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Abstract 12 
Gene regulatory networks (GRNs) provide a systems-level orchestration of an organism’s 13 

genome encoded anatomy. As biological networks are revealed, they continue to answer many 14 
questions including knowledge of how GRNs control morphogenetic movements and how GRNs 15 
evolve. The migration of the small micromeres to the coelomic pouches in the sea urchin embryo 16 
provides an exceptional model for understanding the genomic regulatory control of 17 
morphogenesis. An assay using the robust homing potential of these cells reveals a “coherent 18 
feed-forward” transcriptional subcircuit composed of Pax6, Six1/2, Six3, Eya, and Dach1 that is 19 
responsible for the directed homing mechanism of the small micromeres. The linkages of that 20 
circuit are strikingly similar to a circuit involved in retinal specification in Drosophila suggesting 21 
that systems-level tasks can be highly conserved even though the tasks drive unrelated processes 22 
in different animals. 23 
 24 
 25 
Introduction 26 

Much research has been done to understand the cell biology underlying the events of 27 
directed cell migration; however, how the events are encoded in the genome and how gene 28 
regulatory networks (GRNs) control this process are works in progress. Cell migration is the 29 
directed movement of a single cell or a collective group of cells through the early embryo or the 30 
adult body. Many different cell types undergo chemotaxis-dependent directed migration during 31 
development, including primordial germ cells, Drosophila border cells, the zebrafish posterior 32 
lateral line, Drosophila tracheal cells, vertebrate neural crest cells, and vertebrate anterior 33 
mesoderm(1). The ability for cells to undergo directed migration towards a target location 34 
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requires the use of different signal transduction mechanisms to remodel their actin cytoskeleton 35 
in a directed fashion such that they extend filopodia, lamellipodia, and blebs to create a polarized 36 
leading edge.In the sea urchin, a near complete developmental GRN describes the specification 37 
of endomesoderm(2,3). Studies of this specification network have made the sea urchin a viable 38 
model for extending the study of how GRNs can explain control of complex cell behaviors(4). 39 
The migration of the sea urchin small micromeres serves as a powerful experimental model for 40 
connecting the genomic regulatory control of morphogenesis to an upstream GRN.  41 

Small micromere cells arise from an asymmetric cleavage of the micromeres at the 42 
embryonic fifth cleavage (Figure1A). These cells divide once within the vegetal plate to produce 43 
eight cells(5).The eight small micromeres migrate along with the growing archenteron during 44 
gastrulation until they reach the animal pole(6,7).Post-migration, the small micromeres 45 
incorporate into the coelomic pouches, which are found on either side of the developing 46 
esophagus(5,8,9). 47 

The coelomic pouches, a mesodermal sub-type, appear at the tip of the forming 48 
archenteron.Their specification is initiated early in development by Delta/Notch 49 
signaling(10,11). During gastrulation, several other mesodermal cell types undergo epithelial-to-50 
mesenchymal transitions into the blastocoel where they take on different roles in the embryo. 51 
The mesodermal cell sheet remaining at the tip of the archenteron at the end of gastrulation 52 
forms the two coelomic pouches on either side of the foregut (Figure1A). Only those small 53 
micromeres that reach the left coelomic pouch, which will become the future adult rudiment, will 54 
survive until adulthood. During metamorphosis of the indirect developing sea urchin, the 55 
embryonic small micromeres incorporate into the adult rudiment’s left somatocoel, which will 56 
later give rise to the gonads of the adult animal and possibly other tissues(9).  57 
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Previous research has suggested that the small micromeres contribute to the adult 58 
primordial germ cells (PGCs); however, it has not been shown directly whether the small 59 
micromeres contribute to additional adult tissues or whether the only source of the adult PGCs 60 
are the small micromeres(5,6,12-16). The possibility remains that the small micromeres go on to 61 
produce multiple cell types including, but not limited to PGCs(17). 62 

Recent publications tracked small micromeres as they moved from the vegetal pole to the 63 
coelomic pouches(6,7). In Yajima et al, it was observed that during gut invagination, the small 64 
micromeres did not change position relative to the adjacent mesoderm cells of the advancing 65 
archenteron. It was concluded that once they reach the tip of the archenteron, the small 66 
micromeres must actively migrate to the left and right coelomic pouches(6). Seemingly 67 
contradictory evidence from Campanale et al described an active migration throughout 68 
gastrulation and post-gastrulation as they make their way to the coelomic pouch(7). While both 69 
studies conclude that there is an active migration post-gastrulation, we clarified whether the 70 
small micromeres acquired their active movement before or after gastrulation. When removed 71 
from their endogenous location and placed ectopically, we find that the small micromeres are 72 
autonomous and active while migrating throughout gastrulation to make it “home” to the 73 
coelomic pouch.Their active motility during gastrulation is essential for the ectopic small 74 
micromeres to undergo directed “homing” migrationto the coelomic pouch. 75 

In order to understand this homing ability at a systems level, wetook advantage of the 76 
robust homing nature of the small micromeres to determinethe GRNat work during their 77 
migration. Using a homing assay to quantitatively score the ability of the coelomic pouch cells to 78 
direct movement of the small micromeres, we constructed a gene regulatory network that 79 
governs effector genes directly responsible for the homing mechanism. We find that a specific 80 
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subcircuit composed of Pax6, Six3, Six1/2, Eya, and Dach1 that is canonically found in retinal 81 
development has been deployed for this distinct developmental process. Here, we describea GRN 82 
for homing behavior and uncover a striking similarity of our morphogenesis GRN to the retinal 83 
determination gene network (RDGN). 84 
 85 
 86 
Results 87 

Underlying gene regulatory networks (GRNs) specify each of the coelomic pouch cell 88 
types (oral and aboral mesoderm) and the small micromeres early in development(2,18,19). We 89 
sought to understand the robust nature of the small micromere migration and how that migratory 90 
event is transcriptionally controlled. Given the ability to experimentally move the small 91 
micromeres to ectopic locations, we first learned that the small micromeres had a remarkable 92 
ability to home to the coelomic pouches. Using that observation, we developed an assay to study 93 
how the small micromeres underwent a directed cell migration. The assay was also used to 94 
scorefor transcriptional regulation of the migration after perturbing specific transcription factors.  95 
 96 
Small micromeres actively migrate throughout gastrulation.  97 
 The mechanisms by which the small micromeres make their way to the coelomic pouch is 98 
a topic of debate: one paper cites an active migratory event while another a passive translocation 99 
during gastrulation (6,7). We followed the migratory process at a higher cellular resolution using 100 
time-lapse to resolve the seemingly contradictorydataon the movement of small micromeres 101 
during gastrulation. 102 
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 Small micromereswere fluorescently labeled, so they could be uniquely followed 103 
throughout gastrulation allowing a finer analysis of their behavior than if those cells were not 104 
specifically identified(Figure1B and Video 1). Host embryos were labeled by injection of 105 
histone2B-RFP mRNA and micromere-donor embryos with a membrane-GFP mRNA.At the 16-106 
cell stage, one donor fluorescent micromere was transplanted to the vegetal pole where it 107 
replaced a surgically removed micromere (Figure1B). Each 4th cleavage micromere gives rise to 108 
two lineages: the small micromere (the proposed primordial germ cell) and the large micromere 109 
(the skeletogenic mesoderm). The transplant surgery was performed at the 16-cell stage to ensure 110 
the survival of the small micromere daughters for two reasons. First, it assured that the small 111 
micromeres (which arise at 5th cleavage by an asymmetric division of the micromere) were not 112 
damaged by separation from the large micromeres during micromanipulation since they had not 113 
yet been born. Second, when the small micromeres appeared, their only initial connection to the 114 
embryo wasvia the spindle remnant to the large micromere—this attachment to the large 115 
micromere was crucial for the incorporation of the transplant into the host embryo. Both reasons 116 
for surgically transplanting the micromere ensured the re-establishment and survival of a high 117 
percentage of small micromeres in the host embryo (Table 1 shows scoring of transplant 118 
efficacy). At the beginning of gastrulation, this recombinant approach resulted in 8 fluorescent 119 
large micromere progeny and 2 fluorescent small micromeres (Figure1C and Video 1). It was 120 
easy to distinguish the donor small micromere progeny from the large micromere progeny when 121 
the large micromeres fused with non-fluorescent host mesoderm cells to form the skeletal 122 
syncytium thereby greatly diluting their fluorescence (Figure1C and Video 1). 123 
 Chimeric embryos made in this manner were examined over six hours of development to 124 
followcell behavior. As seen in Figure1Cand Video 1, throughout invagination of the 125 
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archenteron, the small micromeres were highly active. They underwent many cell shape changes, 126 
blebbing, and pseudopodia extensions as was also seen by Campanale et al. They extended 127 
filopodia and lamellipodiathrough the basal lamina surrounding the archenteron.Nevertheless, 128 
they retained an adhesionand were not displaced relative to the adjacentinvaginating epithelial 129 
cells(Figure1C and Video 1, 12h00m-18h00m).  130 
 When gastrulation was completed at 20hpf (early prism stage), small micromere behavior 131 
changed in tandem with a change in the basal lamina. At a time corresponding to the end of 132 
gastrulation, laminin immunostaining indicated that the basal lamina was undergoing 133 
remodeling, as there were large gaps in the laminin component of the basement membrane at the 134 
tip of the archenteron (Figure 2A). Through those gaps,the small micromeresdelaminated 135 
(Figure 2A), moved to the blastocoelar side of the remodeling basal lamina, and thenactively 136 
migrated to the posterior end of the left or right coelomic pouch where they were then re-137 
enveloped with a basal lamina layer by 2dpf (Figure 2B). The migratory behavior of the small 138 
micromeres suggested that they underwent an epithelial-mesenchymal transition (EMT) at the 139 
beginning of their migratory phase over the archenteron and to their coelomic pouch. These cells 140 
de-adhered, breached a basal lamina, changed shape, actively migrated within the blastocoel, and 141 
then rejoined an epithelium, demonstrating a number of EMT, and perhaps mesenchymal-142 
epithelial transition (MET), properties. 143 
 144 
Small micromeres “home” to the coelomic pouches from ectopic positions. 145 

In many embryonic systems, cells home, or migrate in a directed fashion, from their place 146 
of origin to a distant target site. Since that movement is directed, in each case there must be a 147 
mechanism to provide guidance(1,6,7,20). Knowing that the small micromeres were actively 148 
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changing cell shape then moving to a new location at the end of gastrulation, we tested to see if 149 
small micromeres would undergo a directed migration to the coelomic pouch when placed in an 150 
ectopic location. Normally, small micromeres start their trajectory at the vegetal pole, which is 151 
the most posterior location in the embryo and terminate in the coelomic pouches near the anterior 152 
end of the embryo. Accordingly, smallmicromeres were placed ectopically at varying locations 153 
along the anterior/posterior axis of 16-60-cell staged embryos, and the frequency of their ability 154 
to find their way to the coelomic pouch at 2 days post fertilization (dpf) was scored 155 
(Figure3).Micromeres placed at the vegetal pole served as a control since that is their 156 
endogenous starting location.Donors placed in the endogenous location homed 86.6% (n=213) of 157 
the time (Figure 3A). 13.4% of observed cases that were considered “no homing” were instances 158 
where we could not find fluorescent small micromeres in the host embryo’s coelomic pouch. 159 
Those that did not make it to the coelomic pouch became lost in the blastocoelar space, which we 160 
scored as “no homing”. Micromeres were then placed ectopically between the Veg1 and Veg2 161 
tier and in the animal half between the An1 and An2 tier of presumptive ectodermal cells (scored 162 
together as equator), at the animal pole, or in the blastocoel. No matter where they were placed, 163 
the vast majority of small micromeres transplanted to ectopic positions anywhere in the embryo 164 
made it home (Equator = 93.7% (n=74), Animal Pole= 78.6% (n=11), Blastocoel= 78.6% 165 
(n=11)) (Figure 3B-D).Interestingly, the majority of transplants were scored to be in the left 166 
coelomic pouch after homing suggesting a survival mechanism to ensure the proposed primordial 167 
germ cells make it onto adulthood to contribute to the gamete pool. 168 
 Next, we wanted to see how the small micromereshomed. Did they move from the 169 
ectopic position within the plane of the epithelium, or did they ingress from the ectopic location 170 
into the blastocoel and find the coelomic pouch from there? If they did ingress into the blastocoel, 171 
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were they first attracted to the endogenous small micromeres before migrating to the coelomic 172 
pouch mesoderm, or didthe small micromeres autonomouslymove to the coelomic pouches? 173 
Could it be that the ectopically placed small micromeres precociously ingressed through the 174 
basement membrane and thus headed directly to their final destination? To see when and where 175 
the ectopic small micromeres found their way home, we transplanted differentially labeled 176 
micromeres to two different locations (one at the animal pole (Figure 3-figure supplement 1A) 177 
and one at the equator (Figure 3-figure supplement 1B)) to host embryos. We then assayed at 178 
intervals up to 24 hpf and sawthat the ectopically placed micromeres arrived independently of 179 
the endogenous micromeres (Figure 3-figure supplement 1A-B).  180 

The transplanted small micromeres remained at the ectopic site until the primary 181 
mesenchyme cells (PMCs) ingressed. At that time (9-10 hpf), the ectopic small micromeres also 182 
ingressed into the blastocoel (Figure 2C-D). Because the ectopic small micromeres ingressed at 183 
the time of skeletogenic cell ingression, we wondered whether isolated small micromeres could 184 
ingress on their own. By ectopically transplanting just 32-cell stage small micromeres (as 185 
opposed to the usual 16-cell stage micromere, which would result in large and small micromere 186 
cells) (Figure 2C), we observed the small micromeres autonomously invade through the laminin 187 
layer independent of large micromeres. The ectopic small micromeres breached the laminin layer 188 
(Figure 2D, yellow arrow) at the same time as the PMC EMT(Figure 2D, whitearrows) 189 
suggesting that the small micromeres create the hole through which they breach and invade, even 190 
though the endogenous small micromeres actually breach the basement membrane about 6-8 hrs 191 
later when they leave the tip of the archenteron. 192 

 193 
Small micromeres home to coelomic pouch precursor cells. 194 
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 Once we learned that the ectopically placed small micromeres home to the coelomic 195 
pouch from any location in the embryo, we next investigated whether the signal to which they 196 
were responding was coming from the coelomic pouch mesoderm. The question was whether the 197 
small micromeres home directly to the coelomic pouch region or indirectly. First, to ask if the 198 
mesoderm is the lineage to which the small micromeres home, we knocked out Delta, a signal 199 
necessary for mesodermalspecification(10,11). The lack of mesoderm, indeed, had an effect on 200 
homing. In the experiment, Delta was knocked downin host embryos andcontrol (unperturbed) 201 
micromereswere placed ectopically at the equator of those embryos (Figure 4A).The small 202 
micromeres did not home to any significant location in the embryo(coelomic pouches werenon-203 
existent in the KD) and became lost in the blastocoelar space as is seen in cases we deemed “no 204 
homing”65% of the time (n=23, p<0.0001)(Figure 4C).35% of the time, there was an 205 
incomplete knockdown of the Delta signalresulting in a coelomic pouch and the small 206 
micromeres homed to that location. Further investigation of the cell types and sub-territories 207 
within the coelomic pouch allowed us to elaborate on the genomic control underpinning the 208 
homing mechanism. 209 
 210 
Coelomic pouch transcription factors affect small micromeres’ ability to home 211 

Next, we wanted to know which transcription factors within each territory of the final 212 
coelomic pouch (aboral or oral mesoderm) were upstream of the homing mechanism. We 213 
surveyed a list of known coelomic pouch and small micromere transcription factors, and genes 214 
found to maintain expression levels during homingwere included in our list of potential upstream 215 
regulators. The genes further investigated were: 1.) Oral coelomic pouch transcription factors 216 
FoxC, FoxF, PitX2; 2.) Aboral coelomic pouch transcription factors Dach1, Pax6, SoxE, Six3, 217 
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Six1/2, and transcriptional co-activator Eya; and 3.) Small micromere transcription factors FoxC, 218 
and Pitx2. Accession numbers found in Table 2. 219 

The experiment was to transplant a labeled micromere to a differentially labeled host 220 
embryo and assay the small micromeres’ability to home in either of two perturbed scenarios: 221 
either with a morpholino-perturbed host embryo or morpholino-perturbed micromere transplant. 222 
For each transcription factor, we transplanted control micromeresto control hosts (a positive 223 
control for homing),perturbedmicromeres transplanted to control hosts, and control micromeres 224 
transplanted to perturbed hosts. Transplants were done at the 16-cell stage and scored at two days 225 
post-fertilization.Transplant efficacy was also scored and can be found in Table 1. Only those 226 
transplants containing small micromere were scored for homing or no homing. Failed transplants 227 
were cases where no small micromeres were observed in the embryo. 228 

One transcription factor, Forkhead family member FoxC, was found to affect small 229 
micromere homing when only knocked down in the micromere. FoxC is expressed in both the 230 
oral coelomic pouch mesoderm and the small micromeres; however, only when it was perturbed 231 
in the small micromere did it affect homing, and only 26% (n=19, p<0.001) of the timedidthe 232 
small micromeres successfully make it to the coelomic pouch (Figure 5A).  233 
 The firstcoelomic pouchtranscription factor we found to be involved in homing was a 234 
Ski/Sno family member,Dachshund1. Whencontrol micromeres were transplanted to a 235 
Dachshund1 morpholino perturbed host, the control small micromeres were only able to home in 236 
10% (n=10, p<0.0001) of scored cases (Figure 5B).In contrast, when Dach1 was knocked down 237 
in the small micromeres only, and the host embryo was a control, homing ability was scored as 238 
successful in 77% of cases. We concluded that Dach1 was necessary in the targeted tissue for 239 
homing to occur.  240 
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Next, wefound thepaired box family transcription factor Pax6 was upstream of the small 241 
micromeres’ ability to home. When control micromeres were transplanted to a Pax6 knockdown 242 
host, the small micromeres were only able to home 40% (n=10, p<0.004) of the time (Figure 243 
5C).We then found the six family transcription factor, Six3, to regulate homing.When control 244 
micromeres were transplanted to a Six3 knockdown host, the small micromeres were able to 245 
home 11% (n=9, p<0.00009) of scored cases (Figure 5D). Next, we saw transcriptional co-246 
activator and tyrosine phosphatase, Eya, to exhibit an effect on homing. When control 247 
micromeres were transplanted to an Eya knockdown host, small micromeres were able to home 248 
28.5% of the time (n=7, p<0.002) (Figure 5E). Finally, we found another six family 249 
transcription factor, Six1/2, to affect homing. Control micromeres transplanted to a Six1/2 250 
knockdown host were able to home 65% (n=17, p<0.02) of scored cases (Figure 5F). This effect 251 
is modest, but statistically significant relative to controls within that experiment. Transcription 252 
factors FoxF, SoxE, FoxC and Pitx2did not appear necessary for homing when perturbed in the 253 
coelomic pouch mesoderm(Figure 5-figure supplement 1).  254 

It is important to note that when the same knockdowns are stained for endogenous vasa 255 
expression (labeling the small micromeres), small micromeres are still able to reach the coelomic 256 
pouches (Figure5-figure supplement 2). We observe that the control endogenous small 257 
micromeres are within the coelomic pouches in tight clusters (Figure5-figure supplement 2A) 258 
while the knockdowns exhibit various levels of disorganization (Figure5-figure supplement 259 
2B-H). Since the endogenous small micromeres normally home over a very short distance, the 260 
knockdown small micromeres, as might be expected, remain close to the coelomic pouches—261 
they do not disperse from that vicinity, but they do not tightly cluster in the correct location.Also, 262 
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at this time, there is prevalent cell rearrangement at the tip of the archenteron that leads to the 263 
fusion of the oral ectoderm and foregut endoderm (unpublished observations). 264 
 Thus of the elevengenes screened for homing behavior, onlysixwere necessary for 265 
homing. We next wanted to better understand how the fivecoelomic pouch mesodermal 266 
transcription factors scored as necessary for homing might relate in the network circuit that runs 267 
in that tissue. 268 
 269 
Perturbation analysis unveils a GRN circuit that controls homing. 270 

Each of the fivetranscription factors involved in controlling homing is expressed in the 271 
aboral coelomic pouch. Luo and Su showed that transcription factors Dach1, Eya, Six1/2 and 272 
Pax6 are co-localizedin the aboral coelomic pouch(8). Six3 was found to be expressed in the 273 
aboral mesoderm early in development, and by double fluorescent in situ hybridization, we see 274 
six3 to also overlap with aboral marker, eya (Figure 6B)(21).Six3 was seen to be tightly apposed 275 
with vasaexpression, but is exclusive from small micromeres. Also, six3 expression is distinct 276 
fromthe oral, myosin, domain of expression (Figure 6A, C).Expression domains within the 277 
coelomic pouch are illustrated in Figure 6D. Luo and Su also noted that transcription factors 278 
Dach1 and FoxC are expressed in the oral coelomic pouch(8). Transcription factor FoxC, 279 
however, is expressed in both the oral coelomic pouch and the small micromeres at the time of 280 
small micromere homing(8).  281 

To determine the order of expression of the transcription factors that could potentially act 282 
in a homing subcircuit, we first performed whole mount in situ hybridization on all fivehoming 283 
genes (dach1, pax6, eya, six1/2 and six3) at 8 time points ranging from pre-hatched blastula 284 
(before small micromere migration along the archenteron) to early pluteus (after the small 285 
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micromeres and coelomic pouches have coalesced) with a 2-4 hour step-time to establish relative 286 
timing of expression (Figure 6-figure supplement 1). By surveying this gene set, we conclude 287 
that their co-localization in the coelomic pouches and temporal expression patterns suggest that 288 
these transcription factors may be interacting (diagram, Figure 6D). To ask how or if these genes 289 
interact in a gene network to drive the morphogenetic cassette, we undertook a perturbation 290 
analysis to build a homing GRN upstream of the morphogenetic movement.  291 

Each transcription factor was perturbed and the effect of that perturbation on the others 292 
was examined.When Dach1 was perturbed using a morpholino specific to the start of translation, 293 
we saw by in situ hybridization an increased expression of dach1(indicating self repression). 294 
Knowing that dach1 is expressed in the endoderm earlier in development from our time course 295 
data, we concluded that the upregulation seen in the gut was a result of dach1 self-repression not 296 
only in the gut but also later in the coelomic pouch mesoderm expression. A down-regulation of 297 
six3 and a down-regulation of eya transcripts was also seen in the Dach1 perturbation.These data 298 
indicate that Dach1 positively regulates six3 and eya and inhibits the overexpression of itselfby 299 
repression (Figure7).  300 
 When Six3 was perturbed using a start site morpholino, we saw a self up-regulation of 301 
six3 but only in the apical expression domain, a down-regulation of eya, and a down-regulation 302 
of pax6 transcripts. We conclude from these data that Six3 positively regulateseya and pax6in 303 
the coelomic pouch mesoderm. Perturbing Eya in the same way showed a down-regulation of 304 
six3, six1/2,and a self-down-regulation of eya. Knowing that Eyais a transcriptional co-activator 305 
of Six1/2, Eya must positively regulate itself, six3, and six1/2by co-acting with Six1/2.Next, 306 
Six1/2 was perturbed, and, as expected, regulatory interactions found reflected those found in the 307 
Eya knockdowns indicating that Eya and Six1/2 do, in fact, act synergistically as has been seen 308 



 15

before (22,23).Finally,Pax6perturbationcaused down-regulation of six3, eya, and itself. Pax6, 309 
therefore, positively regulatessix3, eya, and itself (Figure7).  310 
 When the network was laid out in a Biotapestry model,the subcircuit controlling the 311 
homing mechanism was readily discerned as a coherentfeed-forward loop composed of multiple 312 
feedback loops that sustain its robust nature (Figure 8A)(24). It also displayed a striking 313 
resemblance to anothercircuit well known in development: the retinal determination gene 314 
network.The Pax-Six-Eya-Dach retinal determination gene network is necessary for specification 315 
of retinal cell types in many systems(25-29). The same fivefactors contribute to a coherent feed-316 
forward circuit for Drosophila eye specification(25) (Figure 8B). Few linkages between the eye 317 
and small micromerehoming circuits are different (Figure8).  318 
 319 
 320 
Discussion 321 

Our chimera experimentsshow that small micromeres home with high fidelity to the 322 
coelomic pouches no matter where they initially are placed in the embryo. That homing utilizes 323 
an autonomous epithelial-mesenchymal transition and a directed movement to the target site in 324 
the coelomic pouch. Results detail some of the complex morphogenetic movements of the small 325 
micromeres in their migratory trajectory. Perturbation analysis identified the transcriptional 326 
inputs upstream of the putative homing signal. Network analysis of thetranscription factors 327 
necessary for homing signal production unveiled a stereotypical coherent feed-forward subcircuit 328 
that controls the attractive signal. That circuitry shows a striking similarity to the retinal 329 
determination gene network (RDGN), or Pax-Six-Eya-Dach Network.  330 
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That the same subcircuit is present and used for another purpose in Drosophilawas an 331 
unexpected outcome. While it is possible that the similarity is due to convergent evolution, 332 
deployment of the same subcircuit in the two organisms for two very different purposes also 333 
suggests another possibility. Ancient subcircuit functions necessary for systems-level operations 334 
in networks may be employed as a unit as new networks evolve rather than build new systems 335 
level operations gene by gene. It isn’t yet known whether evolution favors subcircuits of similar 336 
topology moving as a unitto perform similar functions in diverse cell types, but advances in 337 
systems-level studies should reveal the frequency of this phenomenon.  338 
 339 
Small micromere homing is a complexdirected cell migration mechanism. 340 

The data from the chimera experiments show that normally small micromeres retain an 341 
adhesion to adjacent cells during archenteron extension. When they arrive at the tip of the 342 
archenteron, they then leave the epithelium using an epithelial-to-mesenchymal transition (EMT) 343 
through a laminin-containing basement membrane, migrate to the posterior end of the coelomic 344 
pouch, and transition back to an epithelium as they coalesce with the coelomic pouch. 345 
Ectopically placed small micromeres behave differently from the endogenous small micromeres 346 
in that they fail to retain epithelialadhesions through gastrulation and instead go through an EMT 347 
at the time PMCs ingress. The fact that the ectopically placed small micromeres loseadhesion 348 
and go through EMT independent of the timing of archenteron tip formation implies that there 349 
must be a non-autonomous cue to keep the endogenous small micromeres in place during 350 
gastrulation. Without that local cue, the small micromeres actively home from the beginning of 351 
gastrulation as seen with the behavior of ectopically placed small micromeres.Further,there must 352 
be a non-autonomous signal that is recognized by small micromeres when they reach the tip of 353 
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the forming archenteron that cues them to initiate the EMT and migration.The behavior of the 354 
ectopic cells suggest that the migratory capacity can be activated at the beginning of gastrulation, 355 
but since they normally do not move from the epithelium until at the tip of the archenteron, 356 
another event may stimulate them to complete their journey to the coelomic pouches. 357 

Observations of ectopically placed small micromeres also reveal that the cells undergo 358 
directed cell migration to get to the coelomic pouch mesoderm. The cells find their way to the 359 
coelomic pouch no matter their starting location. In other systems cells become polarized in 360 
response to a chemoattractant signal at the leading edge of the cell while the remainder of the 361 
cell is cued to receive inhibitory or repulsion signals responsible for increasing its sensitivity to 362 
its target location (as reviewed by(1,20)). Small micromeres appear to take a fairly direct route to 363 
their eventual target no matter where they are initially placed. Since the normal route involves 364 
movement through part of the blastocoel, and since ectopic small micromeres also use the 365 
blastocoelar route, the putative homing signal likely is produced earlier than the end of 366 
gastrulation since the ectopic small micromeres move through the blastocoel to the correct target 367 
well before gastrulation is completed. 368 
 At present, it is only speculation that there is a chemoattraction mechanism at play. If it 369 
were chemoattraction, the cue must work at the individual cell level since single small 370 
micromeres respond to the cue when ectopically placed. The transcriptional regulation upstream 371 
of that putative signal offers approaches for its identification. Potentially, as an alternative 372 
hypothesis, the coelomic pouch NSM could be drawing the small micromeres to their final site 373 
by filopodia, since it is known that these cells as well as the small micromeres extend filopodia 374 
(7,30). These hypotheseswill need to be explored further. 375 
  376 
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Control of morphogenetic movements at a systems level involves a series of subcircuits to 377 
drive complex cell behavior. 378 

The goal of determining upstream transcriptional regulation of the homing process 379 
requires connection of the aforementioned network (Figure8A) to chemoattraction mechanisms 380 
(both attractant and repulsion) directly responsible for the directing migration. In addition, other 381 
subcircuits are necessary to drive the EMT,for reception of the putative signal, and for directed 382 
movement in response.Transcriptional control of directed cell migration is not well studied at a 383 
systems level.There are a few examples, however, that suggest the way these systems work. 384 
Findings in the tunicate, Ciona intestinalis, describe the distinct transcriptional regulation of a 385 
cellular module that drives migration of heart precursors. The heart GRN drives membrane 386 
protrusions and RhoGTPase signaling, tail retraction, adhesion, and polarity(31). One important 387 
feature of that study was that the cells constitutively expressed many of the factors required for 388 
these cell behaviors. It only took one or two factors to be under direct control of the 389 
developmental GRN to regulate the timing, directionality, onset, and termination of the heart cell 390 
precursors’ journey. In the sea urchin, five different GRN subcircuits were shown to drive five 391 
different cellular components of an EMT(4). It is highly likely, like Ciona heart cells, that the sea 392 
urchin developmental GRN will control directly expression of only a fraction of the proteins 393 
used for de-adhesion, motility, invasion of the basement membrane, altered cell polarity, and cell 394 
shape changes, all components of an EMT, while many other proteins in those processes will be 395 
constitutively expressed. Using small micromere homing as an assay, we were able to begin to 396 
unravel the intricacy of GRN subcircuitsthat control cell migration to a target site. This work 397 
thus demonstrates how morphogenesis can be controlled by conserved specification GRN 398 
subcircuits. 399 
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The small micromere homing example reveals something else in morphogenetic 400 
movement control.We tend to think of the result of the movement: the small micromeres become 401 
associated with the aboral coelomic pouch through homing. Yet, to accomplish that feat, both the 402 
cells that home and the target cells must enact a series of coordinated, but independent processes. 403 
Here, we found a set of genes that control the production of the putative homing signal. Being 404 
that the subcircuit is of coherent feed-forward topology, we suspect it will be found at the most 405 
distal part of a larger GRN; therefore, it will act downstream of the specification circuitry of the 406 
signal-producing cell type. Connectingthat upstream subcircuit to the downstream signal(s) will 407 
provide a toolfor explaining one component of the homing mechanism that we know to be 408 
transcriptionally controlled.  409 

 410 
Deployment of a whole subcircuit controls distinct developmental processes. 411 

Recognizable RDGN components are deployed in a variety of developmental processes 412 
in different organisms. After pooling published data from three different fields of study 413 
(demosponge canal systems, vertebrate skeletal muscle, and mouse otic placodes), we were able 414 
to construct putative GRN models (Figure 8-figure supplement 1). Although each respective 415 
subcircuit is embedded in a larger specification GRN, when extracted as a subcircuit, it appears 416 
that the RDGN feed-forward topology has been deeply conserved(22,33-38)(35,39-43). Only 417 
now that we have been able to make a complete RDGN subcircuit in the sea urchin, can we 418 
hypothesize about what evolutionary mechanism may be at play. With the same transcription 419 
factorsinvolved in a similar feed-forward process in such a variety of tissues, we hypothesize that 420 
the RDGN subcircuit is ancient and has been repeatedly deployed as a unit to provide feed-421 
forward control. 422 
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If this subcircuit is redeployed throughout evolution as a unit, as seems to be the case 423 
given the frequency of its presence, the mechanism that keeps it intact is unknown. Evolving as a 424 
modular unit must mean that the subcircuit serves as an indispensible or important component in 425 
a network full of modular components. The assembly of the coherent feed-forward circuit, once 426 
established, appears to remain intact in separate lineages for the same reason: that circuit must be 427 
critical for the GRNs in which it is embedded. Its presence raises thequestion of whether there 428 
are other ancient, or more recent subcircuits that have evolved as modules. Since analysis of 429 
developmental GRNs is a relatively young field, it is possible that a number of ancient modular 430 
subcircuits evolve as units to assist inthe diversification of celltypes and morphogenesis. One 431 
obvious outcome of this mode of inheritance would be a contribution to robustness in 432 
developmental mechanisms. And perhaps once a subcircuit is particularly well integrated and 433 
suited for a given type of regulatory function, each of its members (in our case, transcription 434 
factors)might act as a constraint on the others because any reduction in integration would be less 435 
adaptive. 436 

What is intriguing is how ancient the RDGN must be. It is a circuit that is used because it 437 
efficiently provides an excellent feed-forward circuit that stabilizes the process to which it is 438 
attached. It is best studied in retinal determination, but its ancestral role is unknown and could 439 
equally well be directed cell migration. 440 
 441 
Materials and Methods 442 
 443 
Adult animals and embryo culture  444 
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Adult Lytechinus variegatus were obtained from Reeftopia (Key West, FL, USA) or the Duke 445 
University Marine Lab (Beaufort, NC, USA). Gametes were obtained by injection of 0.5M KCl 446 
into the adult coelom. Embryos were cultured at 23°C in artificial seawater (ASW). 447 
 448 
Cloning of RDGN genes 449 
The full-length coding sequences for NSM transcription factors, Delta, and RDGN genes were 450 
obtained by designing primers against a transcriptome data set. Nucleotide sequences were 451 
annotated and deposited on GenBank (Accession Numbers:Table2). 452 
 453 
Morpholino and mRNA microinjections 454 
Morpholino antisense oligonucleotides were designed against the start site of translation by 455 
GeneTools. Morpholino sequences and concentrations are as listed in Table3. Morpholinos were 456 
diluted in molecular-grade H20and either FITC or TMR injectable dyes. Morpholino experiments 457 
were carried out on three biological triplicates, cultured at 23°C, and assayed by in situ 458 
hybridization. Phenotypes of morpholinos at 24hpf and 48hpf were imaged to show the overall 459 
health and morphology of knockdowns (Figure 7-figure supplement 1).Published morpholinos 460 
listed in Table 3 were verified using appropriate controls explained in the citation referenced. 461 
Two morpholinos were assayed to test the specificity of Six3, FoxF, and FoxC. Appropriate 462 
efficacy controls were also carried out previously for Six3, FoxF, FoxC, Delta, Six1/2, and 463 
Dach1 as is cited in Table 3. Previously unpublished morpholinos were validated by ordering a 464 
second, distinct morpholino to the start of translation or 5’ UTR, and were verified using in situ 465 
hybridization (Figure 7-figure supplement 2). mRNA for injection was transcribed in vivo 466 
using Ambion mMessage mMachine. Concentrations for mRNA injections: 300ng/μl Histone2B-467 
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GFP, 500 ng/μl Histone2B-RFP, 500 ng/μl membrane-RFP, and 300 ng/μl membrane-GFP. For 468 
injection, mRNAs were diluted in 20% glycerol in diethylpyrocarbonate-treated H2O. 469 
Microsurgeries 470 
At 2.5 hpf, one micromere from an injected donor embryo was transplanted onto a differentially 471 
injected 16-cell host embryo in the place of one discarded host micromere or at an ectopic 472 
location. Microsurgery was performed with fine glass needles and Narishige micromanipulators. 473 
Detailed methods of injections and transplants were followed as previously described(44).  474 
 475 
Live Image Acquisition 476 
At 11hpf, embryos were de-ciliated in 2X hypertonic artificial seawater, mounted in 1X artificial 477 
seawater containing 10 μM p-methoxy-phenyl isoxazoline(45) on a slide coated in 1% protamine 478 
sulfate and sealed with a combination of Vasoline, lanolin, and paraffinwax (also known as 479 
V.A.L.A.P.). Images were acquired using Coolsnap high-resolution CCD camera on the 480 
DeltaVision Elite with 40×/0.65-1.35 Oil UAPO40X0I3/340 DIC objective. Images were 481 
collected at 3-minute intervals beginning at 12hpf and ending at 18hpf or later and projected as 482 
movies using SoftWorx for DeltaVision.  483 
Immunostaining and Fixed Imaging 484 
Embryos were fixed in 4% Paraformaldehyde for 10 minutes, washed in PBST, blocked in 4% 485 
normal goat serum (in PBST) for 45 minutes, and incubated inpolyclonal anti-Laminin antibody 486 
(1:250) (Abcam, ab11575) and anti-GFP (1:2000) (Abcam, ab13970) overnight at 4°C. Embryos 487 
were then washed in PBST, incubatedin a 1:200 dilution of either Cy2- or Cy3-conjugated 488 
secondary antibody, and finally, stained with Hoechst’s (1:1000) (Molecular Probes) to label all 489 
nuclei. Images were acquired using Zeiss LSM 510 upright confocal with a 40×/1.4 Oil Plan-490 
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Apochromat objective. Z-slices were spaced 1.0 μm apart spanning the diameter of the embryo.  491 
Whole Mount In situ Hybridization 492 
RNA in situ hybridization was performed using Digoxigenin-11-UTP labeled probes as 493 
previously described(46). Briefly, embryos were fixed in 4% paraformaldehyde overnight at 4°C, 494 
washed with ASW, and stored in methanol at −20°C. RNA probes were synthesized in vitro and 495 
used at 1 ng/μl. Hybridization took place at 60-65°C. Probes were visualized using alkaline 496 
phosphatase conjugated anti-DIG antibody (Roche, 1:1500). Finally, color was developed using 497 
NBT/BCIP (Roche).For double fluorescent in situ hybridization, a second probe (labeled with 498 
Fluorescein-12-UTP) was hybridized. Expression was visualized using the Tyramide Signal 499 
Amplification system (TSA-plus kit, Perkin Elmer).  Embryos were visualized with a Zeiss 500 
Axioplan2 upright microscope. 501 
Statistical Analysis 502 
GraphPad software was used to analyze a 2x2 contingency table with rows corresponding to the 503 
condition (controls and knockdown micromeres or controls and knockdown hosts) and columns 504 
corresponding to outcomes (“homing” or “no homing”). Chi-squared was then calculated, and a 505 
p-value was declared significant at a value of less than 0.05.  506 
 507 
Competing interests 508 
The authors declare no competing financial interests. 509 
 510 
Acknowledgments 511 



 24

We would like to thank members of the McClay lab and Dr. Ryan Range for providing insightful 512 
feedback on the manuscript. Authors would also like to acknowledge the Gene Regulatory 513 
Networks for Development course at MBL for the stimulating discussions about evolution of 514 
gene networks, in particular, the RDGN. Support for this project was provided by NIH RO1-HD-515 
14483 and NIH PO1-HD-037105.  516 
 517 
  518 



 25

References 519 
1. Reig G, Pulgar E, Concha ML. Cell migration: from tissue culture to embryos. 520 

Development. 2014 May 6;141(10):1999–2013.  521 
2. Peter IS, Davidson EH. A gene regulatory network controlling the embryonic 522 

specification of endoderm. Nature. Nature Publishing Group; 2011 Jun 523 
21;474(7353):635–9.  524 

3. McClay DR. Evolutionary crossroads in developmental biology: sea urchins. 525 
Development. 2011 Jun 7;138(13):2639–48.  526 

4. Saunders LR, McClay DR. Sub-circuits of a gene regulatory network control a 527 
developmental epithelial-mesenchymal transition. Development. 2014 Mar 528 
18;141(7):1503–13.  529 

5. Pehrson JR, Cohen LH. The fate of the small micromeres in sea urchin development. 530 
Developmental Biology. 1986 Feb;113(2):522–6.  531 

6. Yajima M, Wessel GM. Autonomy in specification of primordial germ cells and their 532 
passive translocation in the sea urchin. Development. 2012 Sep 18;139(20):3786–94.  533 

7. Campanale JP, Gökirmak T, Espinoza JA, Oulhen N, Wessel GM, Hamdoun A. Migration 534 
of sea urchin primordial germ cells. Dev Dyn. 2014 Apr 30;243(7):917–27.  535 

8. Luo Y-J, Su Y-H. Opposing Nodal and BMP Signals Regulate Left–Right Asymmetry in 536 
the Sea Urchin Larva. Hamada H, editor. PLoS Biol. 2012 Oct 9;10(10):e1001402.  537 

9. Hyman LH. The invertebrates. New York: McGraw-Hill; 1955.  538 
10. Sweet HC, Gehring M, Ettensohn CA. LvDelta is a mesoderm-inducing signal in the sea 539 

urchin embryo and can endow blastomeres with organizer-like properties. Development. 540 
2002 Apr;129(8):1945–55.  541 

11. Sherwood DR, McClay DR. LvNotch signaling mediates secondary mesenchyme 542 
specification in the sea urchin embryo. Development. 1999 Apr;126(8):1703–13.  543 

12. Voronina E, Lopez M, Juliano CE, Gustafson E, Song JL, Extavour C, et al. Vasa protein 544 
expression is restricted to the small micromeres of the sea urchin, but is inducible in other 545 
lineages early in development. Developmental Biology. 2008 Feb;314(2):276–86.  546 

13. Juliano CE, Yajima M, Wessel GM. Developmental Biology. Developmental Biology. 547 
Elsevier Inc; 2010 Jan 15;337(2):220–32.  548 

14. Juliano CE, Swartz SZ, Wessel GM. A conserved germline multipotency program. 549 
Development. 2010 Nov 23;137(24):4113–26.  550 



 26

15. Wessel GM, Brayboy L, Fresques T, Gustafson EA, Oulhen N, Ramos I, et al. The 551 
biology of the germ line in echinoderms. Mol Reprod Dev. 2014 Jul 22;:n/a–n/a.  552 

16. Yajima M, Wessel GM. Small micromeres contribute to the germline in the sea urchin. 553 
Development. 2010 Dec 21;138(2):237–43.  554 

17. Yajima M, Wessel GM. Essential elements for translation: the germline factor Vasa 555 
functions broadly in somatic cells. Development. 2015 Jun 1;142(11):1960–70.  556 

18. Materna SC, Ransick A, Li E, Davidson EH. Diversification of oral and aboral 557 
mesodermal regulatory states in pregastrular sea urchin embryos. Developmental Biology 558 
[Internet]. Elsevier; 2012 Dec 20;:1–13. Available from: 559 
http://www.sciencedirect.com/science/article/pii/S0012160612006525 560 

19. Oliveri P, Walton KD, Davidson EH, McClay DR. Repression of mesodermal fate by 561 
foxa, a key endoderm regulator of the sea urchin embryo. Development. 2006 Oct 562 
4;133(21):4173–81.  563 

20. Richardson BE, Lehmann R. Mechanisms guiding primordialgerm cell migration: 564 
strategies fromdifferent organisms. Nature Publishing Group. Nature Publishing Group; 565 
2010 Jan 1;11(1):37–49.  566 

21. Wei Z, Angerer RC, Angerer LM. Direct development of neurons within foregut 567 
endoderm of sea urchin embryos. Proc Natl Acad Sci USA. 2011 May 31;108(22):9143–568 
7.  569 

22. Heanue TA, Reshef R, Davis RJ, Mardon G, Oliver G, Tomarev S, et al. Synergistic 570 
regulation of vertebrate muscle development by Dach2, Eya2, and Six1, homologs of 571 
genes required for Drosophila eye formation. Genes & Development. 1999 Dec 572 
15;13(24):3231–43.  573 

23. Materna SC, Ransick A, Li E, Davidson EH. Diversification of oral and aboral 574 
mesodermal regulatory states in pregastrular sea urchin embryos. Developmental Biology. 575 
2013 Mar 1;375(1):92–104.  576 

24. Longabaugh WJR, Davidson EH, Bolouri H. Computational representation of 577 
developmental genetic regulatory networks. Developmental Biology. 2005 Jul 1;283(1):1–578 
16.  579 

25. Kumar JP. Biochimica et Biophysica Acta. BBA - Gene Regulatory Mechanisms. Elsevier 580 
B.V; 2009 Apr 1;1789(4):306–14.  581 

26. Kozmik Z, Holland ND, Kreslova J, Oliveri D, Schubert M, Jonasova K, et al. Pax–Six–582 
Eya–Dach network during amphioxus development: Conservation in vitro but context 583 
specificity in vivo. Developmental Biology. 2007 Jun;306(1):143–59.  584 

27. Purcell P, Oliver G, Mardon G, Donner AL, Maas RL. Pax6-dependence of Six3, Eya1 585 
and Dach1 expression during lens and nasal placode induction. Gene Expression Patterns. 586 



 27

2005 Dec;6(1):110–8.  587 
28. Salzer CL, Elias Y, Kumar JP. The Retinal Determination Gene eyes absent Is Regulated 588 

by the EGF Receptor Pathway Throughout Development in Drosophila. Genetics. 2010 589 
Jan 8;184(1):185–97.  590 

29. Weasner BM, Kumar JP. Competition among gene regulatory networks imposes order 591 
within the eye-antennal disc of Drosophila. Development. 2012 Dec 4;140(1):205–15.  592 

30. Hardin J. The role of secondary mesenchyme cells during sea urchin gastrulation studied 593 
by laser ablation. Development. 1988 Jun;103(2):317–24.  594 

31. Christiaen L, Davidson B, Kawashima T, Powell W, Nolla H, Vranizan K, et al. The 595 
transcription/migration interface in heart precursors of Ciona intestinalis. Science. 2008 596 
Jun 6;320(5881):1349–52.  597 

32. Rivera A, Winters I, Rued A, Ding S, Posfai D, Cieniewicz B, et al. The evolution and 598 
function of the Pax/Six regulatory network in sponges. Evolution & Development. 2013 599 
Apr 23;15(3):186–96.  600 

33. Ridgeway AG, Skerjanc IS. Pax3 is essential for skeletal myogenesis and the expression 601 
of Six1 and Eya2. J Biol Chem. 2001 Jun 1;276(22):19033–9.  602 

34. Kardon G, Heanue TA, Tabin CJ. Pax3 and Dach2 positive regulation in the developing 603 
somite. Dev Dyn. 2002 Jun 26;224(3):350–5.  604 

35. Silver SJ. Signaling circuitries in development: insights from the retinal determination 605 
gene network. Development. 2004 Dec 2;132(1):3–13.  606 

36. Laclef C, Hamard G, Demignon J, Souil E, Houbron C, Maire P. Altered myogenesis in 607 
Six1-deficient mice. Development. 2003 May;130(10):2239–52.  608 

37. Relaix F, Demignon J, Laclef C, Pujol J, Santolini M, Niro C, et al. Six Homeoproteins 609 
Directly Activate Myod Expression in the Gene Regulatory Networks That Control Early 610 
Myogenesis. Drouin J, editor. PLoS Genet. 2013 Apr 25;9(4):e1003425.  611 

38. Relaix F, Buckingham M. From insect eye to vertebrate muscle: redeployment of a 612 
regulatory network. Genes & Development. 1999 Dec 15;13(24):3171–8.  613 

39. Riley BB, Phillips BT. Ringing in the new ear: resolution of cell interactions in otic 614 
development. Developmental Biology. 2003 Sep 15;261(2):289–312.  615 

40. Torres M, Gomez-Pardo E, Gruss P. Pax2 contributes to inner ear patterning and optic 616 
nerve trajectory. Development. 1996.  617 

41. Ozaki H. Six1 controls patterning of the mouse otic vesicle. Development. 2004 Jan 618 
7;131(3):551–62.  619 



 28

42. Xu PX, Adams J, Peters H, Brown MC, Heaney S. Eya1-deficient mice lack ears and 620 
kidneys and show abnormal apoptosis of organ primordia - Nature Genetics. Nature. 1999.  621 

43. Zheng W. The role of Six1 in mammalian auditory system development. Development. 622 
2003 Sep 1;130(17):3989–4000.  623 

44. Logan CY, Miller JR, Ferkowicz MJ, McClay DR. Nuclear beta-catenin is required to 624 
specify vegetal cell fates in the sea urchin embryo. Development. 1999 Jan;126(2):345–625 
57.  626 

45. Semenova MN, Kiselyov AS, Tsyganov DV. Polyalkoxybenzenes from Plants. 5. Parsley 627 
Seed Extract in Synthesis of Azapodophyllotoxins Featuring Strong Tubulin Destabilizing 628 
Activity in the Sea Urchin Embryo and Cell Culture Assays - Journal of Medicinal 629 
Chemistry (ACS Publications). Journal of medicinal …. 2011.  630 

46. McIntyre DC, Seay NW, Croce JC, McClay DR. Short-range Wnt5 signaling initiates 631 
specification of sea urchin posterior ectoderm. Development. 2013 Dec 3;140(24):4881–9.  632 

47. Wei Z, Yaguchi J, Yaguchi S, Angerer RC, Angerer LM. The sea urchin animal pole 633 
domain is a Six3-dependent neurogenic patterning center. Development. 2009 Apr 634 
10;136(9):1583–3.  635 

48. Ransick A, Davidson EH. Cis-regulatory logic driving glial cells missing: self-sustaining 636 
circuitry in later embryogenesis. Developmental Biology. 2012 Apr 15;364(2):259–67.  637 

49. Andrikou C, Pai C-Y, Su Y-H, Arnone MI. Logics and properties of a genetic regulatory 638 
program that drives embryonic muscle development in an echinoderm. eLife. 2015 Jul 639 
28;4.  640 

 641 
  642 



 29

Figure legends 643 
Figure 1. Small micromere movements during gastrulation. (A) The small micromeres arise at the vegetal 644 
pole at the asymmetric 5th cleavage from the micromere lineage (red). During gastrulation, they remain at 645 
the tip of the gut. They migrate through the top of the blastocoel and enter the posterior half of the 646 
coelomic pouches by prism stage. (B) To study small micromere movements and migration at a higher 647 
resolution, membrane-GFP labeled micromeres were transplanted to a H2b-RFP labeled host. (C) Small 648 
micromeres actively changed shape throughout gastrulation (extend filopodia and lamellipodia) until they 649 
reach the tip of the archenteron. Skeletogenic lineages are labeled as “Skel”, and small micromeres are 650 
labeled as “SM”.  See also, Video 1. 651 
 652 
Video 1. Movement of small micromeres throughout gastrulation. Membrane-GFP labeled 653 
micromeres were transplanted to a H2b-RFP labeled host. An image was acquired every 3 minutes for 6 654 
hours starting at 12 hours post fertilization. Movies were projected from multiple z-stacks (every 3μm, 655 
spanning the blastocoel of the embryo) using SoftWorx for DeltaVision. AVIs were then rotated and 656 
translated (due to swimming embryos) in FIJI. Frame rate = 5 frames per second  657 
 658 
Figure 2. Laminin remodeling at the tip of the archenteron facilitates migration of the small micromeres 659 
to the posterior end of the coelomic pouch.  (A) Once the micromeres reach the tip of the gut, they 660 
undergo an EMT. By immunostaining, we see that laminin (red), at the time, is reduced as the small 661 
micromeres (SM, green) breach the top of the gut. (B) Once they reach the posterior coelomic pouch, 662 
laminin (red) surrounds the small micromeres (green) and NSM to encapsulate the coelomic pouch 663 
(yellow dashed circle). (C,D) Ectopically placed small micromeres underwent an EMT coincident with 664 
the endogenous EMT event of the skeletogenic cells. Laminin (red) is absent both at the site of 665 
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skeletogenic cell ingression (indicated by white arrows at the site of ingression) and at the site of ectopic 666 
small micromere (SM, green) ingression (indicated by a yellow arrow).  667 
 668 
 669 
Figure 3. Ectopically placed micromeres are able to find their way to the coelomic pouches via a directed 670 
homing mechanism from any ectopic location: (A) the endogenous, vegetal pole, (B) the equator 671 
(p<0.004), (C) the animal pole (p<0.004), or (D) inside of the blastocoel (p<0.004). Illustrations on the 672 
left designate their ectopic placement (ectopic micromere = green, host embryo = red). Yellow dashed 673 
lines indicate the location of the whole coelomic pouch with the ectopically placed micromeres labeled in 674 
green. Graphs depict the percentage of embryos scored with the given ability to home (Yes vs No), “n” 675 
equals the number of embryos scored with the phenotype, and P-values were calculated using a χ2 test. 676 
“**” denotes a statistically significant (p<0.05) p-value. 677 
 678 
Figure 3-figure supplement 1. Ectopic small micromeres arrive at the coelomic pouches independently. 679 
Small micromeres were ectopically placed as 4th division micromeres. The ectopic skeletogenic cells 680 
joined the endogenous skeletogenic cells while the ectopic small micromeres reached the coelomic pouch 681 
independently of the endogenous small micromeres (vegetally placed) no matter their starting location, 682 
either the animal pole (A) or the equator (B).  683 
 684 
Figure 4. Specification of the non-skeletogenic mesoderm (NSM) by Delta signaling is required for 685 
homing. Control micromeres labeled with membrane-GFP were ectopically transplanted to either a 686 
control TMR (red) host or a Delta-MO TMR (red) host (A). When control micromeres were transplanted 687 
to a control host, homing of the small micromeres occurs 100% (n=9) of the time (B). When NSM 688 
specification was blocked in a host embryo using a delta morpholino, homing of transplanted control 689 
micromeres was significantly reduced and only homed 53% of the time (n=23, p<0.0001) (C, white 690 
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arrows). The graph depicts the percentage of embryos (Control Host vs Delta Host) seen with the given 691 
ability to home (Black=Homing vs Gray=No Homing), “n” equals the number of embryos scored in each 692 
case, and P-values were calculated using a χ2 test. “**” denotes a statistically significant (p<0.05) p-value. 693 
 694 
Figure 5.Homing is controlled by upstream transcription factors. By selectively knocking down specific 695 
transcription factors in either an ectopically placed micromere or the host embryo, transcription factors 696 
for the homing were identified. (A) FoxC, a transcription factor expressed in the small micromeres and 697 
oral mesoderm was necessary for homing of the small micromere (n=19, p<0.001), but had no inhibitory 698 
effect on homing when knocked down in just the mesoderm (n=13). (B) Dach1, an aboral mesoderm 699 
transcription factor, affected homing when knocked down in the mesoderm (n=10, p<0.0001) but did not 700 
affect homing when perturbed in the small micromere (n=13). (C) Pax6, affected homing when knocked 701 
down in the mesoderm (n=10, p<0.004) but had no effect on homing when perturbed in the small 702 
micromere (n=14).  (D) Aboral mesoderm transcription factor, Six3 affected homing when knocked down 703 
in the mesoderm (n=9, p<0.00009) but had no effect homing when perturbed only in the small micromere 704 
(n=9). (E) Aboral transcriptional co-activator, Eya, affected homing when knocked down in the 705 
mesoderm (n=7, p<0.002) but did not affect homing when perturbed in the small micromeres (n=8).  (F) 706 
Aboral transcription factor, Six1/2, affected homing when knocked down in the mesoderm, as well (n=17, 707 
p<0.02) and did not affect homing when knocked down in the micromere (n=11). Yellow circles indicate 708 
the location of the coelomic pouch. White arrows indicate “lost” micromeres. The graph depicts the 709 
percentage of embryos (Control Host vs MO micromere vs MO Host) seen with the given ability to home 710 
(Black-Homing vs Gray-No Homing), “n” equals the number of embryos scored in each case P-values 711 
were calculated using a χ2 test. “**” denotes a statistically significant (p<0.05) p-value.  712 
 713 
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Figure 5-figure supplement 1. Coelomic pouch transcription factors that do not affect homing. 714 
Transcription factors FoxF (A), SoxE (B), and PitX2 (C) are not seen to affect homing when they are 715 
perturbed in either the small micromeres or the NSM. The graph depicts the percentage of embryos 716 
(Control Host vs Delta Host) seen with the given ability to home (Black=Homing vs Gray=No Homing), 717 
“n” equals the number of embryos scored in each case, and P-values were calculated using a χ2 test. No p-718 
values were deemed significant. 719 
 720 
Figure 5-figure supplement 2.Whole embryo perturbation of coelomic pouch transcription factors 721 
assayed for vasa expression. Embryos injected with a Control-MO and stained for vasa mRNA 722 
expression was seen to appropriately segregate small micromeres in the left and right coelomic pouches 723 
(A). Embryos perturbed for Delta (B), FoxC (C), Dach1 (D), Six3 (E), Six1/2 (F), Eya (G), and Pax6 (H) 724 
were assayedforvasa expression in the coelomic pouches to test whether migration defects were seen in 725 
endogenous knockdown situations. Small micromeres were seen to properly segregate to coelomic 726 
pouches, or in the case of Delta to the side of the archenteron (since there are no coelomic pouches in a 727 
Delta-MO) in each perturbation.  728 
Figure 6. Expression domains within the coelomic pouch.Double fluorescent in situ hybridization of six3 729 
with vasa shows a tight apposition of their expression domains but a lack of co-localization (A-A’’’’).  Z 730 
projection of six3 and vasa is seen in (A), and individual Z sections are seen from aboral to oral most 731 
locations in the embryo in (A’-A’’’’).  Insets on panels A-A’’’’ show a zoomed perspective of just the left 732 
coelomic pouch apposed expression of six3 and vasa.six3 and eya were seen to overlap in the aboral 733 
coelomic pouch in both the Z projection (B) and Z sections (B’’ and B’’’). myosin expression was seen to 734 
be in the most oral expression domain of the coelomic pouch, distinct of six3 (C-C’’’’). An illustration 735 
demonstrating the expression domains observed in the coelomic pouch from our data and the data of Luo 736 
and Su, 2012 is displayed in (D) from both the lateral and oral views.  737 
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Figure 6-figure supplement 1. Spatial and temporal expression of homing genes by whole mount in situ 738 
hybridization. Dach1, dachshund, is first detected early in development. It becomes spatially restricted 739 
around mesenchyme blastula to the coelomic pouch mesoderm (A3). During gastrulation, it is found 740 
throughout and at the tip of the archenteron in the presumptive coelomic pouch cells (A5-8) and is 741 
maintained in that tissue and gut throughout coelomic pouch coalescence with the small micromeres at 742 
the pluteus stage (A7-8).six3’s earliest detectable expression is at earlyblastula (B1). It is found in the 743 
animal pole region, and expression in the coelomic pouch mesoderm begins around mesenchyme blastula 744 
(B3). Throughout gastrulation, six3 is found in the apical plate domain and the future coelomic pouch 745 
cells (B3-4). As was seen in Wei 2009, the six3 apical domain of expression is responsible for giving rise 746 
to neural fates. Post-gastrulation, six3 is expressed in both coelomic pouches (B8). Six1/2 is seen to be 747 
expressed in the NSM beginning at mesenchyme blastula (C3). It maintains expression in the NSM 748 
throughout early development and is in the coelomic pouches by early pluteus (C7). Genes activated at 749 
mid-gastrula stage at the tip of the archenteron and endure throughout gastrulation include foxc and eya. 750 
mRNA expression is detected in the coelomic pouch mesoderm at the tip of the archenteron and end up in 751 
the coelomic pouches. eya begins expression at mid-gastrula in the aboral coelomic pouch at the tip of the 752 
archenteron (D4). eya expression by 32hpf is found in the left coelomic pouch (D8). pax6 expression 753 
begins at mid to late gastrula stage in the aboral coelomic pouch at the tip of the archenteron, roughly at 754 
the time of ectopic small micromerehoming (E5), and by 32hpf is found in the left coelomic pouch and 755 
two lateral patches of ectoderm presumed to be neural in fate (E8). 756 
 757 
Figure 7. Perturbation analysis unveils regulatory linkages in a homing GRN. Perturbations using a 758 
Dach1 morpholino (MO) showed Dach1 to be upstream of dach1, six3, and eya. A Six3-MO caused a 759 
downregulation of eya and pax6. Pertubations with an Eya-MO showed Eya to be upstream of six3, 760 
six1/2and eya. Six1/2 is seen to be upstream of six3, eya, and six1/2. Finally, a Pax6-MO caused a 761 
downregulation of six3, eya, and pax6. Arrows represent up or downregulation seen for each panel. “n” 762 
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equals the total number of embryos scored, and the adjacent percentage designates the percent of embryos 763 
scored with the shown effect. Morpholino morphology phenotypes at 24hpf and 48hpf are presented in 764 
Figure 7-figure supplement 1. Unpublished morpholino data has been validated using a second, distinct 765 
morpholino (see Figure 7-figure supplement 2). 766 
 767 
Figure 7-figure supplement 1. Morpholino phenotypes.Morpholino morphologies and general health for 768 
all morpholinos used were assayed at 24 and 48hpf. Each morpholino was imaged at two timepoints and 769 
multiple focal planes. GFP images are shown as proof of injection. Since many of themorphants display a 770 
short arm phenotype at 2dpf, specific focus on their forming skeleton was focused at 24hpf.  771 
 772 
 773 
Figure 7-figure supplement 2.  Morpholino effects seen in this paper that have not previously been 774 
validated were confirmed using a second morpholino designed in a location distinct to the site of the first 775 
morpholino. (A) Using the same Ctrl-MO as was used in Figure 5, 73% of the time, eya mRNA 776 
expression is present in the pattern shown. (B) The second morpholino designed to the translation start 777 
site of Eya, matched results of the first morpholino with eya mRNA downregulated in 96% of cases. (C) 778 
The second Pax6 morpholino, also designed to block translation, also matched the perturbation effect of 779 
the first morpholino in that 68% of the embryos scored were downregulated for eya mRNA. N is equal to 780 
the number of embryos scored. 781 
 782 
Figure 8. Homing GRN subcircuit shows striking resemblance to Drosophila RDGN. (A) The 783 
perturbation analysis was mapped as a Biotapestry network model. (B) A retinal gene network subcircuit 784 
extracted from Drosophila (25)shows a very similar circuit with few regulatory linkage changes in 785 
comparison. 786 
 787 
Figure 8-figure supplement 1. The RDGN subcircuit is conserved throughout evolution.Similar putative 788 
GRN models were deduced based on publications in systems also known to utilize RDGN components 789 
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and assembled in Biotapestry: (A) Demosponge canal systems, (B) vertebrate skeletal myogenesis, and 790 
(C) the mouse otic placode. 791 
 792 
Table 1. Transplant Efficacy for Microsurgeries. 793 
Microsurgery SuccessfulTransplants (%) Failed Transplants (%)
Ctrl host/Ctrl micromeres (Figure 5) 51±9 49±9 
Ctrl host/MO micromeres (Figure 5) 40±20 60±20 
MO host/Ctrl micromeres (Figure 5) 48±17 52±17 
 794 
Table 2. Plasmids Used in this Study. 795 
 796 
Plasmid Fragment Accession Number 
Dach1 Full CDS KR181947 
Delta Full CDS KR181946 
Eya Full CDS KR181945 
FoxC Full CDS KR181944 
FoxF Full CDS KR181943 
Pax6 Full CDS KR181942 
PitX2 Full CDS KR181941 
Six3 Full CDS KR181940 
SoxE Full CDS KR181939 

 797 
 798 
  799 
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Table 3. Morpholino Anti-sense Oligonucleotide Sequences Used in this Study. 800 
 801 

 802 

MASO MASO Sequence Morpholino Type 
Working 

Concentration 
LvPax6-MO1 GTTGACCTGGCATAGCAGCATTTAC Translation Blocking 1.2mM 
LvPax6-MO2 CATGTCCCCGTGACCCATAGTTTTC Translation Blocking 0.3mM 
LvEya-MO1 GCGCTGAAGCTATTTGACATGCTGT Translation Blocking 0.75mM 
LvEya-MO2 GTTGAAACCTGTTTGACTGTAGGCC Translation Blocking 1mM 
LvSix3-MO ATGTTTCCGACTCCGTCCAAACCAT Translation Blocking(47) 0.75mM 
LvSix1/2-MO CCCAAGTCCGTGGCAAGGATAAGAT Translation Blocking (48) 0.5mM 
LvDach1-MO AGTAGGCGGTGGACTTCCCATTTTC Translation Blocking(2) 0.5mM 
LvFoxC-MO TGAAGCGTACATTGGCATGGATGTT Translation Blocking(49) 0.75mM 
LvDelta-MO GTGCAGCCGATTCGTTATTCCTTT Translation Blocking(10) 0.4mM 
LvFoxF-MO TCTAATTGAGTCATCTGGAGAGTGT Translation Blocking(49) 0.75mM 
LvSoxE-MO GCTCTAAACTCTCAGGGCTACTCAT Translation Blocking 0.75mM 
LvPitX2-MO ACTGGTTCATCGCTGCTGATTAATT Translation Blocking 0.6mM 
Control-MO CCTCTTACCTCAGTTACAATTTATA Translation Blocking ExptDependent 


















