keenan et al., 2001), 

the role of SRβ is not as well understood, although it interacts with SRα only when GTP-

bound (Pool, 2005). This cycle of SRP/SR GTPase activity is illustrated in Figure 2.5A.   

Analysis identified all eight of the SRP/SR family genes in the sea urchin, 

including the three GTPases (Figure 2.5B,C).  The SR has not been studied in the sea 

urchin, and only cellular localization studies of the SRP (as indicated by the presence of 

7S RNA) have been reported (LeBlanc and Infante, 1989; LeBlanc and Infante, 1992).  

However, the conserved nature of these genes suggests they are likely to function as 

described in other organisms.  

 

Translational GTPases  

The translational apparatus involved in eukaryotic protein biosynthesis requires 

the activity of five GTP-binding proteins.  Translational initiation requires two of these 

GTPases, eIF2 and eIF5B.  Initiation factor eIF2 mediates met-tRNA binding to the 40S 

ribosomal subunit, with start codon recognition causing GTP hydrolysis and dissociation 

(Asano et al., 2000).  eIF2 is actually a trimer of α, β, and γ subunits; the γ subunit 

contains the G domain (Gaspar et al., 1994), while the β subunit binds both the GAP 

protein eIF5 and the GEF protein eIF2B (Das et al., 2001; Proud, 2005; Williams et al., 

2001).  Initiation factor eIF5B is required for 60S joining to 40S, with GTP   
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Figure 2.5: (A) Model of SRP/SR activity.  Proteins are targeted to the endoplasmic 

reticulum starting with SRP54 recognition of the signal sequence peptide which arrests 

elongation of nascent chains.  Ribosomal association increases SRP54 affinity for GTP, 

and once GTP-bound, SRP54 can interact with GTP-bound SRα, thus bringing the 

ribosomal complex to the translocation machinery.  Once the nascent chain is transferred 

to the translocon, reciprocally stimulated GTP hydrolysis of both SRP54 and SRα causes 

the release of SRP. (For an in-depth review see Pool, 2005.)  Note: the entire SRP is not 

shown.  (B-C) Phylogenetic Analysis of the SRP/SR Family.  Neighbor-joining trees for 

(A) GTPases and (B) non-GTPases with bootstrap values indicated.  Strongylocentrotus 

purpuratus (Sp) genes are in red.  Saccharomyces cerevisiae SRP54 and HsKeratin10 are 

outgrouped in A and B respectively.  Scale bar equals amino acid substitutions per site. 
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Figure 2.5: SRP/SR Family of GTPases 
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hydrolysis causing its release from the ribosome (Lee et al., 2002; Londei, 2005).  The 

activities of the translational initiation GTPases are illustrated in Figure 2.6A. 

Translational elongation also requires two GTPases, eEF1A and eEF2.  

Elongation factor EF1A controls aminoacyl-tRNA delivery to the ribosomal A site 

(Lamberti et al., 2004).  Codon recognition triggers GTP hydrolysis, and factor eEF1B 

acts as its GEF (Browne and Proud, 2002).  Elongation factor eEF2 catalyzes 

translocation from A and P sites to P and E sites.  Its intrinsic GDP release rate is high, 

and no GEF has been identified; however phosphorylation of eEF2 inhibits ribosomal 

association (Kapp and Lorsch, 2004). The GTPase activities during elongation are 

illustrated in Figure 2.6B. 

The release factor eRF3A is the only GTPase required during translational 

termination (Inge-Vechtomov et al., 2003).  eRF3 binds to and stimulates eRF1 activity 

(to recognize stop codons and terminate translation), and this process can be facilitated 

by GTP hydrolysis (Kapp and Lorsch, 2004; Salas-Marco and Bedwell, 2004).  Unlike 

other GTP-binding proteins, eRF3 has little intrinsic GTPase activity, with hydrolysis 

instead stimulated by the combined presence of the ribosome and eRF1 (Frolova et al., 

1996).  The activity of the translational termination GTPase is illustrated in Figure 2.6C.  

(For analysis of the entire sea urchin translational apparatus, see Morales et al., 2006.) 

All seven of the translational GTPase genes have been identified in the sea urchin 

(Figure 2.7).  Additionally, annotation revealed the GTPase elongation factor specific for 

selenoprotein biosynthesis, SELB (SPU_000506), which is also expressed.  This 

conserved nature of the entire translational apparatus suggests equally conserved 

mechanics.  However, sea urchin eEF1A is associated with the mitotic apparatus 

(Kuriyama et al., 1990; Ohta et al., 1990).  This connection between translation and  
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Figure 2.6: GTPase Activity Cycles for Translational GTPases.   

(A) Initiation. GTP-bound eIF2 mediates initiator met-tRNA binding to the 40S 

ribosomal subunit, with start codon recognition causing GTP hydrolysis and eIF2 

ribosomal disassociation. eIF2B acts as a GEF for eIF2, while eIF5 acts as a GAP.  Next, 

the GTPase eIF5B mediates 60S joining to 40S, and subsequent GTP hydrolysis causes 

its disassociation from the complex.  

(B) Elongation. GTP-bound eEF1A mediates aminoacyl-tRNA delivery to the ribosomal 

A site.  Codon recognition triggers GTP hydrolysis, resulting in disassociation of aa-

tRNA from eEF1A, allowing its amino end to move to the P site. This results in eEF1A 

ribosomal disassociation. eEF1A GTP hydrolysis is catalyzed by ribosomal association, 

while eEF1B functions as a GEF.  Next, the GTPase eEF2 catalyzes translocation from A 

and P sites to P and E sites.  GTP hydrolysis again causes disassociation from the 

ribosome (and no GEF has been identified).  

(C) Termination. eRF3 binds to and stimulates the activity of eRF1 (which recognizes 

stop codons and terminates translation), and this process can be facilitated by GTP 

hydrolysis.  With little intrinsic GTPase activity, GTP hydrolysis of eRF3 is stimulated 

by the presence of both eRF1 and the ribosome.  Once GDP-bound, eRF3 dissociates 

from the ribosome.  

 

(For an in-depth review see Kapp and Lorsch, 2004.)  

 

Note: the entire translational apparatus is not shown.  
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Figure 2.6: GTPase Activity During Translation 
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Figure 2.7: Phylogenetic Analysis of the Translational GTPases.  Neighbor-joining tree 

with bootstrap values indicated. Strongylocentrotus purpuratus (Sp) genes are in red. 

Caenorhabditis elegans CE27011 is outgrouped. Scale bar equals amino acid substitutions 

per site.   
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Figure 2.7: Phylogenetic Analysis of Translational GTPases 
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cytoskeletal dynamics is worth further investigation, given eEF1A binds actin and is 

thought to regulate the cytoskeleton (Gross and Kinzy, 2005).  

 

C. Lineage-specific expansions 

The last class of GTP-binding proteins analyzed for this study was the Ras 

superfamily, consisting of five subfamilies and miscellaneous Ras-related genes that 

have defied further classification.  Of the five main families (Ras, Rho, Rab, Arf and 

Ran), Ran is a single member family that has been conserved throughout evolution.  

However, examination of the remaining families revealed that lineage-specific 

expansions occurred multiple times throughout the Ras superfamily.  Lineage-specific 

expansion has been defined as “paralogs produced by duplications of orthologs 

subsequent to a given speciation event” (Sonnhammer and Koonin, 2002).  Therefore in 

this study, these expansions are reflected as echinoderm-specific duplication events for 

which no direct ortholog exists beyond the ortholog to the gene that was originally 

duplicated.  The lineage-specific expansions found in the Ras superfamily are large 

duplications consisting of five or more genes that all appear to be actively expressed in 

the sea urchin. The fact that so many duplications are found and expressed in the Ras 

superfamily, and not (for instance) in the dynamin superfamily, may have something to 

do with their size.  Gene length may be related in part to the possibility that a gene will 

be duplicated, as shorter genes have been found to have a higher probability of being 

duplicated (Nembaware et al., 2002).  This hypothesis is consistent with both the 

presence of large-scale duplications in the small (~20kDa) Ras GTPases and the absence 

of these duplications in the large (~100 kDa) dynamins. 

We augmented our comparison of Ras superfamily genes by distinguishing 

between total gene number and the total number of gene orthologs (i.e. sea urchin genes 
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which, according to reciprocal blast and phylogenetic analysis, are clear orthologs of 

human genes in that family). This distinction separates direct orthologs from genes with 

no obvious homologs (orphans), as well as genes arising from lineage-specific 

expansions.  Remarkably, with this addition it is noted that sea urchin ortholog gene 

numbers correspond to total Drosophila numbers, whereas total sea urchin gene numbers 

are more comparable to vertebrate gene totals (Table 2).  This raises the question as to 

whether ortholog/Drosophila numbers correspond to ancestral gene numbers retained 

from the last common protostome-deuterostome ancestor.  Most signaling pathways in 

which GTPases are known to function (Wnt, Hedgehog, MAPK, etc.) are conserved 

across Bilateria, although often used in very different ways (Erwin and Davidson, 

2002).  This suggests that these signaling mechanisms, and the GTPases which feature so 

prominently within them, might represent a vital part of the molecular “toolkit” of the 

last common bilaterian ancestor.   

 

Table 2:  Gene Numbers for Ras Superfamily GTPases 
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The Ras Superfamily 

 The small monomeric GTPases comprise the largest class of GTP-binding 

proteins and are characterized by high affinity for GTP/GDP and low intrinsic GTP 

hydrolysis (Wennerberg et al., 2005).  Posttranslational modifications are essential for 

the majority of Ras superfamily GTPases; the most common modification is prenylation, 

the covalent addition of isoprene lipids, to regulate attachment to membranes 

(Michaelson et al., 2005; Paduch et al., 2001).  In addition to GEF and GAP regulation, 

Rho and Rab family members are also regulated by guanine disassociation factors 

(GDIs) which sequester proteins in the inactive state, as well as modulate GTPase 

cytosol/membrane cycling by maintaining GTPases in the cytosol (DerMardirossian and 

Bokoch, 2005).  The regulation of Ras superfamily low-molecular weight GTPases is 

illustrated in Figure 2.1. 

 

The Ran Family 

Like other organisms, the sea urchin possesses a single Ran GTPase gene.  

Research shows that Ran localizes mainly to the nucleus, and functional assays reveal a 

role for Ran in nuclear transport (Stochaj and Rother, 1999).  Current models outline a 

cycle in which import receptors complexed with Ran-GDP bind substrates in the 

cytoplasm; once in the nucleus, GTP binding to Ran causes cargo release (Lim et al., 

2006; Stochaj and Rother, 1999).  See Figure 2.8A for Ran GTPase phylogeny. 

 

Other Ras Superfamily GTPases 

The Ras superfamily includes roughly a dozen monomeric GTPases which do not 

clearly belong to any of the five main families.  In the sea urchin, this category includes a 

homolog of Ras-dva (Ras with dorsal-ventral anterior localization), originally identified  
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Figure 2.8: Phylogenetic Analyses of  Ran and Ras Superfamily-Related GTPases. 

Neighbor-joining trees with bootstrap values for (A) Ran and (B) Ras Superfamily-

Related GTPases. Strongylocentrotus purpuratus (Sp) genes are in red.  Rab1A and 

RabL4 genes are outgrouped in A and B respectively.  Scale bar equals amino acid 

substitutions per site.  Xt (Xenopus tropicalis) and Gg (Gallus gallus). 
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Figure 2.8: Phylogenetic Analyses of Ran and Ras Superfamily-Related GTPases 
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in a Xenopus screen for anterior neural plate genes (Novoselov et al., 2003).  To date, 

Ras-dva genes have been identified only in vertebrates, although not in humans.  In 

Xenopus, Ras-dva regulates expression of anterior neural plate patterning genes, is a 

component of anterior ectoderm FGF8 signaling, and results in severe head deformities 

when inhibited (Tereshina et al., 2006).  SpRas-dva appears to be the first invertebrate 

homolog discovered (although this is not clear).  See Figure 2.8B for phylogenetic 

analysis of Ras-related GTPases.  

 

The Rho Family 

Rho family members are arguably the most widely studied Ras superfamily 

GTPases. Approximately 1% of the human genome is estimated to code for genes that 

regulate or directly interact with Rho GTPases (Jaffe and Hall, 2005).  The family is 

distinguished from other Ras superfamily members by a Rho-specific insert region not 

found in other small GTPases (Zong et al., 2001).  Typically, Rho GTPases function to 

transduce extracellular signals in a large variety of biological processes. Traditionally 

identified as regulators of the actin cytoskeleton and cell adhesion, Rho family members 

also function in gene expression, microtubule assembly, lipid metabolism, cell cycle 

progression, and cell polarity (Jaffe and Hall, 2005; Marinissen et al., 2001; Wennerberg 

et al., 2005).  

Only two Rho GTPases have been investigated in the sea urchin.  Studies of 

Cdc42 suggests it functions to regulate actin assembly in sea urchin eggs (Nishimura and 

Mabuchi, 2003).  More research exists on RhoA, which is required during early 

fertilization events in the egg (Covian-Nares et al., 2004; Manzo et al., 2003) and 

localizes to the cleavage furrow in a microtubule-dependent manner (Bement et al., 2005; 
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Nishimura et al., 1998).  After cleavage, RhoA regulates the initiation of invagination 

movements during sea urchin gastrulation (Beane et al., 2006, and Chapter 3). 

Analysis of the Rho Family (Figure 2.9) revealed a sea urchin RhoBTB3 ortholog 

not found in either Drosophila or Ciona.  RhoBTB proteins apparently diverged from 

other Rho GTPases very early during evolution and are characterized by protein-protein 

interaction BTB (Broad-Complex, Tramtrack, and Bric à brac) domains (Ramos et al., 

2002).  The functions of the three vertebrate RhoBTB proteins are not well understood, 

although RhoBTB2 was identified as a tumor suppressor (Hamaguchi et al., 2002) and 

functions in ubiquitin ligase-mediated degradation (Wilkins et al., 2004).  RhoBTB3, on 

the other hand, is often not deemed a Rho GTPase, since its GTPase domain differs 

enough to cast doubt on its functionality (Aspenstrom et al., 2004).  However, it has 

been included in this in silico study based on phylogeny. Both Drosophila and Ciona have 

a single RhoBTB homolog which, along with sea urchin RhoBTB1, cluster with human 

RhoBTB1 and RhoBTB2.  HsRhoBTB3 is divergent from these genes and is thought to 

have arisen from a separate duplication event (Ramos et al., 2002), making the presence 

of an early deuterostome ortholog evolutionarily important.  

Phylogenomic analysis of the entire Rho family exposed a pattern of genomic 

complexity in the sea urchin defined by lineage-specific expansions and multiple family 

orphans (Figure 2.9).  The sea urchin possesses six Rho family orthologs, with a single 

Rho ortholog (SpRhoA) as compared to the three Rho proteins in vertebrates (HsRhoA, 

HsRhoB and HsRhoC).  However analysis revealed a RhoA-like cluster, which contains 

six genes including the RhoA ortholog.  These apparently arose via several “nested” sea 

urchin-specific duplication events (Figure 2.10).  This expansion, combined with four sea 

urchin Rho family orphans, a Cdc42 paralog, and two Rnd paralogs, increases the  
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Figure 2.9: Phylogenetic Analysis of  Rho GTPases. Neighbor-joining tree with 

bootstrap values given.  Strongylocentrotus purpuratus (Sp) genes are in red.  Rab1 genes 

are outgrouped.  Scale bar equals amino acid substitutions per site.  
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Figure 2.9: Phylogenetic Analysis of Rho Family GTPases 



  

 62 

Figure 2.10: Lineage-Specific Gene Expansion in the Rho Family.  Neighbor-joining 

tree for a subset of Rho Family GTPases.  Red stars indicate nodes retained in maximum 

likelihood tree. RhoA-like gene cluster highlighted in pink.  Confidence values were 

calculated using neighbor joining (green), maximum parsimony (blue), and Bayesian 

(black) methods.  Cdc42 genes were outgrouped.  Scale bar equals amino acid 

substitutions per site.      
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Figure 2.10: Lineage-Specific Gene Expansion in the Rho Family 
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total Rho GTPase number to 20, comparable to vertebrate numbers (Table 2). 

Like all GTPases discussed in this study, tiling array analysis suggests SpRhoA 

and the five RhoA-like genes are expressed embryonically, in this case with SpRhoA, 

SpRhoL1 and SpRhoL4 expressed at the highest levels (Samanta et al., 2006).  Possible 

functionality of these genes was also assessed by protein motif comparison (data not 

shown).  RhoA contains a phosphate binding loop, two conformational switch regions 

involved in nucleotide binding and effector binding, two loops critical for nucleotide 

recognition, and the Rho insert region (Paduch et al., 2001).  Examination revealed that 

SpRhoA and SpRhoL1-3 amino acids are highly conserved in all six motifs, excepting 

several missing residues from the SpRhoL2 Switch I region.  SpRhoL4 and L5 were also 

highly conserved in their retained motifs but contain apparent N-terminal deletions; 

SpRhoL4 has no phosphate binding loop, while SpRhoL5 additionally lacks both switch 

regions.  All six RhoA genes possess a C-terminal CAAX prenylation motif (CxIF 

consensus).  These observations are consistent with the functional gene expression of 

SpRhoA and SpRhoL1-4, and they suggest that at least SpRhoL5 may be an incomplete 

gene model. 

 

The Rab Family 

By far the largest component of the Ras superfamily, Rab GTPases have critical 

roles in intracellular vesicular transport and protein trafficking, membrane budding and 

fusion, and motor protein recruitment (Jordens et al., 2005; Wennerberg et al., 2005).  

Rab family members localize to specific intracellular membranes, rather than the plasma 

membrane as is common for Ras and Rho GTPases, making Rab proteins useful as 

organelle markers from endosomes to the Golgi (Ali and Seabra, 2005; Stenmark and 

Olkkonen, 2001).  Rab GTPases are characterized by several Rab-specific regions called 
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RabF and RabSF (Ali and Seabra, 2005); and they have their own regulatory proteins, 

Rab escort proteins (REPs).  REPs recognize newly synthesized Rab-GDP to assist in 

prenylation and ensure the hydrophobic Rab proteins stay soluble until reaching the 

appropriate membrane (Stenmark and Olkkonen, 2001).  After GTP hydrolysis, GDIs 

recycle Rab GTPases back to their original compartment membrane (Goody et al., 2005).  

Rab GDIs recognize mature, prenylated Rab-GDP and direct multiple rounds of recycling 

between starting and target membranes (Seabra and Wasmeier, 2004). 

Two sea urchin Rab GTPases, named after their human orthologs, have been 

investigated.  The localization of Rab10 suggests it operates in the cis-Golgi network 

(Leaf and Blum, 1998), although no functional studies were performed.  More is known 

about Rab3, which regulates cortical granule exocytosis at fertilization (Conner and 

Wessel, 1998).  Additionally, Rab3 perturbation during cleavage interferes with cell 

division (Conner and Wessel, 2000).  Consistent with vertebrate roles, throughout sea 

urchin embryogenesis Rab3 is enriched in areas with known or suspected secretory 

function (Conner and Wessel, 2001).  Annotation of the Rab family identified four Rab 

orthologs apparently not found in either Drosophila or Ciona.  Of these, little is known 

about the functions of Rab31, Rab7L1, or Rab24.  However, Rab15 mediates early 

endocytic events in cell culture (Zuk and Elferink, 2000).  The large diversity of sea 

urchin Rab genes underlies the importance of this family in cellular homeostasis.  See 

Figures 2.11 and 2.12 for phylogenetic analysis of the entire Rab family. 

The same pattern of genomic complexity observed for Rho GTPases was seen in 

the Rab family.  The sea urchin has 35 vertebrate orthologs, including a single Rab22 

ortholog (SpRab22) of two human genes, HsRab22a and HsRab22b.  Here, a sea urchin-

specific Rab22-like cluster of four genes (Figure 2.13) displays the nested duplication  
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Figure 2.11: Phylogenetic Analysis of the Rab GTPase Family—Part 1.   Neighbor-

joining tree, with bootstrap values given.  Strongylocentrotus purpuratus (Sp) genes are in 

red. RhoA genes are outgrouped.  Scale bar equals amino acid substitutions per site. 

 

Note: This neighbor-joining tree is continued onto the next page (Figure 2.12).  Heavy 

dotted line represents the page break within the tree.   
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Figure 2.11: Phylogenetic Analysis of Rab Family GTPases--Part 1 
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Figure 2.12: Phylogenetic Analysis of the Rab GTPase Family—Part 2.   Neighbor-

joining tree, with bootstrap values given.  Strongylocentrotus purpuratus (Sp) genes are in 

red.  RhoA genes are outgrouped.  Scale bar equals amino acid substitutions per site. 

 

Note: This neighbor-joining tree is continued from the previous page (Figure 2.11).  

Heavy dotted line represents the page break within the tree.   
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Figure 2.12: Phylogenetic Analysis of Rab Family GTPases--Part 2 
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Figure 2.13: Lineage-Specific Gene Expansion in the Rab Family.  Neighbor-joining 

tree for a subset of Rab family GTPases. Red stars indicate nodes retained in maximum 

likelihood tree.  Rab22-like gene cluster highlighted in pink.  Confidence values were 

calculated using neighbor joining (green), maximum parsimony (blue), and Bayesian 

(black) methods.  Rab23 genes were outgrouped.  Scale bar equals amino acid 

substitutions per site.  
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Figure 2.13: Lineage-Specific Gene Expansion in the Rab Family 
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pattern of the RhoA-cluster.  A fifth Rab22-like gene can be found parallel to this 

cluster.  Additionally, within the Rab22 clade is HsRab31, to which the sea urchin has 

an ortholog (SpRab31).  Since neither Ciona nor Drosophila appear to have a similar 

ortholog, SpRab31 could be considered part of the Rab22-like cluster.  This lineage-

specific expansion, combined with six sea urchin Rab family orphan genes and a large 

number of sea urchin-specific paralogs (for SpRab5, SpRab10, SpRab21, SpRab23, 

SpRab28, SpRab30, and SpRab32 genes), results in a total of 53 sea urchin Rab 

GTPases. This number is more comparable to the 63 human Rab genes than is the 

number of sea urchin orthologs alone (Table 2).  

 

The Arf Family 

The Arf family of small GTPases may have given rise to the entire class of 

monomeric and heterotrimeric G proteins, as organisms which have no other Ras or Gα 

GTPases possess Arf proteins (Kahn et al., 2005).  Family members are characterized by 

an Arf-specific region containing a myristoylation motif (Burd et al., 2004).  As for the 

Rab family, Arf GTPases have roles in membrane trafficking, regulating many related 

biological process such as secretion, endocytosis, microtubule dynamics, and 

phagocytosis (Kahn et al., 2005; Wennerberg et al., 2005).  Annotation failed to reveal a 

sea urchin homolog in the Arl5/8 cluster.  This clade containing vertebrate Arl5 and its 

paralog Arl8 (also known as Arl5A and Arl5B) includes a single homolog from both 

Drosophila (DmArl5) and Ciona (CiArl8), which the sea urchin has apparently lost.  

Although the function of these proteins has not been characterized, studies show Arl5 

localizes to nuclei and nucleoli and binds heterochromatin (Lin et al., 2002).  See Figure 

2.14 for phylogenetic analysis of the entire Arf family.  
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Figure 2.14: Phylogenetic Analysis of the Arf Family.  Neighbor-joining tree with 

bootstrap values given for Arf Family of GTPases.  Strongylocentrotus purpuratus (Sp) 

genes are in red.  RalA genes are outgrouped.  Scale bar equals amino acid substitutions 

per site.  
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Figure 2.14: Arf Family GTPases 
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The pattern of genomic complexity in the Arf family is similar to that of Rho and 

Rab families, although with slight alterations, such as the lack of abundant family 

orphans.  Here, an ARL11 lineage-specific expansion has occurred, but without the 

former nested pattern (Figure 2.15).  The sea urchin Arf family has 14 orthologs to 

vertebrate family members, including the single ortholog to human ARL11.  However, the 

sea urchin possesses an additional five ARL11-like genes (SpARL11L1-5).  All but one 

of these, which seems to have a Ciona ortholog, appear to be sea urchin-specific genes 

that increase gene complexity in the Arf family in combination with two Arf1 paralogs 

and a single paralog to ARL2L1.  

 

The Ras Family  

Ras GTPases are the founding members of the Ras superfamily and have received 

much notoriety as powerful oncogenes (Malumbres and Barbacid, 2003).  It is therefore 

surprising that a few Ras family members (such as Rerg) have been revealed as tumor 

suppressors (Finlin et al., 2001).  Ras proteins typically function as transducers of 

extracellular signals, downstream of intermediates such as receptor tyrosine kinases 

(Lapraz et al., 2006), although the signals, receptors and effectors vary widely among 

cell types (Bos, 1992; Wennerberg et al., 2005).  Ras GTPases are involved in such 

biological processes as proliferation, cell differentiation, cell cycle progression, 

apoptosis, cell adhesion, T-cell development, and calcium channel signaling (Ehrhardt et 

al., 2002; Kelly, 2005).   

 Sea urchin orthologs of both M-Ras and Ris were found, although neither is 

reported for Drosophila or Ciona.  Ris was first identified in the vertebrate iris but is 

expressed in many tissue types, although its function is not well characterized (Wistow 

et al., 2002). Initially identified in muscle, M-Ras is also expressed in many cell types.   
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Figure 2.15: Lineage-Specific Gene Expansion in the Arf Family.  Maximum 

likelihood tree for a subset of Arf Family GTPases.  ARL11-like gene duplications are 

highlighted in blue.  Confidence values were calculated using neighbor joining (green), 

maximum parsimony (blue), and Bayesian (black) methods.  Ard1 genes were 

outgrouped.  Scale bar equals amino acid substitutions per site.  
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Figure 2.15: Lineage-Specific Gene Expansion in the Arf Family 
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M-Ras likely functions in growth and proliferation, as M-Ras is overexpressed in many 

cancers and M-Ras activation leads to transformation (Ehrhardt et al., 2004; Guo et al., 

2006).  Sea urchin M-Ras, like all M-Ras homologs, shares a strong similarity to Ras 

family member TC21 (Kimmelman et al., 1997), for which no sea urchin ortholog was 

identified.  Since Ciona and Drosophila both possess TC21 (R-Ras2) orthologs, but no M-

Ras (R-Ras3) orthologs, this provides each non-human species with a single gene in this 

R-Ras clade.  See Figure 2.16 for phylogenetic analysis of the entire Ras family.  

The pattern of genomic complexity seen in the Arf family is also found in the Ras 

family.  The 14 sea urchin Ras family orthologs includes the SpRerg ortholog to HsRerg.  

However, a linage-specific expansion of six additional Rerg genes (SpRergL1-6) was 

identified in the sea urchin (Figure 2.17).  Again, although one of these may have a Ciona 

ortholog (SpRergL4, according to Bayesian analysis), five of these Rerg-like genes seem 

to have arisen as sea urchin-specific duplications.  When combined with two Ris 

paralogs, a single Ras family orphan (SpRasO), and a single Rheb duplication (also seen 

in Ciona), the total sea urchin Ras family numbers 23 and is now comparable to 

vertebrate numbers (Table 2).  

 

Rho Family Regulators  

The prevalence of large lineage-specific expansions throughout the Ras 

superfamily raised the question of whether a similar analysis of superfamily regulatory 

proteins would reveal parallel duplications.  Monomeric GTPases are largely regulated 

at the protein level not the transcriptional level, and their regulators are found in two- to 

three-fold excess of GTPase numbers.  For instance, humans have 21 Rho family genes 

but have 74 Rho-specific GEFs, 54 Rho-specific GAPs, and 3 RhoGDIs (based on 

domain architecture).  Due to the sheer number of regulators, analysis of GTPase  
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Figure 2.16:  Phylogenetic Analysis of the Ras Family GTPases.  Neighbor-joining tree 

with bootstrap values given.  Strongylocentrotus purpuratus (Sp) genes are in red.  Sar1 

genes are outgrouped.  Scale bar equals amino acid substitutions per site.    
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Figure 2.16: Phylogenetic Analysis of Ras Family GTPases 
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Figure 2.17: Lineage-Specific Gene Expansion in the Ras Family.  Neighbor-joining 

tree for a subset of Ras Family GTPases.  Rerg-like gene duplications are highlighted in 

blue.  Confidence values were calculated using neighbor joining (green), maximum 

parsimony (blue), and Bayesian (black) methods.  Strongylocentrotus purpuratus (Sp) 

genes are in red.   RasL11 genes were outgrouped.  Scale bar equals amino acid 

substitutions per site.  
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Figure 2.17: Lineage-Specific Gene Expansion in the Ras Family 
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regulatory genes was limited to the Rho family, which was also chosen because the best 

example of a sea urchin-specific gene expansion is perhaps the SpRhoA gene duplication 

cluster.  These genes were investigated to determine whether any corresponding lineage-

specific expansions exist for Rho family regulators which correlate with the observed 

RhoA expansion. 

Table 3:  Gene Numbers for Rho Family Regulators 

 

 

In the sea urchin, 78 Rho family regulatory proteins were identified, and all 

appear to be expressed (Table 3).  Traditionally, the GEFs specific to Rho family 

GTPases are identified by a Dbl homology (DH) domain adjacent to a pleckstrin 

homology (PH) domain (Whitehead, 2004).  However, proteins with CZH (CDM-

zizimin homology) domains recently were characterized, which contain no DH domain 

but still function as Rho-specific GEFs (Meller et al., 2005).  From the sea urchin genome, 

34 DH-domain and seven CZH-domain genes have been identified (Figure 2.18). 

Interestingly, no lineage-specific expansions in Rho GEFs were found.  No duplications 

at all were found among the sea urchin CZH genes, while only four DH domain genes 

have been duplicated, as shown in Figure 2.19A.  Of these, SpFLJ46688-L1 and -L2  
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Figure 2.18: Phylogenic Analyses for RhoGEF Classes of Rho Family Regulators.  

(A) DH-domain containing RhoGEFs.  Circle tree made by neighbor-joining method 

with bootstrap values given.  (B) CZH-domain containing RhoGEFs.  Neighbor-joining 

tree with bootstrap values given.  Strongylocentrotus purpuratus (Sp) genes are in red.  

BCR and ScYLR422W genes are outgrouped in A and B respectively.  Scale bar equals 

amino acid substitutions per site.  Sc (Saccharomyces cerevisiae). 
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Figure 2.18: Phylogenetic Analyses of RhoGEFs 
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Figure 2.19: Phylogenetic Analyses of Sea Urchin Gene Duplications in Rho Family 

Regulators.  Neighbor-joining trees for a subset of (A) RhoGEFs (DH-domain 

containing) and (B) RhoGAPs.  Confidence values were calculated using neighbor joining 

(green) and maximum parsimony (blue).  The SpRhoGAP24 gene cluster is highlighted in 

green. Strongylocentrotus purpuratus (Sp) genes are in red.  TIAM2 genes and RacGAP1 

genes were outgrouped in A and B respectively. Scale bar equals amino acid 

substitutions per site.  
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Figure 2.19: Phylogenetic Analyses of Gene Duplications in Rho Family Regulators 
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are homologs of a hypothetical human gene (also found in Ciona, C. elegans and 

chimpanzee), for which no functional data has been reported.  However, the other three 

duplicated sea urchin RhoGEFs (SpTrio, SpRhoGEF11, and SpFARP or Cdep) are 

known to have specific affinities for RhoA over other family members, although Trio is a 

dual specificity gene with two DH domains, one each for RhoA and Rac (Debant et al., 

1996; Rossman et al., 2005).  

RhoGAP proteins are also characterized by a consensus domain (the RhoGAP 

domain), which mediates GTP hydrolysis specifically for Rho GTPases (Scheffzek and 

Ahmadian, 2005).  Only five duplications events were found within the RhoGAPs, of 

which four are single paralogous pairs (Figure 2.19B).  None of these have any known 

specificity for RhoA.  OCRL1 has no demonstrated GAP function in vitro, while both 

Chimaerin beta (CHN2) and GRF1 catalyze either Rac or Cdc42 (Jenna and Lamarche-

Vane, 2004).  RhoGEF21 (or ARHGAP10) has recently been shown to function as a 

Cdc42 GAP that localizes to the Golgi (Dubois et al., 2005).  However, the fifth 

RhoGAP duplication event is a small lineage-specific expansion of SpRhoGAP24, 

highlighted in green in Figure 2.19B.  RhoGAP24 (or p73RhoGAP) has been shown to be 

RhoA specific and is required for angiogenesis (Su et al., 2004).  The complete phylogeny 

of RhoGAPs can be seen in Figure 2.20. 

This analysis of genomic complexity among Rho family regulators reveals that the 

large scale (5+) GTPase gene expansion observed within the Rho family does not 

correspond to any parallel large scale expansions in Rho regulatory genes.  Instead, 

comparison of sea urchin Rho regulator gene numbers with Drosophila, Ciona, and 

humans supports the model of vertebrate gene expansion (Table 3).  However it is 

intriguing that the single RhoGEF duplication events were for proteins with known 

affinities for RhoA, while the only observed lineage-specific regulatory expansion was  
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Figure 2.20: Phylogenetic Analysis for the RhoGAP class of Rho Family Regulators. 

Circle tree made by neighbor-joining method with bootstrap values given for RhoGAP 

genes.  Strongylocentrotus purpuratus (Sp) genes are in red.  BCR genes are outgrouped.   
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Figure 2.20: Phylogenetic Analysis of RhoGAPs 
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also for a RhoA-specific RhoGAP.  These results provide consistent support that the 

lineage-specific GTPase expansions identified in this in silico survey are a mechanism of 

generating diversity in this family. 

Further support is gained from analysis of tandem duplications among sea urchin 

GTPases.  Gene duplications frequently arise from tandem repeats, which are thought to 

be one of the most common methods for generating new genes (Reams and Neidle, 2004).  

No evidence of tandemly-arrayed sea urchin genes was found among the conserved 

SRP/SR and translational GTPases.  The Gα and dynamin families, which display 

vertebrate expansions and reduced sea urchin genomic complexity, both had low 

tandem duplication levels.  A single tandem repeat was identified among sea urchin Gα 

genes, and although the dynamin superfamily possesses two tandem repeats, only one 

of those four genes appears to be expressed in the sea urchin (see Table 5).  On the other 

hand, in the Ras superfamily where the incidence of sea urchin-specific duplication is 

high, seven tandem repeats were identified.  Of these, three repeats (six genes) are 

located in the Rho family, with four of the genes corresponding to the RhoA gene cluster 

(Table 4).  Together, the data revealed during this study provide evidence suggesting 

lineage-specific expansions are a driving force behind genomic complexity among sea 

urchin Ras superfamily members. 

Intriguingly, a cluster of six Rac-like genes in Ciona (with one clear ortholog to sea 

urchins) and an apparently Drosophila-specific clade of six Rab GTPases (which 

includes DmRab9D and DmRabX2) suggest lineage-specific expansions have been an 

integral component of genomic complexity in the Ras superfamily throughout evolution 

(see Figures 2.9 and 2.12).  Generating complexity in this manner is certainly not limited 

to the Ras superfamily, however.  Lineage-specific expansions of guanylyl cyclases have 

been described for sea urchins and other echinoderms (Fitzpatrick et al., 2006), while 
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annotation has revealed at least one major lineage-specific expansion in sea urchin 

receptor protein tyrosine phosphatases (Byrum et al., 2006).  A survey of five eukaryotic 

genomes (yeasts, plants, fly and worm) found lineage-specific expansions are typically 

abundant among signaling pathway components (including kinases, phosphatases and 

ATPases) and proposed it is these duplications which enable organisms to utilize the 

same signaling toolkit for wildly different functions (Lespinet et al., 2002).  Taken 

together, these studies provide compelling evidence that lineage-specific expansions are 

an essential component of genomic complexity in signal transduction.   
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Table 4: List of Annotated GTP-Binding and Associated Proteins—Page 1   

 

276 genes from the genome of the purple sea urchin, Strongylocentrotus purpuratus.  If 

more than one SPU number is listed, the SPU in bold is the official number.  Colored 

SPU numbers denote tandemly-arrayed genes.  SPU numbers in parentheses indicate 

duplications.  Entries in italics denote genes not expressed in the embryo.  Expression is 

based on tiling array data (Samanta et al., 2006).  Note that EST data was not analyzed 

for all genes. 

 

List continues on the next two pages (Table 5 and 6). 
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Table 4: List of Annotated GTP-Binding and Associated Proteins—Page 1 
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Table 5: List of Annotated GTP-Binding and Associated Proteins—Page 2  

 

276 genes from the genome of the purple sea urchin, Strongylocentrotus purpuratus.  If 

more than one SPU number is listed, the SPU in bold is the official number.  Colored 

SPU numbers denote tandemly-arrayed genes.  SPU numbers in parentheses indicate 

duplications.  Entries in italics denote genes not expressed in the embryo.  Expression is 

based on tiling array data (Samanta et al., 2006).  Note that EST data was not analyzed 

for all genes. 

 

This list is continued from the previous page (Table 4). 

List continues on the next page (Table 6). 
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Table 5: List of Annotated GTP-Binding and Associated Proteins—Page 2 
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Table 6: List of Annotated GTP-Binding and Associated Proteins—Page 3   

 

276 genes from the genome of the purple sea urchin, Strongylocentrotus purpuratus.  If 

more than one SPU number is listed, the SPU in bold is the official number.  Colored 

SPU numbers denote tandemly-arrayed genes.  SPU numbers in parentheses indicate 

duplications.  Entries in italics denote genes not expressed in the embryo.  Expression is 

based on tiling array data (Samanta et al., 2006).  Note that EST data was not analyzed 

for all genes. 

 

This list is continued from the two previous pages (Tables 4 and 5). 
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Table 6: List of Annotated GTP-Binding and Associated Proteins—Page 3 
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Introduction 

During gastrulation, embryonic cells rearrange dynamically to organize the basic 

body plan.  A prominent feature of gastrulation is the formation of the archenteron, 

which begins with an inpocketing of the epithelial cell sheet at the vegetal pole of the sea 

urchin embryo.  This epithelial bending is then transformed into a tube by cell migration, 

convergence and extension movements.  In deuterostomes, the archenteron later connects 

to a distinct invagination called the stomodaeum, the site of the future mouth.  For the 

embryonic gut to form correctly, many cellular and molecular components must be 

carefully coordinated. The morphogenetic movements associated with gastrulation have 

received close scrutiny, most notably in Xenopus, Drosophila and sea urchin embryos, and 

current efforts are directed toward detailed molecular explanations for the phenomena 

observed (Keller et al., 2003; Leptin, 2005; McClay et al., 2004a; Solnica-Krezel, 2005).  

Among the important outstanding questions are the mechanisms by which the 

morphogenetic events during gastrulation are regulated.  Recent studies have highlighted 

an important role for RhoA in gastrulation movements. 

RhoA is a member of the Rho Family of small, monomeric, GTPases.  Like all 

GTPases, RhoA acts as a molecular switch, cycling between active GTP-bound and 

inactive GDP-bound states (Etienne-Manneville and Hall, 2002).  Several classes of 

proteins regulate the nucleotide exchange: guanine nucleotide exchange factors (GEFs) 

which promote the active state, GTPase-activating proteins (GAPs) which promote the 

inactive state, and guanine nucleotide dissociation inhibitors (GDIs) which inactivate 

Rho by sequestering protein in the cytoplasm (Ridley, 2001).  RhoA was initially 

recognized for its role in cytoskeletal remodeling and cell adhesion (Burridge and 

Wennerberg, 2004; Nobes and Hall, 1995).  Subsequently, RhoA has been shown to 
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regulate many cellular processes, including cytokinesis, cell cycle progression, 

microtubule stabilization and gene expression (Etienne-Manneville and Hall, 2002; 

Manser, 2002; Wennerberg and Der, 2004).  In particular, a role for RhoA in gastrulation 

has been identified through studies of the planar cell polarity pathway in Drosophila, 

Xenopus and zebrafish embryos (Mlodzik, 2002; Wallingford et al., 2002).  These studies 

outline a pathway by which extracellular signals, acting through RhoGEFs, activate 

RhoA, which in turn activates its downstream effector Rho Kinase (ROCK), to regulate 

gastrulation movements (Habas et al., 2001; Hacker and Perrimon, 1998; Marlow et al., 

2002; Winter et al., 2001; Zhu et al., 2006a). 

Gastrulation in the sea urchin is often divided into four stages, although each 

stage has its own complex cell biology.  (1) Ingression of skeletogenic primary 

mesenchyme cells (PMCs) from the vegetal pole occurs several hours before invagination 

of the archenteron is initiated (Kominami and Takata, 2004; McClay et al., 2004a).  (2) 

The blastopore forms by an inward bending of the vegetal plate.  This is marked by the 

appearance of bottle cells and apical deposits of new extracellular matrix (ECM), and 

results in invagination of the archenteron (Kimberly and Hardin, 1998; Lane et al., 1993; 

Nakajima and Burke, 1996).  (3) The archenteron elongates and forms a tube that 

extends across the blastocoel in a process that is driven by both convergent extension 

movements and recruitment of additional cells (Ettensohn, 1985; Hardin, 1989; Logan 

and McClay, 1997).  (4) Finally, filopodia are extended by secondary mesenchyme cells 

(SMCs) at the tip of the archenteron toward the animal pole, and these are thought to 

provide a pulling force to complete elongation and help guide the gut toward the 

stomodaeum, placing the archenteron near the site where the mouth will form (Hardin, 

1996; Hardin and Cheng, 1986; Hardin and McClay, 1990). 
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Specification of the endomesoderm is a prerequisite for morphogenesis, as 

perturbation of many genes in the endomesodermal gene regulatory network (GRN) 

shows that failure to specify endomesoderm eliminates competence to invaginate 

(Davidson et al., 2002a; Davidson et al., 2002b).  That network directs cellular 

alterations necessary for invagination: several ECM components (Berg et al., 1996; 

Hardin, 1996; Lane et al., 1993), as well as components of the actomyosin contractility 

machinery (Schatten et al., 1986), are required for invagination.  Five cytoskeletal actin 

genes and a number of myosins have been identified in the sea urchin, many of which are 

either upregulated just prior to invagination or differentially expressed in the vegetal 

plate (Cox et al., 1986; Lee et al., 1986; Miller et al., 1996; Sirotkin et al., 2000).  An 

important remaining step is to understand the molecular apparatus that controls 

initiation and execution of this sequence of morphogenetic events.  

This study investigates the role of RhoA during sea urchin gastrulation.  Our 

results show that RhoA activity is important for initiating invagination of the 

archenteron, but RhoA does not regulate convergent extension movements during 

elongation of the archenteron tube. 

 

Methods 

Animals 

Adult Lytechinus variegatus were obtained from the Duke University Marine 

Laboratory, Susan Decker (Davie, FL) or Sea Life, Inc. (Tavernier, FL).  Gametes were 

collected following intracoelomic injection of 0.5M KCl.  Eggs were fertilized and raised 

in artificial sea water (ASW) at 23oC as described (Hardin et al., 1992). 
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Cloning of LvRhoA 

Degenerate primers were designed to the amino acids VIVGDGA 

(forward)/MKQEPVKP (reverse) and used in a PCR of cDNA prepared from 

midgastrula poly(A)+ mRNA. The amplified product was gel purified, cloned into 

pGEMT-Easy vector (Promega), and sequenced with T7 and SP6 primers (Duke 

Sequencing Core).  Clones were identified as LvRho PCR products by BLAST search.  

LvRho fragment was used to probe a L. variegatus cDNA library as described (Gross et 

al., 2003). After re-screens, clones were bidirectionally sequenced and confirmed by 

BLAST search to be LvRhoA. 

 

Generation of Rho Constructs 

Constitutively active (actRhoA) and dominant negative (dnRhoA) constructs 

were generated by designing PCR primers surrounding aa 14 (incorporating a G to V 

mutation for actRhoA) or aa 19 (incorporating a T to N mutation for dnRhoA) using the 

Transformer Site-Directed Mutagenesis Kit (Clontech).  PCS-2 constructs expressing 

wild-type LvRhoA, actRhoA and dnRhoA were produced by standard molecular 

biology techniques, and all clones were verified by sequence analysis. 

 

mRNA Preparation and Injection 

Full-length LvRhoA, dnRhoA or actRhoA were linearized with Not1; Brachyury-

Engrailed (Gross et al., 2003) was linearized with Cla1.  Each was used as template to 

transcribe in vitro 5’ capped mRNA using the SP6 (LvRhoA) or T3 (Bra-Eng) mMessage 

Machine Kit (Ambion).  Injections were carried out as described (Sherwood and McClay, 

1999).  For injections at the 2-cell and 4-cell stages, rhodamine-conjugated dextran was 

co-injected to label the injected cell. 
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Pharmacological Treatments 

Clostridium botulinum toxin, C3 transferase, was obtained from Cytoskeleton, 

resuspended in sterile water, and used at 10 µg/mL. The ROCK inhibitor, Y-27632, was 

obtained from Calbiochem, resuspended in DMSO, and used at 100 µM.  Treatment 

with DMSO vehicle had no effect (not shown).  

  

Immunolocalization and Image Analysis 

For whole mount staining, embryos were fixed in 3% paraformaldehyde, 

followed by  100% cold MeOH, then incubated and imaged using a Zeiss 410 laser-

scanning confocal microscope, all as described (Range et al., 2005), with the exception of 

mounting in 70% glycerol.  For chondroitin sulfate (CS) staining, embryos were fixed in 

10% formaldehyde with 0.05M Tris (pH 8.0) for 20 minutes, instead of 

paraformaldehyde, then incubated and imaged as before. 1:1000 dilutions of 

RhoA/B/C antibody (Upstate), 1:100 dilutions of Notch antibody (Sherwood and 

McClay, 1999), 1:100 dilutions of CS antibody (CS-56, Sigma) were used.  Secondary 

antibodies included Cy3-conjugated goat anti-rabbit for RhoA, Cy5-conjugated donkey 

anti-guinea pig for Notch, and Cy2-conjugated donkey anti-mouse IgM for CS (Jackson 

Immunoresearch Laboratories).  For Hoechst staining, embryos were incubated for 5 

minutes at 1:1000 (Hoechst 33342, Molecular Probes) then washed 3X and imaged as 

above. 

For actin/phalloidin staining, embryos were fixed in 3% paraformaldehyde with 

0.1M Hepes for 20 min, followed by 1 min. in PBS and 1 min. in cold EtOH.  Embryos 

were transferred through 50% EtOH/Block [PBS with 4% normal goat serum 

(GibcoBRL)] and 20% EtOH/80% Block, then washed 2X in PBS.  Embryos were 

blocked for 10 min., treated with hylauronidase [750 units/mL in PBS (Sigma)] for 10  
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min., 2X wash in PBS and 1 hour in block.  Embryos were treated overnight with 1:20 

phalloidin (Alexa Flour 488/Molecular Probes), then washed 3X in PBS and blocked for 

20 min.  Embryos were imaged as above. 

 

Embryo Manipulations 

Embryos to be manipulated were fertilized in ASW with 0.2 mM 

paraminobenzoic acid and injected either with dye-labeled constructs or control buffer.  

Animal-vegetal chimeras were produced by surgical separation of embryos 

perpendicular to the animal-vegetal axis at the 60-cell stage along the Veg1-An1 border 

(in Ca2+-free ASW), followed by recombination of a control half with the opposite 

dnRhoA-injected half. 

 

DiI Labeling 

Embryos were injected with actRhoA, then cultured to the hatched blastula 

stage.  5 mg/mL DiIC16 (Molecular Probes) in 100% EtOH was applied to a pulled glass 

needle (as per communication with Dr. Gregory Wray).  Embryos were immobilized 

between a protamine sulfate-coated glass slide and coverslip.  DiI–labeled needles were 

held against the embryo for 5-8 minutes until precocious invaginations were labeled, as 

checked by fluorescence. 

 

QPCR Analysis 

RNA from L. variegatus embryos was isolated with Trizol (Invitrogen), RT 

reactions were performed with Taqman Gold RT-PCR (Applied Biosystems), followed 

by DNase-free (Ambion).  Samples were prepared for use by the LightCycler (Roche) 

and QPCR was performed as described (Range et al., 2005). Primers used were ubiquitin 
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(Davidson et al., 2002b), and Endo 16, RhoA, Brachyury (designed using the 

LightCycler Probe Design software). Results were calculated by subtracting the sample 

CT from the control CT to determine the ∆CT, then normalized to ubiquitin.  

 

Results 

Cloning and sequence analysis of LvRhoA. 

A single  Lytechinus variegatus Rho isoform (LvRhoA) was isolated (GenBank 

accession no. DQ225184).  Sequence analysis revealed a predicted open reading frame 

for LvRhoA of 192-amino acids, and protein alignment with known homologues shows 

the Rho GTPase is highly conserved between species (Figure 3.1).  LvRhoA shares 94% 

identity with HpRho1, a sea urchin ortholog cloned from Hemicentrotrus pulcherrimus 

(Nishimura et al., 1998), as well as 83% identity with the human RhoA isoform.  

Phylogenic analysis supports LvRhoA homology to the RhoA isoform (not shown).   

 

LvRhoA regulates initiation of archenteron invagination.  

Microinjection of wildtype LvRhoA mRNA had no effect (not shown), as 

expected for a protein expressed ubiquitously and activated post-translationally. To 

determine the role of LvRhoA during sea urchin embryogenesis, constitutively active 

(G14V) and dominant negative (T19N) constructs were designed based on well-

established mutations (Figure 3.1B; Schmitz et al., 2000).  Constitutively active LvRhoA 

(actRhoA) is unable to hydrolyze GTP and is therefore locked in the active 

conformation, while dominant negative LvRhoA (dnRhoA) out-competes endogenous 

RhoA for binding to activating GEFs (Bishop and Hall, 2000; Feig, 1999).  mRNAs  
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Figure 3.1: LvRhoA Sequence and Alignment. (A) Nucleotide and Predicted Amino 

Acid Sequence.  (B) Protein Alignment by MultAlign of Lytechinus variegatus RhoA 

(LvRhoA), Hemicentrotus pulcherrimus Rho1 (HpRho1), Homo sapiens RhoA (HsRhoA), 

and Drosophila melanogaster Rho1 (DmRho1).  Functional motifs are labeled, such as the 

activating (green box) and dominant negative (red box) point mutations. 
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Figure 3.1: LvRhoA Sequence and Alignment 
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encoded by these constructs were microinjected, and embryos were assessed throughout 

development (Figure 3.2).  Embryos expressing dnRhoA (0.5–1.0 pg/pL) developed 

normally through mesenchyme blastula stage, but 73% of the embryos scored failed to 

initiate archenteron invagination at a time when controls had reached late gastrula stage 

(Figure 3.2F-J).  Conversely, embryos expressing actRhoA (0.05–0.08 pg/pL) developed 

normally until hatched blastula stage, at which time precocious invagination was 

observed in 29% of embryos (arrows in Figure 3.2K-M), about three hours prior to PMC 

ingression and five hours prior to initiation of invagination in control embryos.  Thus, 

manipulation of RhoA results in perturbation of the onset of invagination.  PMC 

ingression occurred at the normal time in both actRhoA- and dnRhoA-expressing 

embryos.  Thus only the timing of archenteron invagination was altered when RhoA was 

perturbed, indicating that LvRhoA specifically regulates initiation of invagination but 

has no effect on normal ingression movements. 

Precocious invaginations occurred as early as pre-hatched blastula stage (Figure 

3.2K) and at any time until the normal onset of invagination, although they were most 

frequently first seen at hatched blastula stage (Figure 3.2L). The precocious 

invaginations stalled after the initial invagination and only proceeded through 

archenteron extension later, concurrently with controls. By late gastrula stage, actRhoA-

injected embryos resembled controls (Figure 3.2O).  Injection of actRhoA at high levels 

(>0.1 pg/pL) gave rise to embryos in which the entire blastoderm was buckled, giving it 

a folded appearance (not shown).  But these “folded” embryos still developed a single 

precocious invagination internal to the “buckled” blastoderm and by 72 hours had 

recovered into normally patterned pluteus larvae (not shown).  

DnRhoA functions by competition for GEFs which can interact with multiple 

GTPases (Feig, 1999). To address the specificity of the dnRhoA phenotype, the effect of   
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Figure 3.2: LvRhoA Regulates the Onset of Invagination.  (A-E) Controls.  (F-J) 

Embryos Expressing Dominant Negative LvRhoA (T19N; dnRhoA).  (K-O) Embryos 

Expressing Constitutively Active LvRhoA (G14V; actRhoA).  Arrows denote 

precocious invaginations.  Number of precocious invaginations in actRhoA-injected 

embryos: n= 99/345 (28.69%).  Number of dnRhoA-injected embryos which failed to 

invaginate n= 173/236 (73.31%). 
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Figure 3.2: LvRhoA Regulates the Onset of Invagination 

 



  

 112 

the Clostridium botulinum toxin C3 transferase (C3) was tested.  C3 inhibits Rho activity 

specifically by ADP-ribosylation of Rho, leaving the GTPase biologically inactive 

without affecting nucleotide binding (Aktories et al., 2004; Sekine et al., 1989).  A dose-

response experiment showed that treatment of embryos with the optimal dose of C3 (10 

µg/mL) perturbed invagination, phenocopying dnRhoA (Figure 3.3A2).  Treatment with 

C3 completely blocked invagination without recovery as long as the drug was present.  

Removal of the drug reversed this effect.  These results show that RhoA is specifically 

required for invagination.  

The reversibility of C3 treatment allowed for assessment of the timing of LvRhoA 

activity requirement (Wilde and Aktories, 2001).  Embryos were treated with and 

washed from C3 at various time points throughout embryonic development (Figure 

3.3B).  The results show that a short one-hour treatment just prior to blastopore 

formation was sufficient to disrupt normal archenteron formation (Figure 3.3B2).  C3 

inhibited invagination movements when added prior to onset, but once invagination had 

begun, C3 was no longer inhibitory (Figure 3.3B1).  Wash out experiments show that 

invagination was not affected when C3 was added earlier in cleavage but washed out 

one hour prior to blastopore formation, further indicating that RhoA activity is 

necessary for gastrulation at the time that invagination begins (Figure 3.3B2).  At a 

minimum, these experiments suggest that LvRhoA activity is necessary proximal to early 

invagination movements. 

The downstream RhoA effector Rho-Kinase (ROCK) has been implicated in 

RhoA signaling during gastrulation movements in vertebrate embryos (Kim and Han, 

2005; Lai et al., 2005), and therefore the possibility that ROCK participates in sea 

urchin gastrulation was examined.  ROCK activity was inhibited using the well 

established compound Y-27632 (Davies et al., 2000; Riento and Ridley, 2003).   
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Figure 3.3: LvRhoA Activity is Required Just Prior to Invagination.                            

(A) Pharmacological Inhibition phenocopies dnRhoA.  (A1) Late gastrula-stage control.  

(A2) Embryo treated with C3-transferase [10 µg/mL], an inhibitor of Rho activity.  (A3) 

Embryo treated with Y-27632 [100 µM], an inhibitor of the downstream Rho-effector, 

Rho Kinase (ROCK).  (B) Window of Sensitivity to C3 Treatment.  Embryos were 

treated for the times indicated (filled bars) then assessed for invagination at late 

gastrula stage.  Partial gut refers to archenterons less than 2/3 of normal length by late 

gastrula stage.  (B1) Timecourse.  (B2) Wash out. 
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Treatment with Y-27632 at the optimal dose (100 µM) delayed invagination, although 

embryos recovered by pluteus larvae stage (Figure 3.3A3).  These data provide at least 

some support for the hypothesis that LvRhoA signals through ROCK to regulate 

invagination of the archenteron, and they further corroborate the observation that 

LvRhoA is necessary early in this process.  

 

LvRhoA is required in the vegetal hemisphere to regulate invagination during 

gastrulation. 

The next group of experiments examined the localization and fate of the 

precocious invaginations induced by actRhoA expression.  Only a single precocious 

invagination was observed in actRhoA-expressing embryos.  To assess the spatial 

requirements for RhoA to initiate invagination, actRhoA was expressed only in either 

one half or one quarter of the embryo (Figure 3.4).  When actRhoA was injected in one 

blastomere at the 2-cell (Figure 3.4B) or the 4-cell stage (Figure 3.4D), precocious 

invaginations were observed, but only in sectors of the embryo that expressed actRhoA, 

as shown by the co-injected florescent marker (Figure 3.4B,D). These data indicate that 

RhoA functions in an autonomous manner, suggesting that precocious invaginations 

require actRhoA directly, rather than being downstream of a RhoA-activated non-

autonomous signal.  

To further define the territory of RhoA function, chimeric embryos were produced 

at the 60-cell stage by combining animal and vegetal halves from control (green) and 

dnRhoA-injected (red) embryos (Figure 3.5).  When dnRhoA was expressed only in the 

animal half, invagination of the chimeras was similar to surgical controls (Figure 3.5B,C).  

However, embryos expressing dnRhoA only in the vegetal half of the embryo failed to 

invaginate (Figure 3.5D).  These data suggest that LvRhoA activity regulates  
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Figure 3.4: LvRhoA Cell-Autonomously Initiates Precocious Invagination.  Partial 

embryo microinjections (as indicated in fluorescence panels).  Embryos injected in a 

single blastomere at the (A-B) 2-cell or (C-D) 4-cell stage.  (A,C) Control embryos.   

(B,D) actRhoA-injected embryos.  Arrows denote precocious invaginations. 
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Figure 3.4: LvRhoA Cell-Autonomously Initiates Precocious Invagination 
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Figure 3.5: LvRhoA is Required in the Endomesoderm.  Animal-vegetal chimeras.    

(A) Diagram of experimental design.  (B-D) Chimeric embryos at gastrula stage; control 

injection in green, dnRhoA injection in red.  (B) Surgery control with two control halves 

recombined.  (C) dnRhoA expressed only in the animal half; n= 6/6.  (D) dnRhoA 

expressed only in the vegetal half; n= 5/5. 
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Figure 3.5: LvRhoA is Required in the Endomesoderm 
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invagination of endomesodermal cells, and thus only the tissue that normally 

invaginates.  These data further support the hypothesis that LvRhoA activity is 

necessary for localized activation of endomesoderm invagination.  

Because RhoA is known to participate in cytokinesis (Glotzer, 2005), the 

actRhoA-induced precocious invaginations could include an increased number of cell 

divisions.  To assess the effects of RhoA on cell cycle, hatched blastula stage embryos 

were treated with Hoechst nucleic acid stain and nuclei counts were performed on whole 

embryos (Figure 3.6A).  Nuclei were counted in individual z-sections across an entire 

embryo and the numbers compiled to generate counts for a whole embryo.  The results 

demonstrate that actRhoA-injected embryos with precocious invaginations contain 

comparable numbers of cells to control embryos.  These data rule out additional cell 

divisions as having a mechanistic role in early invaginations.  

The site of the precocious invagination was important to determine. Was it a 

temporary ectopic invagination, or the early appearance of the true embryonic 

archenteron?  To assess the fate of actRhoA-induced precocious invaginations, the early 

invaginations were labeled with the lineage tracer DiI at hatched blastula stage, then the 

same embryos were examined at late gastrula stage (Figure 3.6B).  In every case, the 

precocious invagination persisted to become the embryonic archenteron.  Because 

actRhoA was expressed across the entire embryo, yet the invagination occurred at a 

single endogenous site, this strongly suggests that that RhoA is not involved in site 

selection for archenteron formation, but rather with the timing for onset of invagination 

at that predefined site. 
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Figure 3.6: LvRhoA Induces a Precocious Invagination Which Becomes the 

Functional Archenteron. (A) Hoechst Staining of Nuclei as shown by fluorescence 

imagining.  Hatched blastula stage control (A1-2) and actRhoA-injected, precocious 

invagination expressing (A3-4) embryos.  Whole embryo confocal views (A1, A3);       

single cross sections (A2, A4).  (A5) Graph of whole embryo nuclei counts showing that 

actRhoA does not affect the number of cell divisions as compared to control embryos; 

controls   n= 8, actRhoA n= 9.  (B) DiI Fate Labeling of Precocious Invagination.  (B1-

2) Control embryo.  (B3-4) A single actRhoA-injected embryo is labeled with two spots 

of DiI at either side of the precocious invagination at blastula stage (B3), and later that 

same embryo is observed at late gastrula stage (B4).  DiI is shown by fluorescence 

imagining.  Number showing precocious invagination becomes the actual archenteron, 

9/9. 
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Figure 3.6: LvRhoA Induces a Precocious Invagination of the Archenteron 
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LvRhoA regulates the cytoskeletal and ECM changes associated with invagination.  

RhoA expression was assessed next, to determine whether endogenous LvRhoA 

expression is spatially and temporally compatible with a role in initiating invagination.  

Rho is ubiquitously expressed throughout embryonic development in other organisms 

(Wennerberg and Der, 2004), and quantitative PCR analysis confirms that LvRhoA is 

expressed both maternally and zygotically throughout sea urchin development (not 

shown).  Although Rho protein is present in every cell, it localizes to the plasma 

membrane when GTP-bound, while most GDP-bound Rho is cytoplasmic (Adamson et 

al., 1992b; Fleming et al., 1996; Kranenburg et al., 1997). Thus immunofluorescence 

staining was used to assess the subcellular distribution of LvRhoA protein as an 

indicator of activity (Figure 3.7A).  RhoA was stained using an antibody directed 

against a peptide region of human Rho that is identical to L. variegatus RhoA, except for 

a S to N substitution at amino acid 88.  Significant levels of LvRhoA-specific staining 

were found at the apical membrane throughout early development, particularly in actin-

rich areas such as adherens junctions (arrows in Figure 3.7A1).  

During early cleavage LvRhoA protein expression was ubiquitous, localizing to 

cleavage furrows during mitosis (not shown) as was observed with H. pulcherrimus Rho1 

(Nishimura et al., 1998).  At hatched blastula stage, LvRhoA was still ubiquitous and 

mostly localized to the apical membrane (Figure 3.7A2).  During gastrula stages, apical 

LvRhoA was eliminated from the elongating gut as those cells progressed internally past 

the site of the blastopore (Figure 3.7A3-4).  Detailed examination of the blastopore 

region revealed that membrane-localized LvRhoA was heavily concentrated at the apical 

surface of the blastopore but absent just inside that opening (Figure 3.7A5).  Along with 

previous data, this implies that LvRhoA signaling is crucial at the site of invagination,    
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Figure 3.7: LvRhoA Regulates Gastrulation-Associated Molecular Rearrangements.  

(A) Antibody Staining of Endogenous LvRhoA. (A1) LvRhoA is concentrated at the 

apical membrane, particularly in actin-rich areas such as adherens junctions (arrows).  

Whole embryo staining at blastula (A2), midgastrula (A3), and late gastrula stages (A4).  

(A4) is co-stained for Notch (in green), which at late gastrula is localized to the apical 

membrane of archenteron cells. (A5) View of the blastopore.  (B) Actin Staining as 

Measured by Phalloidin Binding.  Arrowheads indicate actin accumulation in 

phenotypic gastrula stage control (B1) and precocious blastula stage (B2)  invaginations 

that are lacking in blastula stage controls (B3).  (C) Chondroitin Sulfate Antibody 

Staining (CSPG).  CSPG accumulation in gastrula stage control (C1) and actRhoA-

injected precocious blastula stage (C2) invaginations not seen in  blastula stage controls 

(C3).  
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Figure 3.7: LvRhoA Regulates Gastrulation-Associated Molecular Rearrangements 
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then is inactivated as soon as the endomesodermal cells have moved to the interior of 

the embryo.  

Dense accumulations of filamentous actin have previously been reported to form 

at the apical surface of the blastopore lip of urchin embryos (Kimberly and Hardin, 

1998; Nakajima and Burke, 1996).  Actin also accumulated precociously at the 

blastopore in blastula stage actRhoA-injected embryos, as seen by phalloidin labeling 

(Figure 3.7B2).  Control blastula stage embryos lacked any such accumulation (Figure 

3.7B3).  The actin accumulations associated with actRhoA-induced precocious 

invaginations resembled those seen in much later gastrula stage control invaginations 

(Figure 3.7B1), suggesting that RhoA regulates the actin rearrangements associated with 

the initiation of invagination in the sea urchin, in keeping with Rho’s well-known 

function as a cytoskeletal regulator.  

Previous studies have also shown that initiation of invagination is accompanied 

by the secretion of apical extracellular matrix containing chondroitin sulfate (Lane et al., 

1993).  To determine if actRhoA-induced invaginations also displayed precocious 

deposition of chondroitin sulfate (CS) at the site of the blastopore, actRhoA-injected 

embryos were stained with an antibody recognizing CS proteoglycans (Figure 3.7C).  

Control gastrula-stage embryos displayed concentrated staining of CS at the blastopore 

(Figure 3.7C1), as previously described.  ActRhoA-induced blastula stage invaginations 

also displayed such concentrated staining (Figure 3.7C2), which was lacking in blastula 

stage controls (Figure 3.7C3).  These data indicate that LvRhoA induces the secretion of 

apical extracellular matrix associated with invagination.  Together, these data suggest 

that LvRhoA induces the known cytoskeletal and extracellular rearrangements that 

accompany invagination of the archenteron. 
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LvRhoA is not involved in convergent extension during gastrulation. 

Previous studies have indicated that RhoA is required for the regulation of 

convergent extension (CE) events during gastrulation in other species (Marlow et al., 

2002; Tahinci and Symes, 2003).  Sea urchin embryos also utilize CE movements during 

elongation of the archenteron, to extend the nascent gut across the blastocoel.  These CE 

movements elongate the gut tube by rearranging the invaginated cells within the plane of 

the epithelium in such a way that cells move laterally and insert themselves in between 

two other cells, thereby extending the length of the tube and at the same time narrowing 

its diameter (Ettensohn, 1985; Hardin, 1989; Hardin and Cheng, 1986).  

To determine whether LvRhoA is necessary for convergent extension in the sea 

urchin, DiI labeling experiments were performed in which labeled precocious 

invaginations were tracked throughout gastrulation (Figure 3.8).  Convergent extension 

events involving intercalation of cells can be visualized by the insertion of non-labeled 

cells between patches of labeled cells (Hardin, 1989).   Although intercalation was 

observed in actRhoA-expressing embryos (Figure 3.8I), it did not occur precociously 

(Figure 3.8F-H).  Instead, after the early invagination occurred, elongation of the gut tube 

was halted.  CE-associated intercalations only appeared later, concurrently with 

controls.  Thus actRhoA did not induce precocious convergent extension, despite the 

early formation of the blastopore.  This is consistent with data above indicating that 

RhoA is not active in cells post-invagination, as suggested by the loss of apical RhoA 

staining from invaginated tissue.  This is also consistent with the above C3 results, 

which suggest there is no further requirement for RhoA function after blastopore 

formation and initial invagination.  Thus, unlike vertebrate RhoA, LvRhoA does not 

appear to regulate later CE movements but instead regulates initiation of invagination 

during sea urchin gastrulation.  
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Figure 3.8: LvRhoA Regulates Invagination not Convergent Extension.  DiI fate 

labeling of precocious invagination.  (A) Diagram of DiI labeling experiment.  (B-E) 

Control embryos. (F-I) A single actRhoA-injected embryo tracked throughout 

gastrulation movements.  DiI is shown by fluorescence imagining. 
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Figure 3.8: LvRhoA Regulates Invagination not Convergent Extension 
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LvRhoA rescues invagination in Brachyury-inhibited embryos. 

Signaling by the endodermal T-box transcriptional activator Brachyury (Bra) is 

required for archenteron formation in the sea urchin (Croce et al., 2001; Gross and 

McClay, 2001).  Bra is first expressed just prior to hatching in a vegetal ring, and its 

expression is dynamic so that a ring of Bra is maintained surrounding the future site of 

the blastopore (Croce et al., 2001; Gross and McClay, 2001).   Inhibition of Bra, through 

the use of a Brachyury-Engrailed (Bra-Eng) construct that changes Bra into a 

transcriptional repressor, results in embryos which fail to invaginate (Gross and McClay, 

2001).  As the dnRhoA-injected and C3-treated phenotypes were very reminiscent of the 

Bra-Eng phenotype, the relationship between LvRhoA and LvBra was assessed.  

Co-injections of actRhoA and Bra-Eng mRNA were performed to determine 

whether LvRhoA was capable of rescuing invagination in Bra-inhibited embryos (Figure 

3.9).  At late gastrula stage, both control and actRhoA-injected embryos had fully 

invaginated (Figure 3.9A-B), while Bra-Eng embryos lacked an archenteron (Figure 3.9C).  

Co-injection of actRhoA rescued the invagination movements inhibited by Bra-Eng 

(Figure 3.9D).  Furthermore, quantitative PCR (QPCR) analysis of the endodermal 

marker Endo16 showed that while Endo16 levels were decreased in Bra-Eng-injected 

embryos, co-injection with actRhoA was sufficient to rescue Endo16 to control levels 

(Figure 3.9E).  These data reveal that actRhoA can rescue archenteron invagination and 

subsequent endoderm differentiation in the absence of Bra transcriptional regulation.   

QPCR analysis of Bra expression in actRhoA-expressing, dnRhoA-expressing 

and C3-treated embryos revealed that perturbation of RhoA had no effect on Bra 

transcript levels (not shown).  This suggests that RhoA functions downstream of Bra 

activity.  Conversely, RhoA transcript levels are not altered in Bra-Eng–injected embryos 

(not shown).  This result is not surprising as RhoA activity is primarily regulated not at 
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Figure 3.9: LvRhoA Rescues Invagination in Brachyury-Inhibited Embryos.             

(A-D) mRNA Microinjections of ActRhoA and Brachyury-Engrailed (scored at late 

gastrula stage).  Embryos which invaginated: (A) Control, 94.38% (n= 168/178); (B) 

actRhoA-injected, 92.20% (n= 71/77); (C) Bra-Eng-injected, 24.84% (n= 39/157); (D) 

actRhoA/Bra-Eng co-injected, 78.66% (n= 59/75).  (E) QPCR Analysis of Endo16 

Expression in actRhoA and Brachyury-Engrailed embryos at late gastrula stage.  All 

experiments normalized to ubiquitin and compared to controls. 
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Figure 3.9: LvRhoA Rescues Invagination in Brachyury-Inhibited Embryos 
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the transcript level but instead it is the protein’s GTPase activity that is regulated.  

Together these data are consistent with RhoA being at least functionally downstream of 

Bra transcriptional regulation to trigger archenteron invagination in the sea urchin. 

 

Discussion 

Gastrulation is a complex, multi-stage process requiring the coordination of both 

gene expression and cytoskeletal rearrangements in order to execute the patterned 

movement and rearrangement of endomesodermal cells to form a digestive tube.  In this 

study, the role of the small GTPase RhoA during sea urchin gastrulation was examined.  

The results indicate that LvRhoA activity is required for initiation of archenteron 

invagination in sea urchin embryos.  Inhibition of RhoA, by either expression of 

dominant negative RhoA or treatment with the Rho-specific inhibitor C3 transferase, 

resulted in a failure to initiate archenteron invagination.  Conversely, expression of 

constituently activated LvRhoA initiated single, precocious invaginations, on average 5 

hours prior to the normal onset of invagination.  Antibody staining showed that RhoA is 

localized to the apical membrane, particularly at the blastopore, and thus in the correct 

location to drive invagination movements, while chimeric expression of dominant 

negative RhoA demonstrated that RhoA activity is required only in the endomesoderm 

to regulate invagination.  C3 treatments also revealed that the minimum temporal 

requirement for RhoA activity is just prior to blastopore formation.  Thus the results are 

spatially and temporally consistent with RhoA functioning as a trigger that initiates 

invagination in sea urchin embryos.  

Previous investigations of Rho function in the sea urchin were confined to the 

initial events in cleavage (Castellano et al., 1997; Covian-Nares et al., 2004; Manzo et 
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al., 2003; Nishimura et al., 1998).  These studies found that sea urchin embryos treated 

with C3 prior to fertilization fail to complete the first cleavage (Manzo et al., 2003).  

This is consistent with findings that LvRhoA localizes to the cleavage furrow during 

mitosis (Nishimura et al., 1998), reinforcing a role for RhoA in cytokinesis.  However, 

such cleavage defects were not observed in this study.  In the present study the earliest 

C3 was added was following fertilization envelope formation, although C3 was also 

effective when added one hour prior to blastopore formation.  Given the lower 

membrane-permeability of C3 (Aktories et al., 2004), post-envelope delivery may have 

delayed the onset of effectiveness for the inhibitor and thereby masked a requirement for 

RhoA during the first cleavage.  This argument would also apply to the injection of 

mRNA encoding dominant negative RhoA, in the sense that protein concentrations 

necessary for alteration of function accumulate after some delay.  The ubiquitous 

endogenous expression of LvRhoA, combined with the myriad known roles for RhoA in 

such diverse processes as dendritic outgrowth, cell polarity and cell cycle progression 

(Etienne-Manneville and Hall, 2002; Mlodzik, 2002), makes it highly unlikely that 

LvRhoA serves only a single function during embryonic development.  The identification 

of sea urchin RhoA effectors will provide the tools necessary to discriminate potential 

additional and/or redundant functions for RhoA, both during early cleavage as well as 

later during morphogenesis by providing unambiguous measures of RhoA signaling.  

Activated RhoA caused precocious invagination beginning at hatched blastula 

stage (approximately 7.5 hours post-fertilization), and thus is the earliest known 

invagination initiator.  RhoA-induced early invaginations were accompanied by actin 

accumulation, as well as apical secretion of extracellular matrix at the blastopore, 

molecular changes previously shown to be associated with normal blastopore formation 

(Kimberly and Hardin, 1998; Lane et al., 1993; Nakajima and Burke, 1996).  This points 
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toward a role for LvRhoA in directing the entire cassette of changes associated with the 

onset of invagination.  Precocious invaginations have also been observed after treatment 

with the calcium ionophore A23187, which functions by a mechanism proposed to 

involve the secretion of extracellular matrix (Lane et al., 1993).  However, A23187-

treated embryos only invaginated at late mesenchyme blastula stage, after PMC 

ingression had occurred, while invaginations induced by activated RhoA occur several 

hours prior to PMC ingression.  Moreover, the data herein show that LvRhoA is 

upstream of the extracellular matrix secretion as reported by Lane et al.  These 

observations are consistent with RhoA activation serving as the initiating trigger that 

induces primary invagination. 

Activated RhoA, when expressed experimentally, was expressed throughout the 

embryo; however, only a single precocious invagination was ever observed in each 

embryo.  DiI labeling experiments demonstrated that this early invagination persisted to 

become the embryonic archenteron.  Thus the precocious invaginations caused by 

activated RhoA are in fact the early appearance of the true archenteron.  This implies 

that LvRhoA does not function in selecting the site for blastopore formation, as ectopic 

expression of activated RhoA never resulted in multiple invaginations.  Prior 

specification of the endomesoderm therefore appears to be a prerequisite for LvRhoA 

function at the blastopore.  Activated LvRhoA was not able to induce invagination 

earlier than one-half hour prior to hatching, suggesting that prior to this time the vegetal 

plate is not competent to respond to RhoA.  Perturbation experiments support this 

hypothesis, since many early molecular events are required for blastopore formation.  

For example, if any of a number of endomesodermal specification genes are inhibited, 

invagination fails or is greatly delayed (Davidson et al., 2002a; Davidson et al., 2002b).   

A temporal view of the endodermal gene regulatory network (GRN) supports the 
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contention that endodermal specification is incomplete at hatched blastula stage 

(Davidson et al., 2002b), but for the purposes of invagination is complete enough to 

support initiation of invagination if supplied with activated RhoA.  Further implied is 

that while specification is a prerequisite for competence to respond to RhoA, the actual 

trigger that normally activates RhoA occurs only after a considerable delay.  Frizzled5/8 

signaling may be responsible for this delay since recent experiments suggest this planar 

cell polarity pathway functions to control invagination (Croce et al., 2006a).  The 

identification of modulators of RhoA activity in sea urchin will provide insight into the 

mechanism underlying RhoA activation and its connection to prior specification events. 

Determining the exact placement of RhoA activity within the context of the entire 

endomesodermal GRN is beyond the scope of this investigation, as the network outlines 

more than 20 genes required for endoderm specification alone (Davidson et al., 2002a; 

Davidson et al., 2002b).  However, the data herein show that RhoA can rescue 

invagination when signaling by the endodermal transcriptional activator Brachyury (Bra) 

is lost.  Thus it appears that RhoA is, in effect, downstream of Bra.  However, while our 

data satisfies the definition of a rescue, much remains to be learned.  Since Bra is first 

expressed at hatching and in a ring that demarks the future site of the blastopore (Croce 

et al., 2001; Gross and McClay, 2001), it is in the right place and time to function 

upstream of RhoA.  It is also intriguing to note that a target screen identified Kakapo (a 

cytoskeletal linker) and Gelsolin (an actin capping protein) as direct targets of Bra 

signaling (Rast et al., 2002), indicating the possibility that Bra is upstream of 

cytoskeletal remodeling.  However, since Bra does not regulate the level of expression of 

RhoA mRNA, but is upstream of RhoA activity, this connection must be indirect. 

Nonetheless, these data point to the importance of RhoA in regulating invagination, 

suggesting that RhoA must play a central role in the onset of cell movements if it is 
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capable of rescuing invagination in the absence of an important transcriptional activator 

upstream of those events.   

RhoA regulation of gastrulation movements is limited to early invagination events 

in sea urchin embryos.  Neither positive nor negative perturbation of RhoA had any 

effect on skeletogenic mesenchyme ingression (the initial gastrulation-associated cell 

movement to occur in sea urchin embryos).  DiI labeling results show that activated 

RhoA did not induce precocious convergent extension events in the sea urchin.  The 

RhoA inhibitor C3 failed to inhibit convergent extension events, and antibody staining 

indicated that RhoA is not localized at the apical membrane at the time of convergent 

extension movements.  Thus, LvRhoA does not appear to regulate convergent extension 

events during sea urchin gastrulation.  The data demonstrate that invagination and 

convergent extension are separable events, and that invagination does not automatically 

trigger subsequent convergent extension, which therefore must rely on independent 

signals.  Currently there are no known molecular triggers for convergent extension in the 

sea urchin, although likely candidates, such as the GTPase Rac which participates with 

RhoA in vertebrate convergent extension (Bakkers et al., 2004; Habas et al., 2003; 

Tahinci and Symes, 2003), have not yet been studied.  

This finding is in contrast to vertebrate embryos, in which non-canonical Wnt 

signaling has been implicated specifically in controlling convergent extension events 

during gastrulation through RhoA-mediated control of actomyosin contractility 

(Heisenberg et al., 2000; Tada et al., 2002; Tada and Smith, 2000; Wallingford et al., 

2002; Wallingford et al., 2000).  However, the results herein are consistent with 

observations in Drosophila, where RhoA has also been identified as a regulator of 

invagination.  Both the expression of dominant negative DRho1 and the inhibition of the 

Rho-activating DRhoGEF2 result in a failure to invaginate the ventral furrow and 
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posterior midgut, although germ band elongation was initiated (Hacker and Perrimon, 

1998), indicating a similar separation of invagination and convergent extension 

movements.  This suggests that control of invagination might be an ancient function for 

Rho that has been adapted more recently to the control of convergent extension.  

Vertebrate convergent extension movements rely on the Wnt-mediated planar cell 

polarity (PCP) pathway which signals through RhoA (Mlodzik, 2002; Wallingford, 

2005; Zhu et al., 2006b).  The non-canonical PCP pathway is activated by Wnt signals 

that bind to Frizzled receptors, which in turn activate RhoA through Frizzled-associated 

Disheveled proteins.  The PCP pathway also appears to be responsible for the RhoA 

activity described herein.  First, the Rho effector ROCK, a vital component of the PCP 

pathway, is required for archenteron invagination in sea urchin embryos, as 

demonstrated in this investigation.  Further, a Frizzled receptor, Fz5/8, which signals 

through the PCP pathway, is necessary for initiation of sea urchin invagination, and 

appears to mediate this function through activation of RhoA (Croce et al., 2006a).  

Thus, the PCP pathway appears to function generally in the morphogenetic changes 

associated with gastrulation, whether in vertebrate or sea urchin embryos.  Interestingly, 

vegetal Fz5/8 is first expressed at mesenchyme blastula stage, possibly explaining the 

normal delay in RhoA activation, despite the earlier competence of the vegetal plate to 

respond to RhoA and undergo invagination movements.   

Since the first cells to invaginate are secondary mesenchyme cells (SMCs) 

(McClay et al., 2004a), it seems reasonable to hypothesize that RhoA is activated in 

these cells to initiate invagination.  Mosaic analyses are consistent with this proposition, 

since RhoA activity is required only in the vegetal hemisphere to regulate invagination. 

And although LvRhoA expression at the blastopore is maintained throughout 

gastrulation, treatment with C3 demonstrates that once invagination is initiated, RhoA 
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activity is no longer required for gastrulation to proceed.  Further, expression of vegetal 

Fz5/8 (which apparently signals through LvRhoA to regulate invagination) is limited to 

SMCs (Croce et al., 2006a).  Since LvRhoA is apically localized throughout the embryo 

prior to invagination, this also strongly argues for the necessity of local activation of 

LvRhoA in a restricted cell lineage predetermined to undergo blastopore formation.  

Wnt8, a Frizzled ligand, is also a positive regulator of sea urchin invagination 

(Wikramanayake et al., 2004).  Wnt8 is normally expressed in vegetal cells and, when 

overexpressed, produces embryos with multiple, ectopic invaginations, even in isolated 

animal halves (Wikramanayake et al., 2004).  Wnt8 is probably not the PCP pathway 

ligand, since has been shown to function much earlier in development during 

endomesoderm specification rather than later during the onset of gastrulation. Thus, an 

important remaining question concerns the mechanism of RhoA activation at the 

blastopore.  Understanding this mechanism will provide a molecular link connecting 

endomesodermal specification to the onset of morphogenesis.  
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Introduction 

The earliest known signaling events that initiate endomesodermal specification in 

the sea urchin are relatively incomplete when compared to the wealth of information 

that exists detailing the specification process itself, as outlined in the ever evolving 

Endomesodermal Gene Regulatory Network (GRN; Davidson et al., 2002b). The most 

seminal event known to drive the entire endomesodermal GRN is the accumulation of β-

Catenin into vegetal nuclei.  If β-Catenin is forced into all nuclei by overexpression, the 

resulting embryos are almost completely vegetalized (Wikramanayake et al., 1998).  

Conversely, sea urchin embryos in which the nuclear localization of β-Catenin is 

inhibited fail to specify all endodermal and mesodermal structures, resulting in a hollow 

ball of epithelium  (Logan et al., 1999; Wikramanayake et al., 1998).  Since β-Catenin 

nuclear accumulation begins with the fourth and unequal cleavage that gives rise to the 

micromeres (Logan et al., 1999), β-Catenin signaling is among the very first specification 

events. 

Prior to fourth cleavage, SoxB1, a Sry-related HMG-box transcription factor 

important to ectodermal fates, is expressed in all sea urchin nuclei.   But as β-Catenin 

enters the nuclei of the micromeres, SoxB1 begins to be to cleared from those same nuclei 

(Kenny et al., 1999).  The progression of SoxB1 clearance from vegetal cells mimics that of 

β-Catenin nuclear entry as it sweeps toward the animal half, although β-Catenin 

accumulation precedes SoxB1 removal slightly (Angerer et al., 2005; Logan et al., 1999). 

This delay is consistent with data showing that the vegetal clearance of SoxB1 is 

somehow dependent on nuclear β-Catenin signaling, as embryos in which the nuclear 

localization of β-Catenin is inhibited fail to undergo SoxB1 clearance (Angerer et al., 

2005).  The clearance of SoxB1 is extremely important, since SoxB1 is a well-known 
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antagonist of nuclear β-Catenin signaling.  SOX proteins can compete with TCF/LEF for 

binding to β-Catenin Arm repeats preventing β-Catenin signaling, as seen with the group 

F protein, XSox17 (Zorn et al., 1999), or they can directly repress the expression of genes 

that are activated by β-Catenin signaling, as does the group B1 gene, XSox3 (Zhang et 

al., 2003). 

In the sea urchin, if SoxB1 is overexpressed and thus forced into all nuclei, the 

resulting embryos resemble nuclear β-Catenin inhibited embryos, having no mesodermal 

or endodermal structures whatsoever (Kenny et al., 2003).  Therefore, it is apparent  

that the clearance of SoxB1 from vegetal nuclei is as important to endomesodermal 

specification as is the nuclear entry of β-Catenin.  Despite this, the mechanisms behind 

SoxB1 clearance are not known.  SoxB1 clearance from micromeres (the skeletogenic 

mesoderm) is thought to be regulated in a cell autonomous manner (Angerer et al., 2005).  

On the other hand, in the macromere (endomesodermal) lineage it has been 

demonstrated that clearance of SoxB1 is dependent on a cell-to-cell signaling event.  

Referred to as the Early Signal (ES), this signal has been demonstrated experimentally 

(Oliveri et al., 2003; Ransick and Davidson, 1995), but it has not yet been identified at 

the molecular level.  The ES originates from the micromeres and signals to the overlying 

macromeres between fourth and sixth cleavages (Ransick and Davidson, 1995).  

Experimentally, when the ES is inhibited by removal of the micromeres, the result is the 

failure of SoxB1 to clear from endomesodermal nuclei (Oliveri et al., 2003). 

While  investigating the role of the small GTPase RhoA during gastrulation 

(Beane et al., 2006), a chance observation was made indicating that manipulation of 

RhoA causes predictable changes in SoxB1 expression.  Based on that observation, we 

uncovered a role for RhoA in early endomesodermal specification.  This manuscript 



  

 143 

reports a novel function for RhoA, downstream of the ES, in controlling specification 

through its regulation of SoxB1 clearance from endomesodermal nuclei. 

 

Methods 

Animals 

Adult Lytechinus variegatus were obtained from the Duke University Marine 

Laboratory, Susan Decker (Davie, FL) or Sea Life, Inc. (Tavernier, FL).  Gametes were 

collected following intracoelomic injection of 0.5M KCl.  Eggs were fertilized and raised 

in artificial sea water (ASW) at 23oC as described (Hardin et al., 1992). 

 

mRNA Preparation and Injection 

Plasmids containing cDNAs were linearized and reverse transcribed in vitro into  

5’ capped mRNAs using the mMessage Machine Kit (Ambion) according to 

manufacturer suggestions.  Injections were carried out as described (Gan et al., 1990).  L. 

variegatus constitutively activated RhoA (actRhoA) and dominant negative RhoA 

(dnRhoA) were generated as described (Beane et al., 2006).  S. purpuratus full length 

Wnt8 (Wikramanayake et al., 2004) and dominant negative (dnWnt8) were generated as 

described and were a gift from Athula Wikramanayake.   A truncated version of L. 

variegatus G-Cadherin (ΔCadherin), corresponding to the transmembrane and 

intracellular regions, was generated as described (Logan et al., 1999).  Injection 

concentrations: actRhoA= 0.08-0.1 pg/pL; dnRhoA= 0.8-1.0 pg/pL; Wnt8= 0.2-0.4 

pg/pL; dnWnt8= 0.6-0.8 pg/pL; ΔCadherin= 0.08 pg/pL (plus 0.2 pg/pL actRhoA).   

 

Immunolocalization and Image Analysis 
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For whole mount staining, embryos were fixed in 4% paraformaldehyde for 10 

minutes, followed by  100% cold MeOH for 1 minute, then incubated and imaged using a 

Zeiss 410 laser-scanning confocal microscope, all as described (Range et al., 2005), with 

the exception of mounting in 70% glycerol.  SoxB1 antibody (Kenny et al., 1999), used at 

a dilution of 1:200, was a gift from Lynne and Robert Angerer.  Secondary antibodies 

were either Cy3- or Cy2-conjugated goat anti-rabbit (Jackson Immunoresearch 

Laboratories).   

 

Embryo Manipulations 

Embryos to be manipulated were fertilized in ASW with 0.2 mM 

paraminobenzoic acid and injected either with dye-labeled constructs or control buffer.  

Micromere-less embryos were produced by surgical separation of micromeres from 

embryos at the 16- or 32-cell stage in Ca2+-free ASW as described (Gross and McClay, 

2001).  Embryos were then raised as described above. 

 

In Situ Hybridization and Image Analysis 

Whole-mount in situ hybridization was carried out as reported (Croce et al., 

2003), except that embryos were developed in BM Purple (Roche).  The GataE probe 

corresponds to a 1.2 Kb fragment of LvGataE courtesy of Shu-Yu (Simon) Wu.  The 

Endo16 probe corresponds to the full-length cDNA, and was kindly provided by Jeni 

Croce.  Probes were used at a final concentration of 1 ng/mL.   

 

QPCR Analysis 

RNA from L. variegatus embryos was isolated with Trizol (Invitrogen), RT 

reactions were performed with Taqman Gold RT-PCR (Applied Biosystems), followed 



  

 145 

by DNase-free (Ambion).  Samples were prepared for use by the LightCycler (Roche) 

and QPCR was performed as described (Range et al., 2005). Primers used were ubiquitin 

(Davidson et al., 2002b), Endo 16 and GataE (designed using the LightCycler Probe 

Design software).  Results were calculated by subtracting the sample CT from the control 

CT to determine the ∆CT, then normalizing to ubiquitin.  

 

Results 

LvRhoA regulates clearance of SoxB1 from endomesodermal nuclei. 

 During our investigations into the role of RhoA in regulating sea urchin 

invagination movements (Beane et al., 2006), we made an unexpected observation that 

seemed to involve RhoA during endomesodermal specification.  Specifically, we 

observed that RhoA appears to act as a molecular regulator of SoxB1 clearance in 

endomesodermal cells.  Normally, by late mesenchyme blastula stage, 

immunofluorescence with an antibody to SoxB1 reveals that the nuclei of both the 

vegetal plate and the ingressed PMCs clear or eliminate SoxB1 (Figure 4.1A).  While 

endogenous vegetal plate clearance of nuclear SoxB1 in control embryos averaged 8.2 

cells, embryos injected with activated RhoA (actRhoA) displayed increased 

endomesodermal clearance, with on average 12.8 cells width of clearance (Figure 4.1B).  

Conversely, injection with a dominant negative form of RhoA (dnRhoA) inhibited 

endomesodermal SoxB1 clearance, with most embryos failing to eliminate any SoxB1 

protein from their vegetal plate nuclei (Figure 4.1C).  Since about 22% of the embryos 

failed to show clearance inhibition altogether (reflecting the penetrance of the dnRhoA 

construct), the average clearance was brought to 2.1 nuclei.  These results suggest that 

RhoA regulates SoxB1 clearance in the endomesoderm tissue, the portion of the vegetal  
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Figure 4.1: LvRhoA Regulates SoxB1 Clearance.  (A-C) SoxB1 Expression in LvRhoA 

Perturbed Embryos. Antibody staining for SoxB1 in (A) control: n= 46, (B) actRhoA-

injected: n= 32, and (C) dnRhoA-injected: n= 40, embryos at mesenchyme blastula 

stage.  Note that in all dnRhoA-injected embryos, the ingressed PMCs remain cleared of 

SoxB1.  (D-J) LvRhoA Rescues Inhibition of the Early Signal.  (D) Diagram of 

micromere removal assay. (E-G) Brightfield images at midgastrula stage. (E)  Whole 

embryo controls (retaining their micromeres), showing the onset of gastrulation. (F) 

Micromere-less control embryo.  Embryos which gastrulated, n= 2/14  (9%).  (G, J) 

Micromere-less embryo injected with actRhoA.  Embryos which gastrulated, n=  18/24 

(74%).  (H-J) Antibody staining for SoxB1 at mesenchyme blastula stage. (H)  Whole 

embryo control.  (I) Micromere-less control embryo failing to clear SoxB1 because of the 

lack of Early Signal transmission: n= 14 (100%).  (J) Micromere-less embryo injected with 

actRhoA showing a rescue of SoxB1 clearance, despite the lack of Early Signal.  Embryos 

which rescued SoxB1:  89% (n= 18).  White lines indicate boundaries of SoxB1 nuclear 

clearance. 
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Figure 4.1: LvRhoA Regulates SoxB1 Clearance 
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 plate which remains once the skeletogenic mesenchyme cells have ingressed. 

 SoxB1 in the endomesoderm is cleared in response to an unidentified Early Signal 

(ES).  As soon as the micromeres are formed, the micromere-derived ES signals to the 

over lying endomesoderm, from fourth to sixth cleavage (Oliveri et al., 2003; Ransick 

and Davidson, 1995).  Subsequently, at seventh cleavage SoxB1 clearance begins in the 

adjacent endomesoderm (Angerer et al., 2005).  Since RhoA appears to regulate 

specifically endomesodermal (and not micromere) SoxB1 clearance, the relationship 

between the ES and RhoA was investigated.  To inhibit signaling from the ES, 

micromeres were removed from embryos immediately after their appearance (Figure 

4.1D).  The resulting embryos were extremely delayed in gastrulation (Figure 4.1F), and 

they failed to clear SoxB1 protein, when assayed at mesenchyme blastula stage (Figure 

4.1I).  At this stage, the average width of SoxB1 clearance in micromere-less embryos 

was only 0.07 cells, as just a single embryo had any clearance.  However, when 

micromeres were removed from actRhoA-injected embryos and observed at mesenchyme 

blastula stage, SoxB1 clearance was regained with an average of 5.17 cells (Figure 4.1J).  

Injection of actRhoA also rescued the normal time of invagination onset in micromere-

less embryos (Figure 4.1G)—consistent with RhoA function during gastrulation.  These 

data demonstrate that RhoA can regulate SoxB1 clearance autonomously in the  

endomesoderm, independently of the micromeres.  These data also suggest that RhoA 

regulates endomesodermal clearance downstream of the ES. 

 

LvRhoA is upstream of endomesodermal gene expression.  

Because SoxB1 antagonizes nuclear β-Catenin signaling, which drives all 

endomesodermal specification, perturbation of SoxB1 was hypothesized to affect the 

expression of endomesodermal genes within the GRN.  In situ hybridization results 
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supported this hypothesis (Figure 4.2A).  When SoxB1 clearance was blocked by 

micromere removal, expression of the endomesodermal specifier GataE failed to occur or 

perhaps was greatly delayed (Figure 4.2A2).  Similarly, the expression of the 

endodermal marker Endo16 was also inhibited in micromere-less embryos (Figure 

4.2A4).  In both cases, a faint basal expression remained in the vegetal plate.  However, 

these data reveal that when nuclear SoxB1 remains in vegetal plate nuclei, 

endomesodermal specification fails to occur.  These data suggest that clearance of 

SoxB1 is necessary for proper endomesoderm specification. 

Since our data suggest that RhoA regulates SoxB1 clearance, we next investigated 

whether the perturbation of RhoA also affected expression of GataE and Endo16 

endomesodermal genes.  As predicted if RhoA were necessary early in endomesoderm 

specification, dnRhoA-injected embryos expressed neither GataE (Figure 4.2B2) nor  

Endo16 (Figure 4.2C2).  In each case, a faint basal level of expression remained, similar 

to what was seen with micromere-less embryos (which fail to clear SoxB1).  These 

results were confirmed by quantitative PCR (QPCR), which showed that the expression 

levels of both GataE (Figure 4.2D1) and Endo16 (Figure 4.2D3) were significantly 

reduced in RhoA-inhibited embryos.  Conversely, embryos injected with actRhoA 

exhibited increased Endo16 expression (Figure 4.2C4), which was confirmed by QPCR 

(Figure 4.2D4), as well as exhibiting a misexpression of GataE (Figure 4.2B4).  However, 

QPCR analysis failed to find any significant change in GataE expression in actRhoA-

injected embryos, as compared to control levels (Figure 4.2D2).  Together, these results 

show that RhoA is upstream of endomesodermal GRN gene expression, consistent with 

its role in SoxB1 clearance. 
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Figure 4.2: RhoA and SoxB1 Are Upstream of Endomesodermal Specification.       

(A) Gene Expression in Micromere-less Embryos.  In situ hybridizations for (A1-2) 

GataE and (A3-4) Endo16 expression at mesenchyme blastula stage.  (A1, A3) Control 

whole embryo and (A2, A4) micromere-less embryos.  (B-C)  Gene Expression in 

RhoA-Perturbed Embryos.  In situ hybridizations for (B) GataE and (C) Endo16 

expression.  Gene expression in dnRhoA-injected embryos (B1-2 and C1-2) at late 

gastrula stage.  Gene Expression in actRhoA-injected embryos (B3-4 and C3-4) at 

hatched blastula stage (for GataE) and mesenchyme blastula stage (for Endo16).         

(D) Quantitative PCR Analysis for (D1-2) GataE and (D3-4) Endo16 expression.     

(D1, D3) DnRhoA-injected embryos.  (D2, D4) ActRhoA-injected embryos.  All 

experiments normalized to ubiquitin and compared to controls. 

*Student’s independent t-test, n= 7 (reactions of 10-50 embryos each).  
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Figure 4.2: RhoA and SoxB1 Are Upstream of Endomesodermal Specification 
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Wnt8 regulates clearance of SoxB1 from endomesodermal nuclei. 

Our data demonstrated that RhoA is downstream of reception of the ES and 

upstream of SoxB1 clearance in the endomesoderm.   We next searched for components 

proximal to RhoA and SoxB1 clearance signaling within the endomesoderm itself.   Wnt8 

was chosen as a candidate since the timing of its expression in the endomesoderm was 

close to the time of RhoA function during SoxB1 clearance (Wikramanayake et al., 

2004).  Wnt8 is synthesized by the endomesoderm and is thought to be an autocrine 

signal involved in endomesodermal specification.  It is a potent specifier of endoderm, 

and its ectopic overexpression results in multiple ectopic endodermal invaginations 

(Wikramanayake et al., 2004).  Wnt8 transcription is activated in response to β-Catenin 

signaling in the micromeres at their appearance and, subsequently, in the endomesoderm 

following sixth cleavage, just prior to the onset of SoxB1 clearance within those cells 

(Wikramanayake et al., 2004).  

Manipulation of Wnt8 activity revealed that Wnt8 is also upstream of SoxB1 

clearance (Figure 4.3A-C).  Similar to observations of RhoA perturbations, embryos 

expressing dominant negative Wnt8 (dnWnt8) failed to clear SoxB1 from 

endomesodermal nuclei, yet had ingressed PMCs that were clear of SoxB1 (Figure 4.3B).   

Also comparable to RhoA, embryos with ectopically expressing Wnt8 displayed 

increased clearance of SoxB1 (Figure 4.3C).  These Wnt8-injected embryos sometimes 

also contained small, ectopic sites of SoxB1 clearance (arrows in Figure 4.3C).  It seems 

likely that these ectopic regions of SoxB1 clearance correspond to the small ectopic 

invaginations seen with Wnt8 injection, although this correlation has not been tested.  

To further support a role for Wnt8 in SoxB1 clearance, the effect of Wnt8 

perturbation on the expression of endomesodermal genes known to be affected by SoxB1 

alteration was investigated (Figure 4.3D-I).   DnWnt8 injection was sufficient to inhibit  



  

 153 

Figure 4.3: Wnt8 Regulates SoxB1 Clearance. (A-B) Antibody Staining for SoxB1 at 

mesenchyme blastula stage. (A) Control embryos. (B) DnWnt8-injected embryos.  

Percent that failed to clear SoxB1: 76%.  (C) Wnt8-overexpressing embryos.  Percent 

with SoxB1 clearance greater than average control clearance: 70%.  White lines represent 

boundaries of SoxB1 clearance.  Arrows denote ectopic area of SoxB1 clearance.         

(D-I) In situ hybridizations for (D-F) GataE and (G-I) Endo16 expression at late 

gastrula stage.  (D, G) Control, (E, H) dnWnt8 and (F, I) Wnt8-overexpressing embryos. 
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the expression of both the endomesodermal specifier GataE (Figure 4.3E) and the 

endoderm differentiation marker Endo16 (Figure 4.3H).  As seen with both micromere 

removal (inhibition of SoxB1 clearance) and dnRhoA injection, a basal level of 

expression of these genes remained in dnWnt8-injected embryos.  Conversely, Wnt8 

injected embryos upregulated the expression of both GataE (Figure 4.3F) and Endo16 

(Figure 4.3I).  Together, these data strongly suggest that Wnt8 functions to regulate 

SoxB1 clearance within the endomesoderm.  

 

RhoA mediates Wnt8 regulation of SoxB1 in the endomesoderm. 

 Since Wnt8 regulated SoxB1 clearance in the endomesoderm in a manner 

paralleling RhoA regulation of SoxB1 clearance, the possibility that RhoA functions as a 

part of Wnt8 signaling was investigated.   Rescue experiments, in which dnWnt8 and 

actRhoA were co-injected, were performed (Figure 4.4).   While injection of dnWnt8 

blocked invagination as expected (Figure 4.4A3), co-expression of actRhoA was 

sufficient to rescue gastrulation movements (Figure 4.4A4).  This is consistent with RhoA 

functioning downstream of Wnt8 in this pathway, given the known role of RhoA in 

regulating invagination.  More importantly, while dnWnt8 embryos failed to clear 

endomesodermal SoxB1 (Figure 4.4B3), co-injection of actRhoA was able to rescue 

SoxB1 clearance (Figure 4.4B4).  This rescue extended to the expression of 

endomesodermal genes, as dnWnt8 and actRhoA double injection was also sufficient to 

rescue expression of both GataE (Figure 4.4C) and Endo16 (Figure 4.4D).   These data 

demonstrate that RhoA alone is sufficient to rescue endomesodermal specification in 

Wnt8-inhibited embryos.  Together, these results suggest that within the endomesoderm, 

RhoA functions in the Wnt8 pathway to regulate SoxB1 clearance, ensuring that nuclear 

β-Catenin is able to drive endomesodermal specification. 
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Figure 4.4: LvRhoA Mediates Wnt8 Regulation of SoxB1 Clearance. (A) RhoA 

Rescues Archenteron Formation in Wnt8-Inhibited Embryos. Brightfield images of 

late gastrula stage.  (A1) Control embryos. (A2) ActRhoA-injected embryos: percent 

which invaginated, 95.2% (n= 42).  (A3) DnWnt8-injected embryos: percent which 

invaginated, 14.4% (n=97).  (A4) DnWnt8/actRhoA double injected embryos: percent 

which invaginated, 82.5% (n= 137).  (B) Antibody Staining for SoxB1 Clearance at 

mesenchyme blastula stage.  (B1) Control embryos. (B2) ActRhoA-injected embryos. 

(B3) DnWnt8-injected embryos: percent with endomesodermal SoxB1 clearance, 24% 

(n= 33).  (B4) DnWnt8/actRhoA double injected embryos: percent with 

endomesodermal SoxB1 clearance, 71% (n= 38).  White lines represent boundaries of 

SoxB1 clearance.  (C-D) In Situ Hybridizations for (C) GataE and (D) Endo16 

expression in late gastrula stage embryos. (C1, D1) Control, (C2, D2) actRhoA, (C3, D2) 

dnWnt8 and (C4, D4) dnWnt8/actRhoA double injected embryos. 
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Discussion 

Endomesodermal specification is comprised of a complex cascade of gene 

transcription and signaling events that must be executed at the proper time and place 

and in the proper sequence.  The failure to complete specification successfully is 

catastrophic for embryos, as evidenced by the fact that inhibition of a number of 

individual endomesodermal specifiers frequently results in embryos which fail to 

continue on with development or begin gastrulation (Davidson et al., 2002b).  In 

particular, a lack of nuclear β-Catenin signaling results in a complete failure to specify 

any endomesoderm (Logan et al., 1999).  Consistent with these data, the failure to clear 

the nuclear β-Catenin antagonist, SoxB1, from vegetal nuclei is equally catastrophic 

(Kenny et al., 2003).  It is through this antagonism of β-Catenin that SoxB1, an 

ectodermal specifier, is indirectly able to affect the expression of endomesodermal genes 

such as GataE.  

The results of this study indicate that LvRhoA activity is required for the 

clearance of SoxB1 from endomesodermal nuclei, downstream of the Early Signal.  

However, our investigations also suggest that within the endomesoderm, RhoA clears 

SoxB1 as part of the Wnt8 signaling pathway.  This is supported by co-injection 

experiments which demonstrate that RhoA is able to rescue both endomesodermal 

SoxB1 clearance and gene expression when Wnt8 is inhibited.   The first expression of 

Wnt8 in sea urchin embryos appears solely in the micromeres at fourth cleavage 

(Wikramanayake et al., 2004).  Therefore a logical assumption would be that, rather 

than RhoA participating in Wnt8 signaling downstream of the Early Signal, the 

extracellular Wnt8 signal is itself the Early Signal.  However, transplantation 

experiments have revealed that Wnt8-inhibited micromeres are still capable of clearing 
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SoxB1 in the macromeres, demonstrating that Wnt8 is in fact not the Early Signal 

(Wikramanayake et al., 2004).   

Expression of Wnt8 mRNA in the macromeres first appears at sixth cleavage 

(Wikramanayake et al., 2004), following initiation of the Early Signal at fourth cleavage  

(Ransick and Davidson, 1995) but preceding the initial clearance of endomesodermal 

SoxB1 at seventh cleavage (Angerer et al., 2005).  This positions Wnt8 as a possible 

candidate transducer of the Early Signal within the endomesoderm, and further 

investigations into this possibility are being undertaken.  This Wnt8 expression pattern 

is also temporally consistent with Wnt8 signaling being mediated by RhoA in order to 

affect SoxB1 clearance.  Our results do not eliminate the possibility that RhoA functions 

in a parallel pathway to Wnt8, both of which are capable of regulating SoxB1 clearance 

in the endomesoderm.  Yet the strong and seemingly complete rescue of Wnt8-inhibition 

by activated RhoA makes it appear unlikely to two separate pathways are involved.  

Significantly, preliminary experiments in which dnRhoA was co-injected along with 

ectopic Wnt8 expression (data not shown) suggest that endogenous Wnt8 regulation of 

SoxB1 requires RhoA activity. 

The results of this study make it possible to position RhoA activity within the 

Endomesodermal GRN (Figure 4.5).  In the micromeres, the ES signals to the 

endomesodermal macromeres resulting in SoxB1 clearance.  Downstream of the ES, 

RhoA activity is essential to regulate this clearance of SoxB1 from endomesodermal 

nuclei.  Within the endomesoderm, RhoA functions as part of Wnt8 signaling to regulate 

SoxB1 clearance.  As SoxB1 interferes with nuclear β-Catenin signaling, its removal is 

essential to allow β-Catenin to continue (directly or indirectly) to drive expression of the 

entire Endomesodermal GRN.  In this manner, RhoA is able to affect the expression of 

endomesodermal genes such as GataE and Endo16.  To complete the exact placement of  
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Figure 4.5: RhoA Signaling During Endomesodermal Specification.  Deduced diagram 

of RhoA signaling within the known Endomesodermal GRN (as described in the text), 

illustrating how RhoA regulation of SoxB1 clearance effects endomesodermal 

specification. 
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Figure 4.5: RhoA Signaling During Endomesodermal Specification 
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RhoA into the GRN, the relationships between the Early Signal and Wnt8 (and Wnt8 

and RhoA) will need to be clarified, as discussed above. 

In the micromeres, the endodermal specifier Wnt8 has been implicated in an 

autocrine, feed-forward loop to reinforce β-Catenin signaling during endomesodermal 

specification (Davidson et al., 2002b; Wikramanayake et al., 2004).  It is not yet clear 

whether or not Wnt8 also functions in this way within the endomesodermal macromere 

lineage.   This raises the possibility that in the endomesoderm Wnt8 functions both 

through canonical Wnt signaling to maintain β-Catenin signaling and through non-

canonical, RhoA-mediated, signaling to clear SoxB1.   In Xenopus, Wnt8 has been shown 

to function through the canonical pathway and β-Catenin to specify ventral fates 

(Ramel and Lekven, 2004).  In the sea urchin, ectopic GSK3 and dominant negative 

TCF/LEF overexpression, both components of the canonical Wnt pathway (Figure 1.2A-

B), phenocopy nuclear β-Catenin-inhibited embryos (Emily-Fenouil et al., 1998; Huang 

et al., 2000).  Conversely, the Wnt8 inhibition phenotype does not resemble the β-

catenin inhibition phenotype, and in fact it is much less severe.  The data from this 

study provides evidence that Wnt8 works through non-canonical, RhoA-mediated 

signaling to negatively affect SoxB1, permissively allowing nuclear β-Catenin signaling.   

Recent investigations into the functions of other sea urchin Wnt homologs suggest that 

within the endomesoderm the regulator of β-Catenin may actually be Wnt6 (David 

McClay, personal communication), raising the possibility that perhaps Wnt6 regulation 

of β-Catenin acts in concert with Wnt8 regulation of SoxB1 clearance to ensure 

upregulation of endomesodermal specification. 

While the mechanisms of RhoA activity downstream of non-canonical (planar 

cell polarity/PCP) Wnt signaling are well described, the manner in which RhoA 
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functions during sea urchin endomesodermal specification remains to be investigated.  

Specifically, the relationship between the Early Signal and RhoA is unclear.  Further 

elucidation would be greatly assisted by uncovering the identity of the Early Signal, so 

that the means in which RhoA functions downstream of this signal can be more easily 

exposed.  Unfortunately, despite investigation of numerous candidates, the molecular 

identity of the Early Signal remains unknown.  Additionally, the mechanisms by which 

RhoA affects SoxB1 are also unknown.   It has been demonstrated that SoxB1 is cleared 

both transcriptionally, with inhibition of mRNA levels, and through degradation of the 

protein itself (Angerer et al., 2005).  Determining whether RhoA is upstream of one or 

both of these mechanisms could provide insights into the signaling pathway(s) 

downstream of RhoA during endomesodermal specification.   

Insights into the mechanisms by RhoA regulates SoxB1 in the sea urchin may be 

gained from other systems, where RhoA has been shown to regulate the expression of 

another Sox protein, Sox9 (a member of the E subgroup).  During chondrogenesis, 

studies show that inhibition of signaling by either RhoA or its downstream effector Rho-

Kinase increases Sox9 expression, while conversely RhoA overexpression causes a 

decrease in Sox9 expression (Woods et al., 2005).   RhoA/Rho-Kinase was found to 

control Sox9 though regulation of its promoter activity (Woods et al., 2005).  Other 

means by which Wnt8/RhoA may regulate SoxB1 in the sea urchin center on Protein 

Kinase A (PKA).  Sox9 nuclear localization is regulated by PKA-mediated (cAMP-

dependent) phosphorylation (Malki et al., 2005).  Non-canonical (PCP) Wnt signaling 

has been shown to negatively regulate PKA activity, although PKA itself is traditionally 

recognized as a negative regulator of RhoA (Park et al., 2006).   

Lastly, Sox9 degradation has been found to be ubiquitin-mediated (Akiyama et 

al., 2005), while SUMO (Small Ubiquitin-like Modifier) modification stabilizes Sox9 
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(Hattori et al., 2006).  Sumoylation appears to be a common modification of Sox 

proteins.  Sox3 (a subgroup B protein) is also sumoylated, and SUMO modification 

decreases its transcriptional activity (Savare et al., 2005).  RhoA has been shown to 

induce the sumoylation of MKL1 and thus repressing its transcriptional activity 

(Nakagawa and Kuzumaki, 2005), demonstrating that RhoA is capable of influencing 

protein stability.  Together, these data suggest the direction of further investigations into 

the mechanisms by which RhoA regulates SoxB1 clearance in the sea urchin, thereby 

ensuring proper endomesodermal specification. 
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Summary 

This work has investigated the functions of the small GTPase RhoA during sea 

urchin embryogenesis.  Genomic annotation of GTP-binding proteins in the sea urchin 

(Chapter 2) revealed that 90% of these genes are expressed in the embryo, highlighting 

their importance to signaling during development.  Although these analyses were 

performed on the S. purpuratus genome, it is very likely this high level of GTPase activity 

will also be reflected in the genome of L. variegatus embryos.   Examination of the Ras 

superfamily of monomeric GTPases uncovered in echinoderms a series of duplications 

within  GTPase families that occurred after the divergence of echinoderms from other 

deuterostomes.  For instance, in the Rho Family, gene duplications within the sea urchin 

genome resulted in the presence of six RhoA-like genes (although with only one clear 

ortholog to human RhoA).  Several such lineage-specific expansions increased the total 

number of sea urchin small GTPase genes to a number comparable to the human total, 

despite fewer direct human orthologs.   

The experiments in Chapter 3 demonstrated that LvRhoA was ubiquitously 

expressed in the embryo and localized at the plasma membrane (except in the elongating 

archenteron).  RhoA was found to direct initiation of invagination movements in the 

vegetal half of the embryo, although it did not appear to designate the site where 

blastopore formation occurred.  This means that the components of the RhoA pathway 

are present earlier than the signaling event which provides local spatial activation of 

RhoA, and one or more components of that signaling usually are inserted just prior to 

onset of normal invagination.  The experiments with activated RhoA apparently 

bypassed those on-time insertions but worked with the spatial control mechanisms that 

already were in place by hatching.  RhoA regulation extended to the known cellular and 



  

 167 

molecular events associated with sea urchin invagination, such as filamentous actin 

accumulation and the secretion of apical extracellular matrix containing chondroitin 

sulfate proteoglycans.  Data showed that RhoA did not direct elongation movements 

during gastrulation, despite a well-known role for RhoA during vertebrate convergent 

extension.  Additionally, RhoA regulation of invagination was mediated at least in part 

by the downstream effector, Rho-Kinase.  

Investigations of RhoA activity during endomesodermal specification showed 

that RhoA functions upstream of SoxB1 clearance and that RhoA activity is required for 

SoxB1 clearance from endomesodermal nuclei (Chapter 4).  While RhoA did not affect 

SoxB1 clearance from the micromere lineage, RhoA-dependent SoxB1 clearance occurred 

within the macromere lineage downstream of the micromere-derived Early Signal.  Data 

demonstrated that persistence of SoxB1 inhibited or delayed endomesoderm 

specification (through its antagonism of nuclear β-Catenin signaling), while RhoA-

mediated SoxB1 clearance from endomesoderm cells was sufficient to rescue 

specification.  Wnt8 was also found to function upstream of SoxB1 clearance and 

associated gene expression within the endomesoderm.  Experiments showed that RhoA 

could rescue Wnt8-mediated inhibition of SoxB1 clearance, as well as endomesodermal 

specification.  Since previous studies have demonstrated that Wnt8 itself is not the 

Early Signal (Wikramanayake et al., 2004), this suggests that RhoA functions as part of 

the Wnt8 pathway to clear SoxB1 from the endomesoderm.  Further experiments will be 

required to test whether Wnt8 also functions downstream of the ES and to elucidate the 

mechanisms by which RhoA affects SoxB1.  The current data, however, provide 

evidence of the first molecular components involved in SoxB1 clearance in the sea urchin, 

as well as highlight a previously unrecognized role for the small GTPase RhoA during 

endomesodermal specification. 
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A positive correlation was found between increased SoxB1 clearance (Figure 4.1) 

and precocious invagination (Figure 2.3).  For actRhoA-expressing embryos, the average 

clearance width in precociously invaginated embryos was 14.8 cells, much higher than 

the average clearance of 11.8 cells for injected embryos which did not precociously 

invaginate.  This same correlation was observed in actRhoA-injected micromere-less 

embryos, where precociously invaginated micromere-less embryos had on average 8.8 

cells of SoxB1 clearance, while non-invaginating, actRhoA-injected, micromere-less 

embryos had an average of only 4.1 cells with of clearance.  This might suggest that 

RhoA regulation of invagination initiation is linked to RhoA regulation of SoxB1 

clearance, perhaps as a delayed result of the same RhoA signaling event. 

However, despite the observed correlation between increased SoxB1 clearance 

and precocious invagination, a full 78% of actRhoA-expressing embryos displayed 

greater SoxB1 clearance than controls, while on average only 29% of actRhoA-injected 

embryos precociously invaginated.  This trend was also seen upon micromere removal, 

where 89% of actRhoA-expressing micromere-less embryos had increased SoxB1 

clearance over micromere-less controls, although only 26% of these embryos precociously 

invaginated.  These data indicate that increased SoxB1 clearance alone is not sufficient 

to induce early invagination.  This suggests that the ability of RhoA to induce precocious 

invagination, and for the vegetal plate to be competent to undergo invagination 

movements, is also dependent on another RhoA-independent mechanism.  

SoxB1 is first cleared from endomesodermal nuclei beginning with seventh 

cleavage, and the effects of RhoA perturbation on this clearance have been seen as early 

as tenth cleavage (data not shown).  This suggests that the RhoA signaling event which 

mediates SoxB1 clearance occurs early in specification.  However, in RhoA-inhibited 

embryos treated with C3-transferase (C3), invagination is prevented as long as the drug 
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is present.  This block occurred whether embryos were treated starting at the one-cell 

stage or just prior to the onset of mesenchyme blastula stage.  Pulse-chase experiments 

also revealed that as long as C3 was washed out prior to mesenchyme blastula stage, 

embryos invaginated along with controls.  As preliminary experiments indicate that C3 

treatment also results in the inhibition of endomesodermal SoxB1 clearance  (data not 

shown), this suggests that an abnormally prolonged period of SoxB1 accumulation in 

endomesodermal nuclei does not prevent the vegetal plate from being competent to 

invaginate.   

Additionally invagination was blocked by C3 treatments which started just 

before mesenchyme blastula stage (Figure 3.3).  In fact, a pulse of C3 for a single hour 

prior to the onset of invagination was sufficient to disrupt endogenous invagination 

movements (Figure 3.3).  This suggests that the mechanisms regulating the onset of  

invagination are functioning just prior to the actual movements.  This raises two 

possibilities: either SoxB1 clearance is not essential for invagination, and the RhoA 

signaling which induces invagination is independent of the RhoA-mediated SoxB1 

clearance; or the signaling downstream of RhoA-mediated SoxB1 clearance, which 

regulates the onset of invagination, occurs swiftly and is able to recover invagination 

movements after a very brief interval.  To clarify this uncertainly, SoxB1 clearance 

should be followed in embryos treated with C3 until mesenchyme blastula and then 

washed out and allowed to invaginate, to determine whether or not invaginating 

embryos have first cleared SoxB1 from their vegetal plate nuclei. 

Micromere removal experiments have demonstrated that the Early Signal 

regulates not only SoxB1 clearance and expression of endomesodermal genes (such as 

Endo16) but also the timing of invagination (Oliveri et al., 2003; Ransick and Davidson, 

1995).  The data from this work has demonstrated that RhoA signaling is also upstream 
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of all three events. Our investigations, however, reveal that downstream of RhoA 

signaling there are at least two separate pathways in effect.  Inhibition of RhoA 

signaling, either by blocking RhoA activity (through dnRhoA injection or C3 treatment) 

or by blocking the activity of the RhoA effector Rho-Kinase (through treatment with the 

pharmacological agent Y-27632), was sufficient to inhibit invagination movements.  

However, a comparison of Endo16 expression levels revealed that, while dnRhoA 

injection and C3-treatment inhibited Endo16 expression, Rho-Kinase (ROCK) inhibition 

had no effect on Endo16 expression levels (Figure 5.1).   This indicates that the later 

RhoA signal regulating invagination is mediated through ROCK, while RhoA signaling 

upstream of Endo16 is independent of ROCK.  This suggests that the earlier RhoA signal 

mediating SoxB1 clearance (which is upstream of Endo16 expression) may also be 

ROCK independent.  This prediction can be tested easily by assaying for SoxB1 

clearance in the presence of the ROCK inhibitor Y-27632. 

Together, these data strongly suggest that RhoA activity during endomesodermal 

specification and gastrulation are two separate signaling events with distinguishable 

outcomes.  When combined with the previously identified role for RhoA function for 

completion of the first cytokinesis (Manzo et al., 2003), these data revealed that 

signaling by the monomeric GTPase RhoA is utilized by sea urchin embryos (and 

presumable all embryos) in multiple ways and at multiple times during development. 

 

Future Directions 

 

LvRhoA and the Genomic Era. 

Analysis of the sea urchin genome revealed the presence of many sea urchin- 
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Figure 5.1: Endo16 Expression and Inhibition of RhoA Signaling.  Quantitative PCR 

analysis at late gastrula stage for expression of the endodermal marker Endo16 upon 

dnRhoA injection,  C3-transferase treatment (inhibitor of Rho activity), and Y-27632 

treatment (inhibitor of the RhoA effector Rho-Kinase). All experiments normalized to 

ubiquitin and compared to controls. 
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specific duplication events that helped to increase the complexity of the small GTPases. 

Numerous independent lineage-specific expansions were found throughout the 

monomeric GTPases of the Ras superfamily.  Detailed studies of these genes should 

richly augment our understanding of GTPase function and evolution.  For example, 

analysis of the duplication cluster of six RhoA-like genes uncovered in the Rho Family 

may help to clarify the functions of the original RhoA ortholog.  Zebrafish and Xenopus 

studies have highlighted an essential role for RhoA in regulating convergent extension 

events during vertebrate gastrulation (Marlow et al., 2002; Tahinci and Symes, 2003).  

However, the investigation of sea urchin gastrulation has revealed that RhoA regulates 

invagination movements but is not involved in later convergent extension events (Beane 

et al., 2006).   

Originally, this dichotomy was explained by the postulation that regulating 

invagination might in fact be the ancestral function for RhoA, as the protostomal 

homolog Rho1 functions mainly in invagination events during Drosophila gastrulation 

(Hacker and Perrimon, 1998).  This argument implies that vertebrate RhoA convergent 

extension regulation is a recently acquired function.  But given that newly duplicated 

genes are prone to co-opt part of the original gene’s function, the presence of RhoA-like 

gene duplications suggests an alternative possibility.  Historically, perhaps RhoA 

regulated convergent extension and invagination movements in the ancestral 

deuterostome.  However, sometime after the sea urchin RhoA duplication event, it is 

plausible that one or more of the RhoA-like GTPases assumed control of convergent 

extension during sea urchin gastrulation, leaving the RhoA ortholog to regulate only 

invagination.  Cloning and subsequent functional analyses of the five RhoA-like 

duplicates potentially will provide valuable insights into this question of gene function 

and evolutionary relationship.  
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LvRhoA and Gastrulation. 

 Antibody staining revealed that RhoA was ubiquitously expressed throughout 

the entire embryo prior to invagination (Figure 3.7).  RhoA is regulated at the protein 

level and not by transcript levels, so the localization of the protein is important to 

understanding its cellular function.  Much of the RhoA protein in the sea urchin was 

found at the apical membrane, where typically the active conformation of RhoA 

localizes (Kranenburg et al., 1997).  This makes investigation of exactly which tissue(s) 

require RhoA activity to regulate invagination difficult.  Chimeric experiments revealed 

that active RhoA is required in the vegetal hemisphere for invagination (Figure 3.5).  

Micromere removals demonstrated that the micromere lineage is not required for RhoA 

to initiate invagination (Figure  4.1).  This leaves the macromere lineage, which separates 

at the 60-cell stage into the Veg1 and more vegetal Veg2 layers.  However the fate map 

at this stage (Figure 1.1) reveals that these layers comprise both the secondary 

mesenchyme (SMC) and the endoderm, as well as some ectoderm. This suggests that 

RhoA may be required in either, or both, SMC and endoderm tissues to drive 

invagination.   

 More focused chimeric experiments, where dnRhoA (or actRhoA) is expressed in 

only the Veg1 or the Veg2 layer (in control hosts), would help to delineate the specific 

territory where RhoA activity is required for invagination.  Current, more circumstantial, 

evidence suggests that RhoA activation will be required in the Veg2 or SMC territory.  

The tissue that invaginates at the tip of the archenteron is comprised of SMCs, and it is 

within the SMC territory that a ring of Frizzled 5/8 is localized prior to invagination 

(Croce et al., 2006a).  Frizzled 5/8 regulation of invagination movements is mediated in 

part by RhoA (Croce et al., 2006a), strongly suggesting that active RhoA signaling will be 

required in this same SMC territory.  However, this does not rule out the possibility that 
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RhoA is also required within the endoderm, which further chimeric experiments would 

help clarify. 

Additional support for the SMC localization of RhoA activity during 

invagination comes from in situ hybridization analysis of Brachyury (Bra) expression in 

RhoA-perturbed embryos (Figure 5.2).  The data demonstrate that RhoA affected neither 

the timing of nor the spatial distribution of Bra (Figure 5.2A).  In control embryos, the 

characteristic vegetal ring of Bra surrounds the invaginating archenteron (Figure 5.2A3).  

However, close examination of Bra expression in precociously invaginating actRhoA-

injected embryos (Figure 5.2B) revealed that the precocious invaginations were often not 

concentric with the vegetal ring of Bra as expected (Figures 5.2A5, 5.2B3).  At hatched 

blastula, in actRhoA-expressing embryos that had precociously invaginated, 79% of 

early invaginations were de-centralized from the ring of Bra (localized to the endoderm).  

Since LvRhoA perturbation was insufficient to alter Bra expression, this suggests that it 

is not the pattern of Bra that is altered but rather the site of the precocious invagination.  

However, when assessed at late gastrula stage, 88% of precociously-invaginated 

embryos had archenterons that were recentralized relative to the ring of Bra expression 

(Figure 5.2B4).  

It is important to keep in mind that the vegetal pole at the time of precocious 

invagination includes micromere descendents that are not present during normal 

invaginations (Figure 1.3).  This suggests that precocious invaginations in actRhoA-

injected embryos originate in the tissue (the SMC lineage) that normally initiates 

invagination, which at blastula stages is lateral to the central region containing 

micromere descendents.  Thus the presence of the micromere lineage might be the reason 

that precocious invaginations are de-centralized relative to the ring of Bra, and that 

subsequent ingression of primary mesenchyme cells (PMCs) into the blastocoel is      
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Figure 5.2: Brachyury Expression Upon RhoA Perturbation.  In situ hybridizations. 

(A) RhoA Does Not Affect the Timing or Spatial Distribution of Brachyury 

Expression. (A1-3) Control, (A4,5) actRhoA- and (A6) dnRhoA-injected embryos.     

(B) Bra in Precociously Invaginated ActRhoA-injected Embryos. Note that precocious 

invaginations at hatched blastula (B3) are not concentric to the ring of Brachyury, but 

are recentralized by late gastrula (B4). 
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Figure 5.2: Brachyury Expression Upon RhoA Perturbation 
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responsible for the recentralization of the invagination within the Bra ring by gastrula 

stages.     

To test this hypothesis, the localization of micromere descendants and PMCs in 

actRhoA-injected embryos was examined.  The micromere lineage was visualized by 

utilizing micromere swaps with red- and green-labeled actRhoA-injected embryos at the 

16-cell stage to produce host embryos with a single green micromere (Figure 5.3A).  At 

hatched blastula stage in embryos which precociously invaginated, the donor micromere 

descendants were always incorporated into the invagination (Figure 5.3A4).  This 

suggests that the PMCs, which do not undergo invagination movements, are passively 

drawn into the precocious invaginations.  Additionally, we stained actRhoA-expressing 

embryos at mesenchyme blastula with the PMC marker, 1d5 (Figure 5.3B).  While the 

PMCs in control embryos were dispersed throughout the vegetal blastocoel (Figure 

5.3B1), in actRhoA-injected embryos the PMCs ingressed in a concentrated group to one 

side of the precocious invagination (Figure 5.3B2).  If the PMCs remain at the center of 

the vegetal plate or to one side of the precocious invagination, this may explain why 

precocious invaginations are decentralized from the center vegetal pole but recover later 

in gastrulation.  Together, these data provide compelling support that RhoA activation 

is required in the SMC territory to regulate invagination.  

That invagination is initiated in response to a localized RhoA signal is supported 

by the fact that actRhoA injection is able to initiate invagination earlier than controls, 

but only in a single position.  RhoA, unlike the endodermal specifier Wnt8, is unable to 

cause multiple invaginations, despite that fact that actRhoA is ectopically expressed 

throughout the entire embryo.  However, RhoA does not function as an autonomous 

trigger for invagination, since actRhoA was incapable of causing invagination in  
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Figure 5.3: PMC Localization During Precocious Invagination. (A) Micromere Swaps. 

(A1) Diagram of assay. (A2-5) Hatched blastula stage actRhoA-injected chimera 

expressing precocious invagination.  (A2) ActRhoA host embryo is in red, (A3) actRhoA 

donor micromere tissue in green.  Precocious invaginations which included donor 

micromeres, n= 7/7.  (B) 1d5 Antibody Staining for PMCs at mesenchyme blastula 

stage. Vegetal view of  (B1) control and (B2) actRhoA-injected embryos.  Arrow indicates 

lumen of precocious invagination. 

 

 

 



  

 180 

 

 

Figure 5.3: PMC Localization During Precocious Invagination 
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β-Catenin-inhibited embryos (Figure 5.4A).  Therefore it appears that prior specification 

is required for RhoA signaling to initiate invagination movements, implying that 

downstream of specification there is a localized “co-factor” that must be present along 

with RhoA activity.  If true, this is an important finding and deserves further 

investigation, as it suggests that RhoA functions to link specification and gastrulation.  

The simplest experimental design would be based on the premise that this 

unknown “co-factor” would be both required for normal invagination, as well as for 

actRhoA to cause precocious invagination.   Thus, the presence of actRhoA would not be 

able to rescue invagination in embryos inhibited for this “co-factor.” Data has shown 

that actRhoA is able to rescue invagination in both Bra-En (Figure  3.9) and dnWnt8 

(Figure 4.4) injected embryos.  This suggests that neither Brachyury nor Wnt8 are the 

required “co-factor,” nor are they upstream of its expression/activation.  A systematic 

investigation of known endomesodermal genes from the GRN which block invagination 

when inhibited should reveal the gene(s) for which actRhoA is unable to rescue 

invagination.  This would provide an entry into the molecular mechanism by which 

embryos ensure that only cells which have been properly specified undergo the dramatic 

cell movements associated with germ layer formation. 

 

LvRhoA and Endomesodermal Specification. 

During endomesodermal specification, RhoA was shown to regulate SoxB1 

clearance as part of Wnt8 signaling (Figure 4.4).  While in situ hybridizations should be  

used to determine whether RhoA is upstream or downstream of Wnt8, given the well-

characterized nature of non-canonical, RhoA-mediated, Wnt signaling (Figure 1.2) it is 

highly probable that RhoA functions downstream of Wnt8 to clear SoxB1 from 

endomesodermal nuclei.  However, data also revealed that RhoA functions downstream  
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Figure 5.4: RhoA Cannot Rescue Loss of β-Catenin Signaling.  Prism stage embryos 

injected with actRhoA and/or ΔCadherin, a construct which inhibits nuclear β-Catenin 

signaling.  (A) Brightfield Images of (A1) Control, (A2) ΔCadherin-injected and (A3) 

actRhoA/ΔCadherin double injected embryos.  (B-C) In Situ Hybridizations for (B) 

GataE and (C) Endo16 expression in (B1, C1) Control, (B2, C2) ΔCadherin-injected, 

and (B3, C3) actRhoA/ΔCadherin double injected embryos. 
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Figure 5.4: RhoA Cannot Rescue β-Catenin Inhibition  
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of the Early Signal (ES), which originates in the underlying  micromere lineage (Figure 

4.1).  An essential question remains to be answered, as to whether Wnt8 signaling is also 

downstream of the ES.  Occam's razor suggests that SoxB1 clearance will be regulated 

by a linear pathway, ES ---> Wnt8 ---> RhoA ---> SoxB1 clearance.  Micromere removal 

assays, such as those done in Figure 4.1, should be performed using Wnt8 instead of 

RhoA, to determine whether Wnt8 is also downstream of the ES.  This would clear up 

the current uncertainty in how Wnt8 is positioned in the GRN in relationship to RhoA, 

as illustrated in Figure 4.5.    

However a greater uncertainty exists, in the mechanism by which Wnt8 and 

RhoA actually clear SoxB1 from endomesodermal nuclei.  The uncertainly lies in the 

relationship between SoxB1 and β-Catenin.  SOX proteins are capable of preventing β-

Catenin signaling in several ways.  SOX proteins can interfere with β-Catenin through 

simple competition: either by directly binding β-Catenin and preventing its interaction 

with TCF/LEF, or by competing with TCF/LEF for DNA binding sites, as they posses 

similar consensus sites (Zorn et al., 1999).  Alternately, SOX proteins have been shown 

to act as transcriptional repressors of β-Catenin target genes (Zhang et al., 2003).  

Therefore, it is possible that RhoA regulation of SoxB1 could be either through negatively 

inhibiting SoxB1 message/protein, or alternatively through positively up regulating free 

(unphosphorylated) β-Catenin which will be able to out-compete SoxB1.  The question 

is further confused by the current autocrine, feed-forward loop thought to exist in which 

Wnt8 signaling (through negative regulation of GSK3) drives relocation of β-Catenin into 

the nucleus (Davidson et al., 2002b; Wikramanayake et al., 1998). 

 In essence, the question is whether RhoA clearance of SoxB1 is direct (impacting 

SoxB1 itself) or indirect (through regulation of β-Catenin).  That actRhoA was able to 
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rescue inhibition of SoxB1 clearance downstream of the ES (Figure 4.1) suggests that 

RhoA functions positively to clear SoxB1 from endomesodermal nuclei.   However, it is 

by no means definitive.  Experiments have also shown that actRhoA was not able to 

rescue inhibition of β-Catenin signaling (Figure 5.4).  Embryos injected with ΔCadherin (a 

construct containing the cytoplasmic region of cadherin that binds to β-Catenin and 

prevents its nuclear localization) fail to form any endomesoderm structures or express 

endomesodermal genes (Figure 5.4A2, B2, C2).  Ectopic co-expression of actRhoA (even 

at levels two times greater than the highest useable dose, 0.2 pg/pL) was insufficient to 

rescue ΔCadherin-injected embryos, which still lacked endomesodermal structures and 

gene expression (Figure 5.4A3, B3, C3). These results are consistent with RhoA 

functioning to clear SoxB1 from endomesodermal nuclei, rather than to stabilize β-

Catenin (preventing its phosphorylation and subsequent degradation) or to upregulate 

its expression. 

 However, to determine more clearly if RhoA-mediated clearance of SoxB1 

requires β-Catenin or not, the ability of actRhoA to clear SoxB1 in ΔCadherin-injected 

embryos should be tested.  It has been shown that β-Catenin signaling is required for 

SoxB1 clearance and that ΔCadherin-injected embryos fail to clear SoxB1 (Angerer et al., 

2005).  If RhoA regulates SoxB1 indirectly through β-Catenin, then RhoA will be unable 

to clear SoxB1 when co-expressed in ΔCadherin-injected embryos.  However, if RhoA is 

able to affect SoxB1 clearance after ΔCadherin expression (despite being unable to 

rescue gene expression or invagination, both of which require active β-Catenin signaling), 

this would suggest that RhoA functions in a β-Catenin independent manner to 

negatively affect either the expression or localization of SoxB1 in the endomesoderm.  

This same assay should be repeated with Wnt8, to determine its means of SoxB1 
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regulation (and ensure that it is the same as found for RhoA).  These experiments will 

further our understanding of the earliest specification events in the sea urchin, as well as 

broaden our knowledge about this unexpected function for RhoA during 

endomesodermal specification. 
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Introduction 

 The effects of nickel chloride treatment on the development of sea urchin 

embryos have been studied for a long time (Timourian and Watchmaker, 1972).  

Exposure to nickel results in embryos that are radially symmetric (as opposed to 

bilateral), possess a bell-shaped cone at the animal pole (bell-cap), and have drastically 

disrupted skeletal patterning—including the formation of large numbers of spicules 

(Hardin et al., 1992).  This radialization is thought to be the result of an increase in the 

oral territory; nickel treated embryos upregulate oral genes and downregulate aboral 

ones (Hardin et al., 1992).  Until recently the genes regulating the specification of the sea 

urchin’s embryonic dorsal-ventral axis, the oral-aboral (O-A) axis, had not been 

identified.  Therefore, nickel was frequently used to radialize and oralize embryos, 

despite the fact that the mechanism of its activity was unknown. 

It has long been assumed, however, that nickel works in the sea urchin as is does 

in other organisms, where nickel has been shown to be a non-specific inhibitor of voltage-

gated calcium channels in excitable cells, such as neurons  (Zamponi et al., 1996).  The 

current thinking (prior to this study) was that the presence of soluble nickel chloride 

interferes with the influx of extracellular calcium, and presumably it is this interference 

which perturbs the O-A axis.  Nickel has been shown to function in the ectoderm 

(consistent with its disruption of O-A specification), where it has been demonstrated 

that the skeletal patterning information also resides (Armstrong et al., 1993).  Thus the 

most visible effects of nickel treatment (mispatterned skeletons) are most likely a result 

of changes in oral and aboral gene expression in the ectoderm.  

The assumption that nickel functions through a calcium-dependent mechanism to 

affect O-A axis specification in the sea urchin is reasonable, given that calcium signaling 
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and gradients of calcium have been shown to be essential for dorsal-ventral axis 

specification in other organisms.  In Xenopus embryos, voltage-gated calcium channels 

are localized to the dorsal marginal zone, and their inhibition leads to the ventralization 

of embryos (Palma et al., 2001).  In Drosophila, high calcium gradients have been shown 

to specify dorsal territories (Creton et al., 2000). Additionally, intracellular calcium 

release in zebrafish embryos is required for proper dorsal-ventral specification (Westfall 

et al., 2003), although in zebrafish high calcium levels are important for ventral fates.  

These studies point to the possibility that in fact a calcium signaling event does function 

during O-A axis specification in the sea urchin.  If so, the mechanism by which nickel 

interferes with O-A specification through this calcium-dependent signaling event will be 

an important contribution. 

This study investigates the mechanism by which nickel chloride treatment 

radializes embryos, perturbs O-A gene expression and results in mispatterned skeletons.  

Our investigations were initiated by the chance discovery that bisection along the 

animal-vegetal axis of nickel-treated embryos at mesenchyme blastula stage recovers 

skeletal patterning.  In our efforts to explain this observation, our research reveal that 

nickel functions through a calcium-mediated mechanism, as its effects were rescued by a 

calcium ionophore and phenocopied by an inhibitor of intracellular calcium release.   

 

Methods 

Animals 

Adult Lytechinus variegatus were obtained from the Duke University Marine 

Laboratory, Susan Decker (Davie, FL) or Sea Life, Inc. (Tavernier, FL).  Gametes were 

collected following intracoelomic injection of 0.5M KCl.  Eggs were fertilized and raised 
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in artificial sea water (ASW) at 23oC as described (Hardin et al., 1992), unless 

otherwise stated.  

 

Heavy Metal and Pharmacological Treatments 

NiCl2 (100µM - 1mM), ZnCl2 (2 µM) and CoCl2 (100 µM) were obtained from 

Sigma.  Embryos were exposed to heavy metals from 60-cell stage (4 hours post 

fertilization) and washed out by late gastrula stage (unless otherwise specified). 

Ionomycin (Sigma) was used at 500 µg/mL and applied after the removal of NiCl2 at 

blastula stages.  Embryos exposed to ionomycin throughout their entire development 

were aphenotypic (data not shown).  Xestospongin C (CalBiochem) was resuspended in 

DMSO and used at 0.2-0.5 ng/300µL.  Embryos were treated from 60-cell stage through 

mesenchyme blastula stage (same as for NiCl2).  Treatment with DMSO vehicle had no 

effect (not shown).  Verapamil  (500 nM),  nifedipine (500 µM), gadolinium (1 µM) and 

thapsigargin (300 nM) were obtained from Sigma.  

 

Immunolocalization and Image Analysis 

For whole mount staining, embryos were fixed in 4% paraformaldehyde for 20 

minutes, followed by  100% cold MeOH for 1 minute, then incubated and imaged using a 

Zeiss 410 laser-scanning confocal microscope, all as described (Range et al., 2005), with 

the exception of mounting in 70% glycerol.  1C10 antibody was used undiluted 

(Bradham and McClay, 2006; Wessel and McClay, 1986).  Secondary antibody was 

Cy3-conjugated donkey anti-mouse IgG (Jackson Immunoresearch Laboratories).   

 

Embryo Bisections 

Embryos to be bisected were grown as described to mesenchyme blastula stage,  
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then transferred to Ca2+-free ASW on a glass slide coated in 0.25% protamine sulfate.  

Under a dissecting microscope, embryos were cut in half along the A-V axis with a 

sharpened glass needle, ensuring that each half received equal amounts of animal and 

vegetal tissue.  Isolated embryo halves were transferred to 24-well plates and allowed to 

recover and develop in regular ASW, unless otherwise specified.   

 

In Situ Hybridization and Image Analysis 

Whole-mount in situ hybridization was carried out as reported (Croce et al., 

2003), except that embryos were developed in BM Purple (Roche).  The probes to 

Deadringer (Dri), Chordin and Spec correspond to full-length L. variegatus sequences 

and were a kind gift from Cynthia Bradham.  Probes were used at a final concentration 

of 1 ng/mL. 

 

QPCR Analysis 

RNA from L. variegatus embryos was isolated with Trizol (Invitrogen), RT 

reactions were performed with Taqman Gold RT-PCR (Applied Biosystems), followed 

by DNase-free (Ambion).  Samples were prepared for use by the LightCycler (Roche) 

and QPCR was performed as described (Range et al., 2005). Primers used were ubiquitin 

(Davidson et al., 2002b), orthopedia (Otp) and Spec (designed using the LightCycler 

Probe Design software).  Results were calculated by subtracting the sample CT from the 

control CT to determine the ∆CT, then normalizing to ubiquitin.  Net ∆CT was used 

(1.97X) to calculate fold difference. 
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Results and Discussion 

 

Surgical Embryo Bisection Rescues the Nickel Phenotype.    

 In the 1930s, Hörstadius demonstrated that blastula stage embryos bisected 

along the animal-vegetal axis (so that each half received both animal and vegetal tissue) 

recovered into two half-sized plutei larva that were correctly patterned except for 

unequal arm lengths (Hörstadius and Wolsky, 1936).  The timing of these bisections, 

mesenchyme blastula stage, is concurrent with the time at which the effects of nickel 

chloride (NiCl2) treatment become irreversible; embryos raised in nickel from the 60-cell 

stage that are washed out of nickel at or after late mesenchyme blastula stage are 

indistinguishable from those that remained exposed to nickel (Hardin et al., 1992).  In 

fact, the window of nickel treatment that is required to radialize embryos and 

mispattern skeletons has been shown to extend from hatching through the end of  

mesenchyme blastula stage (Hardin et al., 1992).  If embryos are washed out of nickel 

earlier, the effects of nickel chloride are ameliorated.   Since embryos are capable of 

recovering body plan patterning when bisected at blastula stages, we asked a simple 

question: would a bisected nickel-treated embryo result in two half-sized embryos, both 

with the nickel phenotype? 

At mesenchyme blastula stage, control and nickel chloride treated embryos were 

placed into Ca2+-Free ASW (artificial sea water) and bisected with a glass needle along 

the animal-vegetal axis (Figure A.1A).  Isolated halves were allowed to recover and 

develop in regular (Ca2+-containing) ASW.  Whole control and nickel-treated embryos 

were also washed and allowed to develop.  When uncut controls had reached pluteus 

larva stage (Figure A.1 B1), intact washed nickel-treated embryos displayed the  
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Figure A.1: Embryo Bisection Rescues the Nickel Phenotype. (A) Illustration of 

Bisection Assay.  At mesenchyme blastula stage, embryos are surgically divided with a 

glass needle along the animal-vegetal axis (A1), resulting in two half-sized remnants 

(A2).  Dotted line represents the surgical plane.  (B) Bisections of (B1,2) control and 

(B3,4) nickel-treated embryos.  (B1’–B2’) Same embryos viewed under plane polarized 

light to visualize skeletons.  (B1, B3) Whole (intact) embryos.  (B2, B4) Single bisected 

half embryos. Number of radialized embryo halves: control, n= 3/83 (4%); nickel 

chloride, n= 63/86 (73%).  Number of radialized whole nickel-treated embryos,            

n= 29/29 (100%).  Inset in (B4) highlights an ectopic spicule due to nickel treatment. 

Note: All nickel-treated embryos were washed out of NiCl2 immediately prior to 

surgeries. Surgeries were conducted in Ca2+-Free ASW, and then embryo halves were 

transferred to regular ASW to recover and develop. Embryos allowed to develop 2 days. 
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Figure A.1: Embryo Bisection Rescues the Nickel Phenotype 
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phenotypic bell-cap, radialization and multiple spicules (Figure A.1 B3).  As predicted 

by Hörstadius, the bisected control embryos had also reached pluteus larva and were 

correctly patterned, except for being about half the size and having one arm shorter than 

the other (Figure A.1 B2).  However, surprisingly  73% of the bisected nickel-treated 

embryo halves also resembled correctly patterned, half-sized plutei larva (Figure A.1 

B4), although evidence of multiple spicules which had failed to continue developing 

could be found (inset in Figure A.1 B4).  These results demonstrate that bisection along 

the animal-vegetal axis at mesenchyme blastula stage is sufficient to rescue patterning in 

nickel-treated embryos. 

 As treatment with nickel chloride has been shown to affect the oral-aboral (O-A) 

axis in developing sea urchin embryos (Hardin et al., 1992), the gene expression of O-A 

genes was examined in bisected nickel-treated embryos to determine whether the rescue 

of skeletal patterning was due to a rescue of O-A axis specification.  The gene 

expression of Orthopedia (Otp, an oral gene) and Spec and 1C10 (both aboral genes) 

was examined (Figure A.2).  Quantitative PCR (QPCR) analysis showed that upon 

exposure to nickel, embryos increased Otp and decreased Spec expression levels (Figure 

A.2 A-B).  However, following bisection, nickel-treated embryo halves had reduced 

levels of Otp (oral) and increased Spec (aboral) expression levels (Figure A.2 A-B).   

This same pattern was observed when antibody staining to 1C10 was examined 

(Figure A.2C).  In control embryos, 1C10 stained the majority of the embryo, with only 

the small oral region (lining the cup formed by the arms and the oral hood) free of signal 

(Figure A.2 C1).  Whole nickel-treated embryos displayed a large reduction in expression 

of the aboral gene 1C10, with the remaining expression radialized and shifted to the 

vegetal pole (Figure A.2 C2).  Control embryo halves retained a proportional level of 

1C10, with a visible non-staining (oral) region (Figure A.2 C3).  However, bisected 
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Figure A.2: Bisection Reverses Oral-Aboral Gene Expression in Nickel-Treated 

Embryos.  (A-B) Quantitative PCR Analysis of oral-aboral gene expression in whole 

and bisected nickel treated embryos: (A) Otp, oral and (B) Spec, aboral.  Experiments 

normalized to ubiquitin and compared to controls.  (C) Antibody Staining for 1C10 

(Aboral) Expression.   Entire confocal stacks of (C1, C3) whole embryo and (C2, C4) 

single bisected half embryos.  (C1’–C4’) Partial confocal stacks of the same embryos, to 

reveal interior staining patterns.  Note that nickel increases oral and decreases aboral 

gene expression; however bisection produces the reverse pattern.  Embryos developed to 

30 hours. 
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Figure A.2: Bisection Rescues Oral-Aboral Gene Expression 
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nickel-treated embryos displayed a severe upregulation of 1C10 expression, such that 

almost the entire embryo half stained for 1C10 (Figure A.2 C4).  Together, these results 

demonstrate that bisection of embryos exposed to nickel is sufficient to rescue both the 

skeletal patterning and O-A gene expression associated with the nickel phenotype. 

 

Calcium is Required for Bisection to Rescue the Nickel Phenotype. 

 Since nickel has been shown in other systems to function by interfering with 

calcium signaling (reviewed in Kasprzak et al., 2003), the patterning rescue observed in 

nickel-treated bisected embryos could be a result of the influx of calcium from the regular 

ASW in which bisected halves were allowed to recover.  Typically, it took thirty to 

forty-five minutes for halved embryos to seal the wound site completely (see Figure       

A.1 A2), and during this time they were exposed to Ca2+ ions in the water.  On the other 

hand, pattern recovery following surgery might simply be a result of the wound healing 

process, caused by the reactivation of certain signaling pathways.   

To distinguish between these possibilities, bisections were performed as before, 

however following bisection the embryo halves were kept in Ca2+-Free ASW for one hour 

post surgery (Figure A.3).  Bisected nickel-treated embryos, which were allowed to 

recover without calcium, failed to rescue the nickel phenotype; 81% of these embryo 

halves were radialized with mispatterned skeletons (Figure A.3D).  Unexpectedly, 77% 

of bisected control embryos recovered in Ca2+-Free water lost their patterning, displaying 

radialized and/or mispatterned skeletons (Figure A.3B).  These results demonstrate that 

surgical bisection itself does not promote pattern recovery in nickel-treated embryos.  

Instead, the data suggest that the presence of calcium confers the ability to rescue the 

nickel phenotype following bisection.   Additionally, it appears from these experiments 
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Figure A.3: Embryo Bisections Incubated Without Calcium Fail to Rescue the Nickel 

Phenotype. At mesenchyme blastula stage, embryos were surgically divided with a 

glass needle along the animal-vegetal axis. Following surgery, embryo halves were 

incubated for 1 hour in Ca2+-Free ASW while they healed, and then allowed to develop 

in regular ASW.  (A, B) Control and (C, D) nickel treated embryos. (A’–D’) Same 

embryos viewed under plane polarized light to visualize skeletons.  (A, C) Whole 

(intact) embryos.  (B, D) Single bisected half embryos. Number of radialized embryo 

halves: control, n= 17/22 (77%); nickel chloride, n= 13/16 (81%).  Observe that the 

control embryo half in (B) has lost its patterning.  Note: All nickel-treated embryos were 

washed out of NiCl2 immediately prior to surgeries.  Surgeries were conducted in Ca2+-

Free ASW.  
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Figure A.3: Bisected Embryos Incubated Without Calcium Fail to Rescue Nickel 



  

 201 

that calcium is also required for the ability of control embryos to develop into correctly 

patterned plutei larva following bisection. 

 

Nickel Chloride Affects Skeletal Patterning in a Calcium-Mediated Manner. 

 The ability to prevent proper skeletal patterning, by withholding calcium from 

bisected embryo halves during recovery, suggests the possibility that nickel chloride 

affects patterning (and gene expression) by inhibiting the entry of extracellular calcium.  

As both nickel and calcium are divalent cations, it is possible that nickel could sterically 

inhibit extracellular calcium influx.  In fact, nickel has been shown to block conductance 

of voltage-gated calcium channels at the plasma membrane (Zamponi et al., 1996).  To 

determine whether extracellular calcium levels affect skeletal patterning, embryos were 

raised in water with decreasing levels of calcium (Figure A.4A).  As extracellular calcium 

concentrations were reduced, the corresponding skeletons were reduced in length but 

remained correctly patterned (Figure A.4 A1-4).  At 20% of normal calcium, embryos 

either underwent no skeletogenesis or formed one or two spicules that failed to elongate 

(Figure A.4 A5).  This is consistent with the role of extracellular calcium in building the 

calcium carbonate skeleton of the sea urchin.  However, these results show that simply 

altering extracellular calcium concentrations is not sufficient to disrupt skeletal 

patterning.   This suggests the possibility that nickel chloride does not function by 

blocking extracellular calcium channels, although it is by no means conclusive. 

Our investigations did reveal that nickel and extracellular calcium reduction are 

synergistic (Figure A.4B).  When raised in water with only 20% of normal calcium levels, 

embryos were inhibited for skeletogenesis but were otherwise correctly patterned (Figure 

A.4 B2). However, at 15% of normal calcium levels all embryos exogastrulated (Figure 

A.4 B3).  Although nickel-treated embryos normally do not exogastrulate, when embryos  
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Figure A.4: Extracellular Calcium Reduction Does Not Result in the Nickel 

Phenotype. (A) Embryos Raised in Decreasing Calcium Concentrations.  Decreasing 

levels of calcium do not reproduce nickel’s mispatterned skeleton phenotype, but 

instead reduce the amount of normal skeletogenesis.  (A1-5) Brightfield images.         

(A1’-A5’) Same embryos viewed under plane polarized light to visualize skeletons.   

Note: In 100% Ca2+-Free ASW, embryos lost cell adhesion and fell apart. (B) Nickel 

Treatment is Synergistic with Reduction of Extracellular Calcium.  (B1-3) Control 

embryos raised in Ca2+-Free ASW exogastrulate at 15% calcium (B3).  (B4-6) Nickel 

treated embryos raised in Ca2+-Free ASW exogastrulate at 20% calcium (B4).           

Note: Embryos developed to 30 hours. 
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Figure A.4: Extracellular Calcium Reduction Does Not Phenocopy Nickel 
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were exposed to both nickel treatment and reduction of extracellular calcium, embryos 

began exogastrulating in the presence of more calcium (at 20% of normal) than without 

nickel (Figure A.4 B5).   This suggests that nickel chloride functions in a manner which 

makes embryos more sensitive to available calcium levels.  Together these results suggest 

that nickel affects embryonic development in the sea urchin in a calcium-mediated 

mechanism, but perhaps independent of extracellular calcium entry.   

 If nickel chloride oralizes embryos and affects skeletal pattern through inhibition 

of calcium signaling, then the replacement of calcium in nickel-treated embryos should 

restore patterning.  To test this hypothesis, nickel-treated embryos were washed out of 

nickel and then treated with the calcium ionophore, ionomycin (Figure A.5).  When 

embryos were removed from nickel at mesenchyme blastula stage, ionomycin treatment 

rescued skeletal patterning, although the resulting embryos displayed an intermediate 

(mild) nickel phenotype of increased arm span (Figure A.5 A3).  When embryos were 

washed out of nickel at thickened vegetal plate stage (one hour earlier), the resultant 

embryos completely recovered skeletal patterning  (Figure A.5 B3).  This complete 

recovery might be partly due to the fact that embryos removed from nickel at this earlier 

stage, when not exposed to the calcium ionophore, were radialized with a bell-cap and 

extra spicules but had a less severe phenotype (Figure A.5 B2).  However, these results 

still intimate that the radialized phenotype and skeletal defects associated with nickel 

treatment are due to interference with calcium signaling. 

To further support this supposition, the ability of a calcium channel inhibitor to 

phenocopy nickel treatment was investigated (Figure A.6).  Inhibitors were grouped by 

mechanism into blockers of extracellular or intracellular calcium.  Treatment with the 

extracellular, L-type (voltage-gated) Ca2+ channel inhibitor, verapamil, had no effect on 

skeletal patterning, resulting in embryos that phenotypically resembled controls (Figure  
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Figure A.5: Calcium Ionophore Rescues the Effects of Nickel Treatment.  

(A) Nickel Treatment Washed Out at Mesenchyme Blastula Stage. (A1) Control, 

(A2) nickel-treated, and (A3) nickel-treated embryo washed and placed into the calcium 

ionophore, ionomycin. (A1’-A3’) Same embryos viewed under plane polarized light to 

visualize skeletons.   (B) Nickel Treatment Washed Out at Mesenchyme Blastula 

Stage. (B1) Control, (B2) nickel-treated, and (B3) nickel-treated embryo washed and 

placed into the calcium ionophore, ionomycin. (B1’-B3’) Same embryos viewed under 

plane polarized light to visualize skeletons.  Note: Embryos developed to 2 days.  

Embryos exposed to both nickel chloride and ionomycin simultaneously died.  
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Figure A.6: Inhibition of Intracellular Calcium Release Phenocopies Nickel.            

(A) Treatment with the Extracellular Calcium Channel Blocker, Verapamil.           

(A1) Control and (A2) verapamil treated embryos. (A1’–A2’) Same embryos viewed 

under plane polarized light to visualize skeletons. (B) Treatment with the Intracellular 

Calcium Release Inhibitor, Xestospongin C. (B1) Control and (B2-5) Xestospongin C 

(XeC) treated embryos. (B1’–B2’) Same embryos viewed under plane polarized light to 

visualize skeletons.  Notice the multiple spicules and radialized phenotype of XeC 

embryos.  Note: Embryos allowed to develop 2 days. 
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Figure A.6: Inhibition of Intracellular Calcium Release Phenocopies Nickel 
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A.6A).  Treatment with other extracellular calcium entry inhibitors, such as gadolinium 

(which inhibits stretch-activated channels) and nifedipine (another voltage-gated 

channel blocker) also failed to produce radialized embryos or mispatterned skeletons 

(data not shown).  Conversely, while treatment with thapsigargin (an inhibitor of 

calcium ion pumps at intracellular membranes) produced variable and inconsistent 

phenotypes (data not shown), treatment with the intracellular calcium inhibitor 

Xestospongin C (XeC) was able to phenocopy nickel treatment (Figure A.6B).  XeC 

blocks IP3-mediated calcium release, by interfering with the IP3 receptors on the 

membrane of the endoplasmic reticulum (Oka et al., 2002).  XeC treatment was able to 

reproduce the bell-cap (Figure A.6 B3), as well as the radialized phenotype and multiple 

spicules (Figure A.6 B2’-B5’) seen with nickel exposure.  These results suggest that nickel 

radializes embryos by interfering with intracellular IP3 calcium release, rather than 

blocking calcium channels at the plasma membrane. 

  

Other Divalent Cations Will Phenocopy Nickel Treatment. 

Our investigations suggest that nickel disrupts skeletal patterning presumably 

through interference with a calcium signaling event essential to O-A axis specification.  

This suggests the possibility that exposure to other divalent cations could produce the 

nickel phenotype as well.  To test this hypothesis, the effect of zinc (ZnCl2) and cobalt 

(CoCl2) treatment was examined (Figure A.7).  The results show that both zinc (Figure 

A.7C) and cobalt (Figure A.7D) treatment resulted in the radialized phenotype, multiple 

spicules and mispatterned skeletons associated with nickel.  However, subtle differences 

appeared.  While removal of nickel at mesenchyme blastula stage did not rescue normal 

patterning, the removal of either zinc or cobalt resulted in a complete rescue (data not 

shown).  Additionally, treatment with cobalt only rarely resulted in the  
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Figure A.7: Other Divalent Cations Phenocopy Nickel.  (A) Control, (B) nickel (C) 

zinc, and (D) cobalt-treated embryos.  (A’-D’) Same embryos viewed under plane 

polarized light to visualize skeletons.  Note: Embryos allowed to develop 2 days. 
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Figure A.7: Other Divalent Cations Phenocopy Nickel 
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phenotypic bell-caps associated with nickel treatment (data not shown).   However, 

these results demonstrate that other divalent cations are capable of phenocopying nickel 

treatment. 

Nickel is thought to disrupt skeletal patterning by altering O-A gene expression 

in the ectoderm (Armstrong et al., 1993; Hardin et al., 1992).  To determine whether the 

differences in zinc and cobalt treatment were due to differences in oral and/or aboral 

gene expression, in situ hybridizations were performed (Figure A.8).  The results show 

that nickel, as predicted, both radialized and expanded the expression of the oral genes 

Chordin and Deadringer (Dri), while radializing but reducing the expression of the 

aboral gene Spec (Figure A.8 A2-C2).  Additionally, the remaining Spec expression seen 

in nickel-treated embryos was shifted down to the vegetal pole (Figure A.8 C2), 

reminiscent of what was seen with 1C10 staining (Figure A.2 C2).  Treatment with zinc 

was able to completely phenocopy nickel in all respects (Figure A.8 A3-C3).  Cobalt 

exposure was able to phenocopy the aboral Spec expression (Figure A.8 C4).  However, 

although cobalt expanded the expression of both oral genes, Chordin and Dri, it was 

unable to radialize their expression (Figure A.8 A4-B4).  These results suggest that zinc 

is truly able to phenocopy nickel and cobalt is not, although cobalt is still able to perturb 

O-A gene expression (which is likely explains its able to radialize embryos and 

mispattern skeletons).  

Together, these data provide the first evidence for the long-held assumption that 

nickel exposure disrupts calcium signaling in the sea urchin embryo, thus altering O-A 

gene expression and resulting in radialized, mispatterned skeletons.  Other heavy 

metals, such as zinc and cobalt, were also able to phenocopying nickel and interfere with 

O-A patterning (at least partially in the case of cobalt).  This is consistent, at least for 

zinc, with earlier studies showing that zinc treatment disrupts the skeleton during sea  
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Figure A.8: Divalent Cation Exposure Perturbs Oral-Aboral Gene Expression.  

In situ hybridizations for (A) Chordin, oral, (B) Deadringer (Dri), oral, and (C) Spec, 

aboral, expression at prism stage.  Lateral (top) and vegetal (bottom) views of: (A1-C1) 

control, (A2-C2) nickel, (A3-C3) zinc and (A4-C4) cobalt-treated embryos.  Note that 

oral gene expression is expanded while aboral gene expression is reduced and 

vegetalized, and that treatment with cobalt fails to completely radialize oral gene 

expression as seen with nickel and zinc. 
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urchin embryogenesis (Timourian, 1968).  The results suggest that zinc and nickel work 

in a similar manner (although zinc treatments, unlike nickel, remain reversible even at 

later developmental stages).  The data also demonstrate that cobalt works by a slightly 

different mechanism, although the reason remains unclear and further experiments will 

be required to understand the differences involved.  

Bisection experiments suggest that the mechanism by which nickel radializes 

embryos is calcium specific and not due to other ions such as magnesium, since recovery 

in calcium free conditions prevented the rescue of patterning despite the presence of 

Mg2+ ions.  The data also indicate that nickel interferes with intracellular calcium release, 

since an inhibitor of IP3 receptors, Xestospongin C, was able to phenocopy nickel 

whereas extracellular calcium channel blockers were not.  Additionally, the fact that the 

calcium ionophore, ionomycin, was able to rescue nickel-treated embryos also lends 

support to this hypothesis.  After the rescue experiments were performed, it was 

discovered that ionomycin functions by stimulating IP3-regulated calcium stores 

(Yoshida and Plant, 1992).  Together, these results strongly suggest that nickel functions 

specifically through interference with IP3-mediated calcium signaling.   

A more definitive experiment remaining to be performed is to demonstrate a 

change in endogenous calcium transients upon treatment with nickel.  Before this can be 

done, the exact timing of the calcium release required for O-A specification must be 

determined.  The minimum treatment window for nickel that radializes embryos extends 

from hatching to the beginning of early gastrula stage (Hardin et al., 1992).  Using the 

inhibitor Xestospongin C, it should be possible to narrow this window to smaller time 

period (an hour or less), in which calcium transients can be visualized (for instance using 

fluorescent Ca2+ dye indicators such as Calcium Green).  This will enable the effects of 

nickel treatment on calcium to be directly demonstrated. 
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Pinpointing this calcium event will also enable us to precisely position calcium 

signaling within the oral-aboral specification network.  The construction of this network 

has just recently begun.  Early in the oral network, p38 MAP Kinase asymmetrically 

signals on the presumptive oral side at ~6 hours post fertilization, or late blastula stage 

(Bradham and McClay, 2006).  Downstream of p38 is Nodal, which  is expressed in L. 

variegatus after p38 at late blastula stage; Nodal ultimately drives expression of most 

known oral genes, including Deadringer, and is upstream of aboral gene inhibition 

(Bradham and McClay, 2006; Duboc et al., 2004).  It has been shown that nickel 

functions early in O-A specification.  Nickel has been shown to function upstream of 

Nodal, as nickel treatment affects Nodal expression (Duboc et al., 2004), and 

downstream of p38 signaling (Cynthia Bradham, personal communication).  Again, 

utilizing Xestospongin C, it should be possible to demonstrate that IP3-mediated calcium 

release is required for the expression of oral genes such as Nodal.  

Further investigations will be required to reveal the exact nature of the 

relationships between nickel, calcium and the O-A axis.  However, the significance of 

this study goes beyond showing  that nickel functions in a calcium-dependent manner.  

These investigations reveal that a previously uninvestigated calcium signaling event 

appears to be critical for O-A axis specification.   
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