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ATP-binding cassette (ABC) transporters are large membrane proteins 

found in all organisms. They use ATP to power transport of diverse substrates 

across membranes, and the ABC-B, -C, and -G families make up the multidrug 

resistance (MDR) transporters. Here, I survey the expression of MDR 

transporters during development of the purple sea urchin, Strongylocentrotus 

purpuratus, and identify and characterize one transporter, Sp-ABCC5a (C5a) that 

has a role in developmental signaling required for hindgut morphogenesis. 

From the unfertilized egg through the prism stage (~58 hours post-

fertilization, hpf), I detected transcripts of 20 MDR transporters with predicted 

roles in cell signaling, lysosomal and mitochondrial homeostasis, potassium 

channel regulation, pigmentation, and xenobiotic efflux. The protective 
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transporter ABCB1a is ubiquitously expressed throughout embryogenesis in all 

cells, and the protein localizes to apical membranes at the interface between the 

embryo and external environment. In contrast, expression of C5a, a previously 

uncharacterized transporter, is first detected at hatching and peaks after 

gastrulation, and the protein localizes to basolateral membranes. I propose that 

profiling spatiotemporal expression and subcellular protein localization may 

identify transporters with roles in protection, homeostasis, and signaling. 

As expected, efflux activity of C5a does not support a role in protection; 

C5a is not a broad-spectrum chemical effluxor, and it discriminates between 

structurally similar compounds. C5a expression is restricted to aboral non-

skeletogenic mesoderm (NSM) cells (pigment cells) and is dependent on 

delta/notch signaling from the skeletogenic mesoderm (SM) as well as the aboral 

NSM regulatory gene, glial cells missing. During gastrulation, C5a protein traffics 

to the plasma membrane of pigment cells, while these cells migrate away from 

the archenteron to embed in the aboral ectoderm.  

Knockdown of C5a leads to embryos with differentiated pigment cells but 

abnormal protrusion of the hindgut, which is seen in ~90% of embryos by the late 

prism stage (~eight hours after C5a protein expression peaks). The ABCC5 

substrate cAMP rescues the prolapse in a dose-dependent manner, and in 

control embryos causes hyper-invagination. The cAMP-producing enzyme 

soluble adenylyl cyclase (sAC) is expressed in tandem with C5a, with peak 

expression in pigment cells just after gastrulation. Blocking sAC activity with the 
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specific inhibitor KH7 impairs gastrulation. Together these data suggest that C5a-

mediated efflux of sAC-derived cAMP from pigment cells controls late 

invagination of the hindgut.  This study elucidates a novel role for an ABCC/MRP 

transporter in mesoderm-endoderm signaling during embryogenesis. 
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INTRODUCTION AND BACKGROUND
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1.1. INTRODUCTION 

 

This dissertation began as a quest to identify the membrane proteins 

responsible for protecting embryos from harmful environmental chemicals. 

However, what emerged was the interesting story of a previously uncharacterized 

ATP-binding cassette (ABC) transporter, ABCC5a, and its unexpected role in 

developmental signaling. When this work began in 2009, the multidrug resistance 

(MDR) ABC transporters were thought to primarily function in protecting cells 

from harmful chemicals (e.g. chemotherapeutics and mercury). That same year 

brought the publication of the first major study showing a developmental role for 

an MDR transporter (MDR49 in Drosophila) (Ricardo and Lehmann, 2009). With 

the possibility of developmental cell signaling in mind, I focused on the role of 

ABCC5a in sea urchin embryogenesis. 

ABC transporters are found in all organisms, and members of the ABC-B, 

-C, and -G subfamilies (the MDR transporters) are well-known to efflux 

exogenous chemicals and toxicants from cells (Dean et al., 2001). The sea 

urchin, Strongylocentrotus purpuratus, has an expansion of MDR transporters in 

its genome, with 82 gene models (Gökirmak et al., 2014) compared to 49 in 

humans (Barbet et al., 2012). These transporters are extensively expressed 

throughout embryogenesis (Goldstone et al., 2006; Shipp and Hamdoun, 2012). 

This, in addition to technical tractability, makes S. purpuratus an ideal organism 

in which to study MDR transporters. 
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A growing body of research is showing that ABC transporters play 

prominent roles in development. For example, Drosophila melanogaster MDR49 

(an ABCB transporter) effluxes a chemoattractant from the somatic gonad that 

directs germ cell migration to the somatic gonad (Ricardo and Lehmann, 2009). 

Additionally, ABC transporters are overexpressed in many stem cells compared 

to their differentiated descendants (Dean et al., 2005). This overexpression can 

contribute to multipotency, as is the case with ABCG2 in hematopoeitic stem 

cells (Bunting, 2002; Zhou et al., 2001). In other cases, overexpression of ABC 

transporters can promote differentiation (Raaijmakers, 2007). Endogenous 

substrates of transporters include cyclic nucleotides, leukotrienes, and 

prostaglandins (Fletcher et al., 2010). These compounds function in 

chemoattraction (Dormann and Weijer, 2006; Yokomizo et al., 1997), cell 

signaling (Funk, 2001; Lucas et al., 2000), developmental signaling (Moroki et al., 

2000; Yamamoto et al., 2003), and stem cell biology (Möhle and Drost, 2012). 

However, direct links between specific ABC transporters, their substrates and 

regulation, and downstream physiological and/or developmental events remain to 

be comprehensively studied. 

Like many multidrug resistance proteins (MRPs), human ABCC5 (MRP5, 

MOAT-C, pABC11, sMRP) has been the subject of many studies in drug 

resistance (Belinsky et al., 1998; Chen and Tiwari, 2011; Kool et al., 1997; 

McAleer et al., 1999). But unlike many MRPs, ABCC5 has yet to be 

demonstrated as toxicologically important (Chen and Tiwari, 2011; Leslie et al., 



	
  

	
  

4 

2001). Expression, regulation, and activity of the ABCC5 protein are not well 

characterized, and its function remains poorly understood. ABCC5 has been 

reported to efflux cGMP and cAMP (Jedlitschky et al., 2000; Sager and Ravna, 

2009; Wielinga et al., 2003), heme (Korolnek et al., 2014), hyaluronan (Schulz et 

al., 2007), and N-lactoyl-amino acids (Jansen et al., 2015). However, its exact 

affinity for cGMP, its most studied endogenous substrate, remains unclear (de 

Wolf et al., 2007; Pratt et al., 2005; Reid et al., 2003; Wielinga et al., 2003), and 

there are conflicting findings about its potential drug substrates. Finally, ABCC5 

inhibitors are nonspecific and minimally effective compared to their effects on 

related ABC transporters (Borst et al., 2007).  Overall, ABCC5 has proved to be a 

challenging transporter to characterize, and substantial room exists for 

broadening knowledge of its expression, structure, function, substrates, and 

regulation in any organism. To date, no one has attempted to systematically 

study ABCC5 in a developmental system. Here, I use the sea urchin embryo to 

broaden our knowledge of this elusive transporter. 

Chapter 2 consists of a gene expression screen of MDR transporters 

during embryogenesis. I survey expression of 20 genes throughout the first 58 

hours of development and bin the expression profiles into three categories: (1) 

expressed throughout development with a decease at hatching (~21 hpf), (2) 

rapidly expressed only after a specific developmental stage, and (3) expressed 

increasingly throughout development (0-58 hpf). Group 1 transporters include the 

known protective gene Sp-ABCB1a (B1a), and Group 2 transporters, which 
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exhibit the tightest temporal regulation reminiscent of developmentally important 

genes, include the uncharacterized transporter gene Sp-ABCC5a (C5a). In situ 

hybridization and fluorescent-tagged over-expressions of these two transporters 

reveal that B1a is expressed in all cells of the embryo, and the protein localizes 

to apical membranes at the embryo/external environment interface. In contrast, 

C5a transcripts are detected only in a subset of cells likely to be non-skeletogenic 

mesoderm, and the protein localizes to basolateral membranes between cells. 

From these findings, I hypothesized that the tight temporal and spatial regulation 

of the C5a gene, as well as the localization of the protein at the interface between 

cells, suggest a role in developmental signaling rather than cellular protection. 

In Chapter 3, I experimentally develop this hypothesis and investigate the 

role of C5a in embryogenesis, ultimately finding that it mediates cAMP signaling 

to direct invagination of the hindgut. I find that C5a is expressed in pigment cells, 

the aboral subset of non-skeletal mesenchyme (NSM) cells, and the gene is 

activated downstream of both delta/notch signaling from the SM, and gcm. C5a 

protein levels peak just after gastrulation, and the transporter localizes to the 

plasma membrane of migrating pigment cells. Knockdown of C5a causes the 

hindgut to abnormally protrude into a “prolapse”, and this phenotype is rescued 

by cAMP, a substrate of mammalian ABCC5. The cAMP-producing enzyme 

soluble adenylyl cyclase (sAC) is expressed in parallel with C5a, in pigment cells 

with transcript levels peaking after gastrulation. Blocking sAC activity with the 

specific inhibitor KH7 causes defects in gut formation. Together, these data 
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support a model in which C5a transports sAC-derived cAMP from pigment cells, 

which directs invagination of the hindgut. 

The major finding of this dissertation research is a novel developmental 

role for an ABC transporter. As 2009 marked the first seminal study of a 

transporter with a developmental function (Ricardo and Lehmann, 2009), this 

dissertation adds to the growing body of evidence showing that ABC transporters 

are an underappreciated and understudied group of proteins involved in cellular 

signaling in embryos. Further work on ABC transporters in embryogenesis will 

broaden our understanding of how cells secrete directive signals during 

morphogenesis. 
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1.2. BACKGROUND 

 

1.2.1. ABCC5/MRP5 TRANSPORTERS 

ABCC5 has been the subject of many studies, but its substrates and 

physiological roles remain debated. Here I will summarize the existing literature 

on ABCC5/MRP5 transporters. 

 

1.2.1.1. Expression 

Ubiquitous tissue expression of the ABCC5 gene, coupled with protein 

detection in all tissues tested to date, suggests the transporter is likely to be 

widely used in multicellular organisms. Human ABCC5 mRNA is widely 

expressed in adult tissues (Belinsky et al., 1998; Kool et al., 1997), with highest 

expression levels in skeletal muscle, brain (Belinsky et al., 1998; Kool et al., 

1997), heart, kidney, and testis (Belinsky et al., 1998). Hs-ABCC5a is expressed 

in pre-term and term placentas, and its mRNA levels decrease with increasing 

gestational age (Meyer Zu Schwabedissen et al., 2005). In zebrafish, Dr-ABCC5 

is expressed throughout the embryo, with highest expression in the developing 

nervous system (Korolnek et al., 2014). 

No studies have comprehensively addressed the tissue distribution of the 

ABCC5 protein, and several groups disagree about the quality of available 

expression data generated with different antibodies (Borst et al., 2007; Schinkel 

and Jonker, 2012). The polyclonal AMF antibody (raised in rabbits, targeting 14 
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C-terminal amino acids) showed ABCC5 protein expression in muscle cells of the 

corpus cavernosum, bladder, and ureter with specific localization in the 

urothelium and lamina propria mucosae of the ureter and urethra (Nies et al., 

2002). Nies et al., 2002 also used a monoclonal rat antibody to ABCC5 (mAb 

M5I-1, from Wijnholds et al., 2000) to colocalize ABCC5 with phosphodiesterase 

5 in epithelial cells of urothelium and within lamina propria. Their comparisons 

between the two ABCC5 antibodies suggested AMF had a higher affinity for 

ABCC5 than M5I-1 did. Also with AMF antibody, Hs-ABCC5 was detected in 

cultured cytotrophoblasts (placental cells), and expression increased as the cells 

differentiated into syncytiotrophoblasts (Meyer Zu Schwabedissen et al., 2005). 

ABCC5 is expressed in human heart in endothelial cells, cardiomyocytes, and 

smooth muscle cells (AMF antibody) (Dazert et al., 2003). Finally, Hs-ABCC5 is 

expressed in the brain, primarily in the pyramidal neurons, capillary endothelium, 

and astrocytes (detected with both AMF and M5I-1 antibodies) (Nies et al., 2004). 

ABCC5 knockout mice have been generated, though no detailed 

characterization of their physiology, reproductive capacity, or development has 

been published. Nonetheless, they are reportedly healthy and fertile (de Wolf et 

al., 2007; Wijnholds et al., 2000), which has called into question the physiological 

necessity of ABCC5. It has been suggested that ABCC4, the most closely related 

transporter to ABCC5 (36% amino acid identity), could be upregulated in these 

mice, which could rescue the effects of eliminating ABCC5 (Adachi et al., 2002). 

There is precedent for this type of compensatory ABC transporter expression, as 
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the ABCB1 knockout mouse upregulates expression of ABCB1b (Schinkel et al., 

1994). 

 

1.2.1.2. Localization 

ABCC5 is primarily found on basolateral plasma membranes, although 

apical and intracellular localizations have also been reported. Hs-ABCC5 is 

primarily detected on basolateral plasma membranes in polarized cells (Borst et 

al., 2007; Korolnek et al., 2014). A stable line of HEK293 (non-polarized human 

embryonic kidney) cells expressing an eGFP-ABCC5 fusion protein showed the 

fluorescent protein was located on the plasma membrane (McAleer et al., 1999). 

In MDCKII (polarized epithelial) cells transduced to overexpress ABCC5, the 

protein was detected with mAb M5I-1 on basolateral membranes (Wijnholds et 

al., 2000). This study showed that using the same antibody and overexpression 

protocol in non-polarized HEK293 cells, ABCC5 was predominantly intracellular, 

with only slight localization on the plasma membrane (Wijnholds et al., 2000). 

This contradicts the findings of McAleer et al., 1999, though the two studies’ 

methods of protein visualization differ. In human placenta, AMF antibody was 

used to detect ABCC5 on basal membranes of syncytiotrophoblasts (Meyer Zu 

Schwabedissen et al., 2005). AMF antibody also showed that Hs-ABCC5a 

resides on the luminal (apical) side of brain capillary endothelial cells (Nies et al., 

2004). Interestingly, ABCC5 was immunolocalized to both apical and basolateral 

surfaces of human amniotic epithelium (M5I-1) (Aye et al., 2007). 
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1.2.1.3. Gene splicing and paralogs 

Organization of ABCC5-type genes in the human and S. purpuratus 

genomes suggest that alternate splicing and/or paralog abundance may be 

factors in its regulation. The gene structure of Hs-ABCC5 created some 

confusion in initial characterizations, and later it was determined that sMRP 

(short MRP) (Suzuki et al., 1997) was actually an N-terminally truncated variant 

of ABCC5 (Suzuki et al., 2000). mRNA of sMRP was detected in similar patterns 

to that of full-length ABCC5, suggesting the short splice variant has a 

physiological function (Suzuki et al., 2000). Three more isoforms of ABCC5 were 

characterized in human retina (Stojic et al., 2007), suggesting that regulated 

unproductive splicing and translation (RUST) (Lewis et al., 2003) is likely a 

mechanism of controlling tissue-specific ABCC5 expression (Stojic et al., 2007). 

Splice variation could be a control mechanism for sea urchin ABCC5 expression, 

and additionally in S. purpuratus, expression of ABCC5 transporters is influenced 

by gene duplication. This produced 12 ABCC5 gene paralogs with >80% 

nucleotide sequence similarity, representing the most abundant group of ABC 

transporters in the genome (Sea Urchin Genome Sequencing Consortium et al., 

2006). 

 

1.2.1.4. Structure 
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Based on homology modeling, the protein structure of C5a is predicted to 

be similar to that of Hs-ABCC5, which represents the most common topology of 

human ABC transporters (Dean et al., 2001). On western blots, Hs-ABCC5 is 

detected at a range of molecular masses; 160-180 kDa (Wijnholds et al., 2000), 

185 kDa (Jedlitschky et al., 2000), 220 kDa (eGFP-tagged) (McAleer et al., 

1999), 160-200 kDa (Nies et al., 2002), and 200 kDa (Aye et al., 2007). This 

range of apparent molecular masses is likely due to tissue-specific differences in 

glycosylation (Nies et al., 2002).  

Although no crystal structure has been published for Hs-ABCC5, robust 

molecular models exist (Ravna et al., 2008; Sager et al., 2012). ABCC5 has two 

membrane spanning domains (MSDs), each composed of six transmembrane 

helices (TMHs) connected by both extracellular loops (ELs) and cytoplasmic 

loops (CLs). Two intracellular nucleotide binding domains (NBDs) contain 

canonical Walker A, Walker B, and Walker C domains, and these NBDs are the 

sites of ATP hydrolysis, which provides energy for the conformational change 

that translocates substrates across membranes. ABCC5 lacks the N-terminal 

MSD0 characteristic of other ABCC transporters (such as ABCC1/MRP1) and is 

instead similar in structure to ABCB1 (P-glycoprotein, P-gp), a well-characterized 

multidrug effluxor that has few if any overlapping substrates with ABCC5 

(Fletcher et al., 2010). Little of the protein is in the extracellular domain, as both 

the N- and C-terminal ends are intracellular.  
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The two ligand binding pockets (LBPs, a.k.a. drug binding pockets) of Hs-

ABCC5 are composed of (LBP1) TMHs 1, 2, 11, and 12, and (LBP2) TMHs 5, 6, 

7, and 8. These LBPs each have a positively charged amino acid, Arg232 (LBP1) 

and Lys448 (LBP2), that are possible recognition points for anionic substrates 

(Ravna et al., 2008). 

 

1.2.1.5. Substrates and inhibitors 

1.2.1.5.1. Exogenous substrates 

Many chemical substrates have been suggested for ABCC5, but their 

affinities and biological relevance remain in question. ABCC5 may (McAleer et 

al., 1999) or may not (Wijnholds et al., 2000) confer resistance to cadmium 

chloride, as it may (Davidson et al., 2002) or may not (Reid et al., 2003) efflux the 

anticancer drugs cytarabine and gemcitabine. 5’-fluorouracil (5-FU) is another 

reported substrate (Nambaru et al., 2011; Pratt et al., 2005) that was also shown 

not to be effluxed by ABCC5 (Reid et al., 2003; Wijnholds et al., 2000). ABCC5, 

along with ABCC4, is unique among other MRPs in that it may transport 

nucleoside monophosphate analogs such as the antiviral compound PMEA (9-(2-

phosphonylmethoxyethyl)adenine) (Ritter et al., 2005; Wijnholds et al., 2000). 

Overall, the drug/chemical efflux capacities of ABCC5 remain in question, and 

this transporter has not been shown to be toxicologically relevant (Chen and 

Tiwari, 2011; Leslie et al., 2001). 
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1.2.1.5.2. Endogenous substrates 

1.2.1.5.2.1. Cyclic nucleotides 

ABCC5 has been reported to efflux cGMP (Boadu and Sager, 2004; 

Jedlitschky et al., 2000; Meyer Zu Schwabedissen et al., 2005; Sager and Ravna, 

2009; Sager et al., 2012; Wielinga et al., 2003; Wijnholds et al., 2000), cAMP 

(Jedlitschky et al., 2000; Sager and Ravna, 2009; Wielinga et al., 2003), heme 

(Korolnek et al., 2014), hyaluronan (Schulz et al., 2007), and N-lactoyl amino 

acids (Jansen et al., 2015). 

Through transport of cAMP, ABCC5 may elevate extracellular cAMP that 

likely functions as a signal received via GPCRs to elicit cellular responses in 

receiving cells (Godinho et al., 2015). In Dictyostelium development, ABCB3 

effluxes cAMP, and ABCC5 is also a candidate cAMP transporter (Miranda et al., 

2015). This cAMP excreted by ABC transporters specifies cell fate and stimulates 

chemotaxis (Miranda et al., 2015). Extracellular cAMP causes pseudopod 

extension at the leading edge (Dormann and Weijer, 2006), and stimulates 

elevation of intracellular cGMP to drive myosin-mediated contraction of the 

lagging edge (Bosgraaf et al., 2002; Veltman and Van Haastert, 2008). In this 

way, cAMP and cGMP synergize to produce directional movement. In axonal 

growth as well, cAMP and cGMP pathways likely interact to fine-tune cyclic 

nucleotide mediated migration (Song and Poo, 1999), and the ratio of 

cAMP/cGMP influences migration (Nishiyama et al., 2003; Song et al., 1998) by 

directing neuronal growth cones. 
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cGMP transport by ABCC5 affects several cellular processes, though its 

exact affinity remains disputed (Pratt et al., 2005; Reid et al., 2003; Wielinga et 

al., 2003). ABCC5 was reported to have a cGMP Km of 2.1 µM (Jedlitschky et al., 

2000), a value that was supported by several subsequent studies (Boadu and 

Sager, 2004; Meyer Zu Schwabedissen et al., 2005; Sager et al., 2012). 

However, other labs observed only mM affinity (Pratt et al., 2005; Reid et al., 

2003; Wielinga et al., 2003). Notably, the methods used by labs measuring µM 

affinities differ from those of labs measuring mM affinities. 

Showing biologically relevant cGMP affinity, Jedlitschky et al., 2000 used 

inside-out vesicles from V79 (Chinese hamster lung fibroblasts) transfected to 

overexpress ABCC5, and they measured intracellular ATP-dependent [3H]cGMP 

accumulation. They found ATP-dependent transport was 9.3 pmol/mg protein, 

which was comparable to measurements from a similar experimental setup with 

inside-out trophoblastic vesicles from basal membranes expressing ABCC5 

(Meyer Zu Schwabedissen et al., 2005). cGMP transport across erythrocyte 

membranes was reduced by 45% when ABCC5 was immunoprecipitated out of 

the solubilized extract (Boadu and Sager, 2004). Additionally, in GH3 pituitary 

cells, cGMP efflux was associated with ABCC5 expression, and knockdown of 

ABCC5 decreased cGMP efflux by >30% (Andric et al., 2006).  

Showing that cGMP is not a high-affinity substrate of ABCC5, Wielinga et 

al., 2003 used intact HEK293 cells transfected to overexpress ABCC5, and they 

showed that cGMP was only effluxed when cells were induced to produce very 
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high intracellular cGMP concentrations (~0.6 mM), suggesting cGMP is only a 

low affinity substrate of ABCC5. Additionally, studies that used cGMP to inhibit 

transport of other compounds found that half-maximal inhibition required ~1mM 

concentrations of cGMP (Pratt et al., 2005; Reid et al., 2003). Such 

concentrations are likely too high to be physiologically relevant. 

Physiological importance of a cGMP transporter is supported by Nies et 

al., 2002, who suggested that expression of ABCC5 protein in the human 

genitourinary system, where ABCC5 colocalizes with phosphodiesterase 5, may 

work in concert with phosphodiesterase 5 to reduce intracellular cGMP levels in 

smooth muscle. Additionally, ABCC5 expression is reduced in murine models of 

septic shock, suggesting that disruption of the normal cGMP-NO pathway could 

participate in heart failure from sepsis (Meissner et al., 2007). Finally, it has been 

suggested that ABCC5-mediated export of cGMP could generate extracellular 

pools of cyclic nucleotide that may function in paracrine signaling (Ritter et al., 

2005). 

 

1.2.1.5.2.2. Heme 

A recent study suggested heme as a substrate (Korolnek et al., 2014), and 

knockdown of ABCC5 in the heme auxotroph Caenorhabditis elegans caused 

embryonic lethality. The same study showed that ABCC5 knockdown in Danio 

rerio caused defects in erythropoiesis, also suggesting that ABCC5 participates 

in heme homeostasis. Interestingly, another study in D. rerio reported that 
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ABCC5 is up-regulated when heme synthesis is perturbed by knockdown of klf4, 

a transcription factor necessary for hematopoiesis (Gardiner et al., 2007). 

 

1.2.1.5.2.3. Hyaluronan 

ABCC5 has also been shown to transport hyaluronan (Schulz et al., 2007), 

a glycosaminoglycan (GAG) component of the extracellular matrix (ECM) that 

has both structural and cell signaling functions (Toole, 2004). Efflux of 

hyaluronan was measured from fibroblasts, and siRNA-mediated knock-down of 

ABCC5 protein produced a dose-dependent reduction in hyaluronan efflux. 

Schulz et al., 2007 also showed that cGMP inhibited hyaluronan transport and 

concluded that cGMP may be a regulator of ABCC5-mediated hyaluronan efflux. 

This mechanism diverges from the predominant view that hyaluronan synthase 

(HAS), a membrane bound enzyme, itself mediates translocation of the growing 

hyaluronan polymer into the extracellular domain as it is being synthesized 

(Medina et al., 2012). Medina et al., 2012 provided further support for the latter 

mechanism, demonstrating evidence of an intraprotein pore in HAS. However, no 

direct evidence has contradicted the possibility that ABCC5 transports 

hyaluronan. 

 

1.2.1.5.2.4. N-lactoyl amino acids 
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Just this year, a metabolomics screen identified N-lactoyl amino acids as 

substrates of ABCC5 (Jansen et al., 2015). These metabolites are unfortunately 

not characterized, so the physiological effects of this transport remain unknown. 

 

1.2.1.5.3. Inhibitors 

Specific inhibitors of ABCC5 have been difficult to identify (Borst et al., 

2007; Ritter et al., 2005). Inhibition of ABCC5 may be achieved with high 

concentrations of the nonspecific organic anion transport inhibitors 

benzebromarone, probenecid, sulfinpyrazone, and MK571 (Borst et al., 2007). 

The phosphodiesterase inhibitors sildenafil (aka Viagra) and trequinsin may also 

inhibit ABCC5 due to their cGMP-like shape and binding ability (Ritter et al., 

2005). Recently, seven sildenafil-analog compounds were identified with higher 

inhibitory activity than sildenafil (Sager et al., 2012), but they have not yet been 

tested in follow-up studies. 

 

1.2.2. SEA URCHIN DEVELOPMENT 

The bilaterally symmetric sea urchin embryo develops indirectly into a 

radially symmetric adult. Yet the early development of the sea urchin, a basal 

deuterostome, closely resembles that of chordates. Indeed nearly all vertebrate 

gene families are represented in the ~23,300 gene genome of S. purpuratus (Sea 

Urchin Genome Sequencing Consortium et al., 2006), and many of these genes’ 

functions are thought to be conserved. 
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Figure 1.1. Development of the sea urchin from the 60-cell stage (~10 hpf) 
to the pluteus larva stage (~72 hpf). Cell and tissue specification is color-coded. 

 

Early cleavage gives rise to a 60-cell embryo (~10 hpf in S. purpuratus) in 

which six cell types are specified, including the veg1 and veg2 cells (Fig. 1.1). 

Veg1 cells will become a portion of both the ectoderm and endoderm, while veg2 

cells will make up the rest of the endoderm and the entire non-skeletogenic 

mesoderm (NSM) (Peter and Davidson, 2009). Part of the endoderm, which 

forms the gut during gastrulation, is specified from veg2 during Wnt-controlled 

endomesoderm differentiation (Wikramanayake et al., 2004). The remaining 

veg2-derived cells, the NSM, are the second group of cells (preceded by 

skeletogenic mesoderm (SM)) to ingress and transition from epithelium to 

mesenchyme. The NSM differentiates into four cell types: pigment cells, 

blastocoelar cells, coelomic pouch cells, and circumesophageal muscle 

(Cameron et al., 1991; Ruffins and Ettensohn, 1996). These cells are important 

for gastrulation, neurogenesis, and immunity. 
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Gastrulation occurs in two phases: primary invagination and secondary 

invagination. Primary invagination involves actin rearrangement and formation of 

bottle cells (which may be pigment cells (Takata and Kominami, 2004)), causing 

the vegetal pole of the embryo to fold inward and create the early archenteron 

(gut) (Burke et al., 1991; Davidson et al., 1995; Kimberly and Hardin, 1998; 

Kominami and Takata, 2004; Lane et al., 1993; Nakajima and Burke, 1996). 

Pigment cells ingress from the vegetal plate during early gastrulation and 

continue to disperse once they are in the ectoderm (Gibson and Burke, 1987).  

Secondary invagination results from pseudopodia extension, cell 

rearrangement, regionalized cell division, and cell recruitment (Hardin, 1989; 

Kominami and Takata, 2004). Directionality of archenteron movement depends 

on filopodia-mediated recognition of the animal pole, where the stomodeum 

(mouth) will form (Hardin and McClay, 1990). This is dependent on oral-aboral 

axis specification, which is patterned by Nodal signaling (Wei et al., 2012).  

Following gastrulation, the ventral (oral) ectoderm of the prism stage 

embryo invaginates to produce the stomodeum. An oral hood is formed on the 

ventral ectoderm, and the archenteron and stomodeum fuse to make the mouth. 

The gut differentiates into a tripartite larval digestive system, composed of the 

muscular esophagus (foregut), large stomach (midgut), and tubular intestine 

(hindgut). The foregut and oral midgut are veg2-derived, while the aboral midgut 

and hindgut are veg1 descendants (Logan and McClay, 1997; Ransick and 

Davidson, 1998). The regulation and development of larval gut compartments are 
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less understood than the earlier events of endoderm specification and 

gastrulation. However, larval gut morphogenesis is now being explored from a 

gene regulatory perspective (Annunziata et al., 2014), and its differentiation is 

governed by ParaHox genes (Cole et al., 2009). 
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2.1. ABSTRACT 

ATP-binding cassette (ABC) transporters are membrane proteins that 

regulate intracellular concentrations of myriad compounds and ions. There are 

>100 ABC transporter predictions in the Strongylocentrotus purpuratus genome, 

including 40 annotated ABCB, ABCC, and ABCG “multidrug efflux” transporters. 

Despite the importance of multidrug transporters for protection and signaling, 

their expression patterns have not been characterized in deuterostome embryos. 

Sea urchin embryos expressed 20 ABCB, ABCC, and ABCG transporter genes in 

the first 58 hours of development, from unfertilized egg to early prism. We 

quantified transcripts of ABCB1a, ABCB4a, ABCC1, ABCC5a, ABCC9a, and 

ABCG2b, and found that ABCB1a mRNA was 10-100 times more abundant than 

other transporter mRNAs.  In situ hybridization showed ABCB1a was expressed 

ubiquitously in embryos, while ABCC5a was restricted to secondary 

mesenchyme cells and their precursors. Fluorescent protein fusions showed 

localization of ABCB1a on apical cell surfaces, and ABCC5a on basolateral 

surfaces. Embryos utilize many ABC transporters with predicted functions in cell 

signaling, lysosomal and mitochondrial homeostasis, potassium channel 

regulation, pigmentation, and xenobiotic efflux. Detailed characterization of 

ABCB1a and ABCC5a revealed that they have different temporal and spatial 

gene expression profiles and protein localization patterns that correlate to their 

predicted functions in protection and development, respectively. 
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2.2. INTRODUCTION 

 
ATP-Binding Cassette (ABC) transporters are a conserved family of 

membrane proteins that use ATP to move compounds across membranes in both 

adult and embryonic cells (Borst and Elferink, 2002; Dean et al., 2001; Elbling et 

al., 1993; Higgins, 1992). They transport peptides, metals, xenobiotics, and ions 

necessary for homeostasis, protection, and signaling. The ABC transporter family 

comprises eight subfamilies in sea urchins (ABCA to ABCH) and seven in 

mammals (ABCA to ABCG).  Much of the functional information about these 

transporters pertains to the ABCB, ABCC, and ABCG “multidrug efflux” 

subfamilies and their roles in diseases including cancer, cholestasis, and cystic 

fibrosis. For example, increased expression of ABCB1 (P-glycoprotein, Pgp), 

ABCC1 (Multidrug resistance protein 1, MRP1), and ABCG2 (Breast cancer 

resistance protein, BCRP) in cancer cells leads to acquired drug resistance 

(Borst and Elferink, 2002). In contrast, reduced surface expression of the ABC 

transporters ABCB11 (Bile salt export pump, BSEP) and ABCC7 (Cystic fibrosis 

transmembrane conductance regulator, CFTR) leads to cholestasis and cystic 

fibrosis, respectively (Borst and Elferink, 2002; Dean et al., 2001). 

While ABC transporters are well studied in disease, relatively little is 

known about their functions in embryos. In the Strongylocentrotus purpuratus 

genome, there are >100 ABC transporter gene predictions (http://spbase.org). 

Whole-genome tiling arrays revealed that these genes are extensively expressed 
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in the first five days of embryonic development. For example, >80% of ABCC 

genes were detected, a level that is ~30% higher than the overall level of gene 

utilization across the genome (Goldstone et al., 2006; Samanta et al., 2006). This 

high expression of transporters may be necessary to protect the embryo from 

xenobiotics. Consistent with this idea, sea urchin embryos possess both ABCB 

and ABCC transport activities that protect them from vinblastine (Hamdoun et al., 

2004) and inorganic mercury (Bosnjak et al., 2009). Similarly, ABCB1 (Pgp) 

protects mouse embryos from xenobiotics such as doxorubicin and mitomycin C 

(Elbling et al., 1993). 

This high utilization of ABC transporters could indicate that they also 

function in cell specification through efflux of morphogens. For example, 

Drosophila melanogaster mdr49 (an ABCB transporter) protects flies from 

colchicine toxicity (Wu et al., 1991), and it also transports signaling molecules. 

Dm-mdr49 is expressed in the embryonic mesoderm where it effluxes a 

chemoattractant that directs germ cell migration to the somatic gonad (Ricardo 

and Lehmann, 2009). Similarly, human ABCC1 (MRP1) is a xenobiotic 

transporter, but when expressed heterologously in Caenorhabditis elegans, it 

rescues defects in dauer larva formation induced by removal of the endogenous 

transporter (Yabe et al., 2005). 

The goal of this study was to characterize the gene expression and protein 

localization of ABC transporters during embryonic development of sea urchins. 

Of the 40 manually annotated ABCB, ABCC, and ABCG genes, we found 20 to 
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be expressed during the first three days of development. We quantified the 

number of transcripts per egg/embryo for six transporter genes and found that 

mRNA of ABCB1a was 10-100 times more abundant than that of other measured 

transporters. In situ hybridization of ABCB1a and ABCC5a revealed that ABCB1a 

was ubiquitously expressed in all cells, while ABCC5a was expressed only in a 

subset of mesodermal precursors. ABCB1a protein primarily localized to the 

apical membrane of polarized epithelial cells, while ABCC5a was found on 

basolateral membranes. The spatial gene expression and protein localization 

patterns of ABCB1a and ABCC5a are consistent with predicted differences in 

protection versus signaling, respectively. Our results highlight the importance of 

ABCB, ABCC, and ABCG transporters in a wide range of developmental 

functions, ranging from protection against xenobiotics to control of cell signaling 

and differentiation. 
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2.3. RESULTS 

2.3.1. ABC transporter genes expressed in early development. 

We measured the dynamics of ABCB, ABCC, and ABCG gene expression 

during the first three days of sea urchin development, from unfertilized egg 

through the early prism stage. Embryos expressed 20 transporters including 

those potentially responsible for xenobiotic efflux, ion movement, and transport of 

signaling molecules (Table 2.1). To assess similarity of the detected genes to 

other well-characterized ABC transporters, we used Blastp to compare their 

predicted peptide sequences (Spbase.org, genome version 3.1) to other proteins 

in NCBI. Embryos expressed eight ABCB transcripts including three genes 

related to multidrug pumps, one of which could be related to bile salt export pump 

(BSEP), four mitochondrial transporters, and one transporter associated with 

antigen processing (Tap)-like gene. Among the eight ABCC genes detected, one 

was a homolog of a well-known multidrug pump, four genes encoded 

transporters with both xenobiotic and signaling molecule substrates, and three 

genes were similar to the potassium channel regulating protein, sulfonylurea 

receptor-2 (SUR2).  Finally, four ABCG genes were expressed, including one 

encoding a xenobiotic pump, one similar to uncharacterized transporters from 

insects, and two transporters homologous to Drosophila White. 
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2.3.2. Temporal patterns of ABC transporter gene expression. 

All of the ABCB, ABCC, and ABCG mRNAs showed little change in 

abundance from the egg to early blastula stage (Fig. 2.1, Fig. 2.2, Supplemental 

Table S2.1). The first significant changes in expression (fold change <0.5 or >2) 

occurred at hatching, consistent with the large synthesis and turnover of mRNA 

that occurs at this time (Davidson, 1986). For example, transcripts of 13 ABC 

transporters decreased at hatching, presumably due to turnover of maternally 

derived mRNA (i.e. synthesized during oogenesis and present in the egg prior to 

fertilization). 

All 20 ABC transporter genes were generally expressed in one of three 

temporal patterns: (1) transporter expression is present from egg on, decreases 

at hatching, then is restored thereafter (Fig. 2.2, blue lines), (2) transporter 

transcripts are absent in early development and rapidly appear at a distinct 

developmental time point (Fig. 2.2, orange lines), and (3) transporter expression 

is robust from egg on and increases steadily throughout development (Fig. 2.2, 

green lines).  Thirteen genes showed Group 1 patterns (blue, Fig. 2.2A-H, J, N-P, 

R) including ABCB1a, ABCB1b, ABCB4a, ABCB6, ABCB7, ABCB8, ABCB9a, 

ABCB10a, ABCC4a, ABCC9a, ABCC9b, ABCC9d, and ABCG9. After hatching, 

ABCB1b, ABCB4a, ABCB7, ABCB10a, ABCC9b, ABCC9d, and ABCG9 all 

increased >2 fold. The second most common expression pattern was the Group 

2 pattern (orange, Fig. 2.2M, Q, S-T) found for ABCC5a, ABCG2b, ABCG11, and 

ABCG12. ABCC5a, ABCG11, and ABCG12 were first detected at the hatching 
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blastula stage while ABCG2b was not detected until the early prism stage. Group 

3 (green, Fig. 2.2I, K-L) included three transporters, ABCC1, ABCC4b, and 

ABCC4c, that increased >2 fold by hatching (ABCC1, ABCC4c) or early gastrula 

(ABCC4b). 

 

	
  

Figure 2.1. Developmental stages surveyed and relative ABC transporter 
gene expression. (A) DIC micrographs depict the developmental stages included in the 
gene expression survey. (B) Heat map of quantitative real-time PCR data expressed as fold 
change from the reference stage (i.e. earliest detectable stage). Reference stage is egg in all 
transporters except ABCC5a, ABCG2b, ABCG11, and ABCG12. Reference stage is hatching 
blastula for ABCC5a, ABCG11, and ABCG12. Reference stage is early prism for ABCG2b. All 
data represent the average of progeny from four females (N=4). 
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Figure 2.2. Relative ABC transporter gene expression during sea urchin 
development. Data depicted in Fig. 2.1 is presented as individual graphs on a logarithmic 
scale. Expression profiles are shown in three color-coded groups. Group 1 is shown in blue, 
Group 2 in orange, and Group 3 in green. N = 4, error bars represent standard error. 

	
  
2.3.2.1. Temporal expression patterns of paralogs 

Many S. purpuratus ABC transporters have multiple paralogs. For 

example, ABCB1 has 10 paralogs, ABCC5 has 16, ABCC9 has 14, and ABCG2 

has five. To gain insight into the potential functions of these paralogs, we 
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examined whether the expression patterns of detected paralogs were temporally 

synchronous. For ABCB1a and ABCB1b, expression was fairly uniform with both 

decreasing at hatching (Fig. 2.2A-B). In contrast, the ABCC4 paralogs were 

asynchronous with ABCC4a decreasing at hatching then slowly restoring 

expression levels, while ABCC4b increased >2 fold at early gastrula, and 

ABCC4c increased >2 fold at hatching (Fig. 2.2J-L). Finally, while the ABCC9 

paralogs all decreased expression at hatching and restored expression levels 

later in development, only ABCC9b and ABCC9d increased >2 fold (Fig. 2.2N-P).  

 

2.3.3. Quantification of ABC transporter mRNAs. 

We quantified six ABC transporter transcripts using cDNA standards (Fig. 

2.3, Supplemental Table S2.1) to determine their abundance. These six genes 

represented each of the three common expression profiles. The genes included 

ABCB1a, ABCB4a, and ABCC9a from Group 1, ABCC5a and ABCG2b from 

Group 2, and ABCC1 from Group 3. ABCB1a was the most abundantly 

expressed transporter, averaging 12,878 transcripts per egg/embryo and ranging 

from 6,223 copies in hatched blastula to 20,135 copies per late gastrula embryo 

(Fig. 2.3A, Supplemental Table S2.1). ABCB4a ranged from 465 copies in 

hatching blastulae to 4,157 copies per early prism embryo with an average of 

1,643 copies (Fig. 2.3B, Supplemental Table S2.1). ABCC9a had an average of 

1,532 transcripts per egg/embryo, ranging from 468 copies in early gastrulae to 

2,481 copies in 16-cell embryos (Fig. 2.3E, Supplemental Table S2.1). Both 
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ABCC5a and ABCG2b could not be detected until they exceeded ~100 

transcripts per embryo. ABCC5a reached this threshold with 343 copies at 

hatching, and it peaked at the early prism stage with 7,871 copies per embryo 

(Fig. 2.3D, Supplemental Table S2.1). ABCG2b transcripts could only be 

accurately quantified at the latest stage surveyed, when they reached 186 copies 

per early prism embryo (Fig. 2.3F, Supplemental Table S2.1). ABCC1 transcripts 

were present at 590 copies per egg and 517 copies per 16-cell embryo, then 

increased through development peaking at 7,471 copies per late gastrula stage 

embryo (Fig. 2.3C, Supplemental Table S2.1).  

 

2.3.4. Spatial patterns of ABC transporter gene expression. 

Next, we used whole mount in situ hybridization (WMISH) to characterize 

spatial expression of five ABC transporter genes. Two genes, ABCB1a and 

ABCC5a, showed clear localization patterns. ABCB4a, ABCC1, and ABCC9a 

were not detected, presumably because their messages were insufficiently 

abundant and/or widely dispersed. Temporal expression analyses described 

above showed that ABCB1a, which has predicted protective functions, was the 

most abundant mRNA (Fig. 2.3A). In contrast, ABCC5a mRNA was absent in 

early development but increased dramatically at a specific developmental stage 

(Fig. 2.3D), a pattern that is commonly observed for developmental genes such 

as Nodal, HesC, and Delta (Nam et al., 2007; Revilla-i-Domingo et al., 2007). 

Consistent with a predicted function in protection against toxicants, WMISH 
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showed ABCB1a was ubiquitously expressed in all cells throughout development 

(Fig. 2.4E-H). At the gastrula stage, ABCB1a was detected with such intense 

staining on the ectoderm and endoderm that it was difficult to determine if there 

was uniform mesodermal expression (Fig. 2.4H). 

	
  

Figure 2.3. Number of ABC transporter transcripts per egg/embryo. Number 
of mRNA copies per egg/embryo is shown. Transcript copies were determined using a standard 
curve to quantify the reference point (egg for ABCB1a, ABCB4a, ABCC1, and ABCC9a; hatching 
blastula for ABCC5a; early prism for ABCG2b), and by applying fold change values (Figs 2.1, 2.2, 
Supplemental Table S2.1) to quantify all other stages. Dashed lines (D, F) indicate where 
transcripts were below the threshold of detection using qPCR (i.e. <100 copies per egg/embryo). 
N=4, bars represent standard error. 

	
  
In contrast, ABCC5a transcripts were undetectable early in development 

(Fig. 2.4I), then were expressed only in a subset of embryonic cells after hatching 
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(Fig. 2.4J-L). ABCC5a was expressed in mesodermal cells (Fig. 2.4K-L) in a 

pattern consistent with the veg2 lineage and their descendants, the (non-

skeletogenic) secondary mesenchyme cells (SMC) (Peter and Davidson, 2009a). 

In hatched mesenchyme blastulae, ABCC5a mRNA was detected in the vegetal 

pole of the embryo and was absent from primary mesenchyme cells (Fig. 2.4J). 

During gastrulation, ABCC5a-expressing cells dispersed and were ultimately 

incorporated into the ectoderm in a pattern similar to that of pigment cells (Fig. 

2.4K-L) (Peter and Davidson, 2009a; Ransick et al., 2002). In addition, the 

temporal expression pattern of ABCC5a matches those of ABCG11 and 

ABCG12, homologs of the transporter necessary for eye pigmentation in 

Drosophila, Dm-White (Ewart et al., 1994; Mackenzie et al., 2000). Thus, 

ABCC5a could be essential for the formation or function of pigment cells in sea 

urchin embryos. 

 

2.3.5. Cellular localization of ABCB1a and ABCC5a proteins. 

We expressed fluorescent-protein fusions of ABCB1a and ABCC5a in the 

sea urchin embryo to determine their cellular localization (Fig. 2.5). ABCB1a-

mCitrine protein localized to the apical membrane of the ectoderm in hatched 

mesenchyme blastulae (Fig. 2.5Aii). This transporter coated the outside surface 

of the embryo and was seen on the surfaces of apical microvilli (Fig. 2.5Bii). In 

contrast, ABCC5a-mCherry protein  was absent from the apical cell surface and 

was instead localized on the basolateral cell membranes (Fig. 2.5Aiii, 2.Biii). No 
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co-localization of ABCB1a-mCitrine and ABCC5a-mCherry proteins was 

observed in polarized epithelial cells (Fig. 2.5Biv), except for some slight overlap 

at the vegetal pole of the embryo (Fig. 2.5Aiv). 

 

 

Figure 2.4. Spatial expression of ABC transporter genes. Whole mount in situ 
hybridization depicts endogenous expression of ABCB1a and ABCC5a. (A-D) For controls, DIG-
labeled sense probe was used. (E-H) ABCB1a is expressed in all cells of embryos. (I) ABCC5a 
mRNA is not detected prior to hatching, after which it is detected (J) in the vegetal pole of 
hatched mesenchyme blastulae, and (K, L) in mesodermal cells in later embryos. (A, E, I) 16-cell 
embryos were fixed at 7 hpf, (B, F, J) hatched mesenchyme blastulae at 36 hpf, (C, G, K) early 
gastrulae at 42 hpf, and (D, H, L) late gastrulae at 48 hpf. 

 

Our findings from both WMISH and FP-overexpressions indicate that at 

the hatched blastula stage, endogenous ABCB1a transcripts are present in all 

embryonic cells (Fig. 2.4F, Fig. 2.6A), while ABCB1a-mCitrine protein localizes 

on the apical membrane of all ectodermal cells (Fig. 2.5Aii). This indicates that in 
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blastulae, endogenous ABCB1a protein is also present on the apical side of all 

ectodermal cells (Fig. 2.6B, green). This places ABCB1a proteins in direct 

contact with the environment, where they can directly efflux unwanted chemicals 

from the embryo.  

	
  

Figure 2.5. Localization of ABCB1a and ABCC5a proteins. Micrographs show 
exogenous ABCB1a and ABCC5a localization from expression of fluorescent-protein fusions. 
Representative embryos are shown. B is an inset from the embryo shown in A. mRNA from 
ABCB1a-mCitrine (ii, green) and ABCC5a-mCherry (iii, red) were injected into fertilized eggs, 
then embryos were grown to mesenchyme blastulae for imaging. (iv) Merged channel includes 
Histone H2B-CFP (blue), injected as a nuclear marker. ABCB1a-mCitrine protein localizes to the 
apical surface of the embryo, while ABCC5a-mCherry localizes on the basolateral cell surfaces. 

 

In contrast, at the same developmental stage, ABCC5a transcripts are 

detected exclusively in a subset of vegetal cells (Fig. 2.4J, Fig. 2.6A) likely to be 

part of the Veg2 lineage (Peter and Davidson, 2009a). ABCC5a-mCherry protein 

is not detected at the apical surface of the embryo but is instead localized on 

basolateral membranes of polarized cells, which are not in direct contact with the 
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environment (Fig. 2.5Aiii). Thus, we propose that endogenous ABCC5a protein is 

expressed on basolateral membranes of vegetal cells in hatched blastulae (Fig. 

2.6B, red). This position in the embryo suggests that ABCC5a is not involved in 

protective efflux of environmental chemicals. 

 

 

Figure 2.6. Model of endogenous ABCB1a and ABCC5a protein localization. 
(A) A cartoon represents WMISH transcript localization shown in Figs 2.4F, 2.4J. By combining 
this with FP-fusion ABCB1a and ABCC5a protein localization data shown in Fig. 2.5A, we 
propose (B) a model for endogenous ABCB1a (green) and ABCC5a (red) expression. ABCB1a is 
primarily expressed on the apical membrane of polarized epithelial cells, while ABCC5a is 
expressed on the basolateral membranes of secondary (non-skeletogenic) mesenchyme cells. 
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2.4. DISCUSSION 

Our results demonstrate that sea urchin embryos utilize many ABC 

transporters in early development. In the first three days of development, 20 ABC 

transporters were expressed including those with predicted functions in cell 

signaling, mitochondrial and lysosomal homeostasis, potassium channel 

regulation, pigmentation, and xenobiotic efflux (Table 1). In situ hybridization and 

fluorescent protein fusion expression of ABCB1a and ABCC5a revealed 

significant differences in location and timing of expression of these two 

transporters that correlate with predicted differences in their functions. 

 

2.4.1. Xenobiotic transport 

Sea urchin embryos expressed homologs of all three major types of 

multidrug transporters including ABCB1, ABCC1, and ABCG2. Among the 

detected ABCB transporters, Sp-ABCB1a, Sp-ABCB1b, and Sp-ABCB4a are 

similar to the human multidrug resistance transporter, P-glycoprotein (Pgp). This 

transporter protects cells by effluxing a wide range of mildly hydrophobic 

molecules (Dean et al., 2001; Fletcher et al., 2010), and its substrate poly-

specificity is mediated by a large binding pocket with multiple drug binding sites 

(Aller et al., 2009). ABCB1/Pgp-mediated xenobiotic efflux activity is essential for 

protecting hematopoietic stem cells (Smeets et al., 1997) and various 

mammalian (Elbling et al., 1993) and invertebrate embryos including sea urchins 

(Hamdoun et al., 2004; Toomey and Epel, 1993). 
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Previous studies indicated that sea urchins have high levels of ABCC-like 

multidrug efflux activity (Hamdoun et al., 2004). We found that embryos 

expressed Sp-ABCC1, a homolog of Multidrug resistance protein 1 (MRP1), 

which could mediate this activity. In addition to direct efflux of toxic molecules, 

ABCC1/MRP1 effluxes glutathione-conjugates and therefore can also transport 

hydrophilic toxicants such as metals (Chen and Tiwari, 2011; Fletcher et al., 

2010; He et al., 2011; Leslie et al., 2005). ABCC1 can also maintain cellular 

redox homeostasis via GSH and GSSG transport (Leslie et al., 2001), and it 

regulates inflammation and dendritic cell migration via transport of leukotriene 

LTC4 (Leslie et al., 2005). Since ABCC1 performs both protective and signaling 

functions in mammals, it could also be a dual-functioning transporter in sea 

urchin development. 

Finally, sea urchin embryos expressed Sp-ABCG2b, a homolog of human 

Breast cancer resistance protein (BCRP). ABCG2/BCRP is a xenobiotic 

transporter known to mediate drug resistance by effluxing anticancer drugs such 

as mitoxantrone (Krishnamurthy and Schuetz, 2006; Leslie et al., 2005). In 

addition to protection, ABCG2 may also maintain multipotency of hematopoietic 

stem cells (Bunting, 2002; Zhou et al., 2001). Consistent with this hypothesis, 

ABCG2 is involved in porphyrin homeostasis and contributes to self-renewal of 

mouse embryonic stem cells (Susanto et al., 2008). 

 

2.4.2. Mitochondrial transport 



	
  

	
  

50 

An interesting finding of our study was the expression of four homologs of 

mitochondrial transporters, Sp-ABCB6, Sp-ABCB7, Sp-ABCB8, and Sp-

ABCB10a.  In sea urchin embryos, mitochondria are important for both 

energetics and oral-aboral specification (Coffman et al., 2009). The genes 

expressed are homologous to mammalian mitochondrial half-transporters likely to 

function in Fe/S cluster transport, iron homeostasis, heme biosynthesis, peptide 

transport, and oxidative stress protection (Herget and Tampé, 2007; Zutz et al., 

2009) (Chen et al., 2009). In mammals, three of these transporters (ABCB7, 

ABCB8, and ABCB10) are expressed on the inner mitochondrial membrane, 

while ABCB6 is thought to localize to the outer mitochondrial membrane (Zutz et 

al., 2009). 

 

2.4.3. Lysosomal transport 

The final ABCB gene expressed was Sp-ABCB9a, which is homologous to 

the lysosomal Tap-like (TAPL) protein, a transporter of peptides from cytosol into 

the lysosome. ABCB9/TAPL may perform a homeostatic role such as disposing 

of accumulated cytosolic peptides (Bangert et al., 2011; Zhao et al., 2006), and it 

is possibly also involved in antigen processing (Bangert et al., 2011). 

 

2.4.4. Multifunctional transport 

Several of the expressed transporters could have dual functions in the 

embryo, including the aforementioned example of Sp-ABCC1. We detected other 



	
  

	
  

51 

predicted multifunctional transporters including Sp-ABCC4a, Sp-ABCC4b, Sp-

ABCC4c, and Sp-ABCC5a, which are homologs of mammalian transporters with 

broad specificity for both signaling molecules (e.g. cGMP) and xenobiotics. Like 

ABCC1, ABCC4/MRP4 transports leukotrienes and is necessary for human 

dendritic cell migration (Fletcher et al., 2010).  

One of the central transporters in this study was Sp-ABCC5a, whose 

homologs remain relatively poorly characterized in any organism. In humans, 

ABCC5/MRP5 localizes to basolateral membranes of polarized cells, and its 

mRNA is ubiquitously expressed in adult tissues, though it is highest in skeletal 

muscle, heart and brain (Chen and Tiwari, 2011). It has been suggested to be a 

cGMP transporter (Jedlitschky et al., 2000), although its affinity for this substrate 

is relatively low (de Wolf et al., 2007). Since Hs-ABCC5 may export cyclic 

nucleotides, one possibility is that Sp-ABCC5a plays some role in signaling 

necessary for morphogenesis or migration of the mesenchyme cells. 

Alternatively, it may function in xenobiotic efflux, though in other systems it has 

yet to be demonstrated as toxicologically important (Chen and Tiwari, 2011; 

Leslie et al., 2001). One possibility is that Sp-ABCC5a may be involved in 

protection against some endogenously produced toxic metabolite. 

 

2.4.5. Potassium channel conductance regulators 

Three of the expressed transporter genes, Sp-ABCC9a, Sp-ABCC9b, and 

Sp-ABCC9d, are homologous to sulfonyl urea receptor 2 (SUR2), which 
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associates with inwardly rectifying potassium channels to regulate insulin 

secretion in humans (Bryan et al., 2007). Little is presently known about the 

functions of these channels in development. In Drosophila, ABCC9/SUR2 is 

expressed in trachea and dorsal vessels and is potentially involved in cell 

migration (Nasonkin et al., 1999). 

 

2.4.6. White transporter homologs  

Finally among the genes expressed, Sp-ABCG11 and Sp-ABCG12 are 

homologs of the White half-transporter, which transports precursors or metabolic 

intermediates of pigment to control eye color in D. melanogaster (Ewart et al., 

1994; Mackenzie et al., 2000). Like the ABCB half-transporters, White protein is 

not localized on the cell membrane, but instead is found on intracellular vesicles 

(Evans et al., 2008; Mackenzie et al., 2000) where it may also transport cGMP 

(Evans et al., 2008). In Drosophila embryos, white transcripts are detected in the 

Malphigian tubules coincident with the onset of cell differentiation (Fjose et al., 

1984). 

 

2.4.7. Transporters with unresolved classification 

Interestingly, we found two genes that may have different homologs than 

those indicated by their original names. For example, although the name Sp-

ABCB1b indicates similarity to human ABCB1/Pgp, the top NCBI Blastp hits were 

chicken ABCB1 (CMDR1) (e=0.0) and human ABCB11 (Bile salt export pump, 
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BSEP) (e=0.0). BSEP transports bile salts across the canalicular plasma 

membrane (Stieger et al., 2007). Chicken Mdr1 is expressed in the thymus and 

bursa of embryos and may participate in lymphoid differentiation of T and B cells 

(Petrini et al., 1995). Given that sea urchins lack a direct ABCB11 homolog, it is 

possible that Sp-ABCB1b transports sterols similar to bile salts. 

Similarly, although Sp-ABCC9b is homologous to SUR2 (e=0.0), Blastp 

indicates it is equally similar to Multidrug resistance protein 2 (MRP2) (e=0.0). 

MRP2 is related to MRP1, and as such it effluxes both signaling molecules and 

xenobiotics (Fletcher et al., 2010; Leslie et al., 2001). Thus, one possibility is that 

Sp-ABCC9b has different functions than those predicted by its designation as an 

SUR. 

 

2.4.8. Differential regulation of transporters 

Given this great diversity of ABC transporters present in embryos, it 

seems plausible that multiple modes of regulation are employed to maintain and 

modulate their membrane activity through development. For example, our results 

with ABCB1a and ABCC5a indicate that they are likely to be under different 

modes of regulation. 

ABCB1a transcripts are abundant throughout development (Fig. 2.3A, 

Supplemental Table S2.1) and are strongly detected in all cells of embryos 

including the primary mesenchyme (Fig. 2.4F). Yet, while ABCB1a-mCitrine 

accumulates to high levels on surfaces of ectodermal cells, it is expressed 
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weakly on surfaces of primary mesenchymal cells (Fig. 2.5Aii, Bii). This could 

indicate that ABCB1a is post-transcriptionally regulated and that levels of its 

mRNA do not necessarily correlate to surface levels of the protein. Additional 

evidence for post-transcriptional regulation of ABCB1a comes from the 

observation that efflux activity increases after fertilization of sea urchin eggs, 

even with exposure to inhibitors of transcription and translation (Hamdoun et al., 

2004). This indicates that in very early development, efflux activity is post-

translationally controlled, and it is possible that ABCB1a is similarly regulated 

throughout development. Alternatively, primary mesenchyme cells may have less 

ABCB1a-mCitrine due to membrane turnover associated with the epithelial to 

mesenchymal transition (EMT) (Wu et al., 2007). 

In contrast, ABCC5a expression is tightly temporally and spatially 

controlled (Fig. 2.3D, Fig. 2.4J), expressed only after hatching and exclusively in 

a subset of veg2 cells and their descendants. This suggests that ABCC5a is 

transcriptionally regulated. Consistent with this hypothesis, in MCF7 cells, Hs-

ABCC5 expression is regulated by the EMT-inducing transcription factors Snail, 

Twist and FOXC2 (Saxena et al., 2011). These are important developmental 

transcription factors that could interact with Sp-ABCC5a. Our future studies will 

address this possibility and probe the role of Sp-ABCC5a in protection, 

specification, and/or functions of mesodermal cells. 

 

2.4.9. Conclusions 
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Collectively, our results highlight the diversity of ABC transporters 

necessary for sea urchin development and provide a foundation for exploring 

their biology. The characterization of ABCB1a and ABCC5a emphasizes 

differences in spatial and temporal expression of ABC transporters, and the 

relation of these differences to predicted functions. Clearly, ABC transporters are 

more than protective transporters in embryogenesis, and exquisite regulation of 

membrane function by expression of transporters is likely central to homeostasis, 

protection, and signaling during development. Our future work will focus on major 

developmental transitions to address the regulation and function of ABCC5a in 

protection and/or specification of embryonic cells. 
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2.5. MATERIALS AND METHODS 

2.5.1. Animals 

 Purple sea urchins, Strongylocentrotus purpuratus, were collected off the 

coast of San Diego, CA, USA, kept in 12°C running seawater, and fed 

Macrocystis pyrifera.  Gametes were collected according to standard procedures 

(Foltz et al., 2004). Eggs were collected in raw seawater, passed through a 120 

µm nitex filter, and washed in filtered seawater (FSW).  For RNA isolation and in 

situ analyses, a 500 ml solution of 1% packed eggs in FSW was fertilized with 5 

µl sperm (in FSW).  Fertilization was visually confirmed, and only batches with 

>90% fertilization were used for experiments. Embryos were washed twice in 

FSW to remove excess sperm, and the culture was grown at a concentration of 

500 embryos/ml FSW at 12°C. 

 

2.5.2. RNA isolation 

 For all gene expression experiments, total RNA was isolated at nine 

developmental stages (approximate hours post-fertilization, hpf): 1. Unfertilized 

egg, 2. 16-cell (~6 hpf), 3. 60-cell (~8.5 hpf), 4. early blastula (12-13 hpf), 5. 

hatching blastula (21-23 hpf), 6. hatched blastula (27-29 hpf), 7. early gastrula 

(33-35 hpf), 8. late gastrula (50-52 hpf), 9. early prism (55-58 hpf). Experiments 

were replicated four times with progeny of four females. 

 Aliquots of cultures were hand-centrifuged to pellet eggs/embryos, and 

RNA was isolated using a Nucleospin RNA II isolation kit (Macherey-Nagel, 
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Bethlehem, PA, USA) according to the manufacturer’s protocol.  Yields varied 

(depending on the density of the pellet) from 3-56 µg total RNA. RNA 

concentration and purity was determined by spectrophotometry and agarose gel 

electrophoresis. Only samples with absorbance ratios of ~2.0 (260/280) and 

~2.0-2.2 (260/230) with clear major ribosomal subunit bands on gel visualization 

were used for experiments. 

 

2.5.3. cDNA synthesis 

 Reverse transcription was performed using 500 ng total RNA, 1.5 µM 

random primer (New England Biolabs, Ipswich, MA, USA), 0.5 mM dNTPs 

(Fermentas, Glen Burnie, Maryland, USA), M-MuLV Reverse Transcriptase (New 

England Biolabs), and RNasin (Promega, Madison, WI, USA) at a final volume of 

20 µl. 

 

2.5.4. Quantitative real-time PCR (qPCR) 

 qPCR was performed on a Stratagene MX3000p thermal cycler (Agilent, 

Santa Clara, CA, USA) with EVA QPCR SuperMix Kit (Biochain, Hayward, CA, 

USA) according to the manufacturer’s protocol.  All reactions were run in 

duplicate.  To each 20 µl cDNA synthesis reaction, 200 µl nuclease-free water 

was added for analysis with qPCR.  A volume of 3.5 µl was used as template for 

qPCR with 625 nM of each (forward and reverse) primer in a total reaction 

volume of 20 µl per well. 
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2.5.5. Primer design and testing 

We designed a total of 76 primer pairs: 24 in the ABCB family, 38 in the 

ABCC family, and 14 in the ABCG family. For each ABC transporter, primers 

were designed to avoid conserved regions (i.e. nucleotide binding domains). Two 

primer pairs (forward and reverse) were designed for each transporter gene, and 

the best pair was selected for each gene. Selected primer pairs are listed in 

Supplemental Table 2. Primers for control genes Nodal, Nanos2, and Spz12 

were generically designed from existing cDNA annotations.  The Ubiquitin control 

primer pair was taken from http://sugp.caltech.edu/SUGP/resources/methods/q-

pcr.php. 

 Primers were tested by amplification with serial dilutions of stock cDNA 

using the following criteria: confirmation of a “steep” amplification curve, single 

peak dissociation curve, and correct length (~100 bp) of a single amplicon on an 

agarose gel (Schmittgen and Livak, 2008). Serial dilutions of cDNA were made in 

1x, 4x, 64x, 256x, and 1024x dilutions with water.  Each primer was tested with 

these dilutions from eggs, 24 hpf and/or 55 hpf embryos to confirm that threshold 

cycle (Ct) increased 2 units for each dilution. Primer pairs that did not meet the 

above criteria were rejected from the study. 

 

2.5.6. Confirmation of amplicon specificity to targeted genes 
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 Amplicon specificity was confirmed for a subset of primers (ABCB1a, 

ABCB4a, ABCC1, ABCC5a, ABCC9a, and ABCG2b) by cloning and sequencing 

the qPCR products from embryos of two females. qPCR amplicons were purified 

and cloned into a pCR4-TOPO vector (Invitrogen, Life Technologies, Grand 

Island, NY, USA) according to the manufacturer’s protocol, then sequenced 

(Retrogen, San Diego, CA, USA). The resulting sequences were searched using 

the Blastn algorithm on SpBase.org in the Sp genome v3.1 database. All inputs 

mapped exclusively to the targeted gene, confirming the qPCR primers were 

specific to individual targeted genes. 

 

2.5.7. qPCR analyses 

 Gene expression changes are reported as fold differences with respect to 

the unfertilized egg.  For ABCC5a, ABCG2b, ABCG11, and ABCG12, egg 

transcript levels were too low to quantify so expression is reported with respect to 

the earliest developmental stage at which quantification was possible (hatching 

blastula for ABCC5a, ABCG11, and ABCG12, and early prism for ABCG2b).  The 

formula 2x was used, where x is the threshold cycle (Ct) number difference 

between the reference stage (egg, hatching blastula or early prism) and the other 

stages of development (ΔΔCt method).  For example, the pre-normalized fold 

change for ABCB1a gene expression at the late gastrula stage is:  

2x
ABCB1a=2^(Ctegg – Ctlate gastrula)ABCB1a 
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Results were normalized to Ubiquitin according to (Juliano et al., 2006; Nemer et 

al., 1991; Peter and Davidson, 2009b) such that the reported value reflects the 

formula:  

Fold change = 2x
ABCB1a– 2x

ubiquitin 

Reported data are an average of four females. Fold changes are significant if 

they are ±2-fold change from the reference point (0.5 < not significant < 2) (Peter 

and Davidson, 2009b). 

 

2.5.8. Transcript copy number calculations 

Transcript copy numbers per egg/embryo were calculated by quantifying 

the reference time point against a standard curve generated with dilutions of the 

sequenced TOPO-cloned qPCR amplicons. We calculated that each qPCR well 

contained the equivalent of 1.27 eggs/embryos per well based on the following: 

each S. purpuratus egg/embryo contains between 3.3 ng (Brandhorst, 2004) and 

3.0±0.2 ng total RNA through 60 hpf (Nemer et al., 1984). Using an average of 

these values (3.15 ng per egg/embryo) and the assumption that 50% of material 

is lost in converting mRNA to cDNA (Ransick, 2004), we converted 0.5 µg total 

RNA to cDNA to achieve ~80 embryos worth of cDNA in a 220 µl volume. We 

used 3.5 µl per qPCR well, corresponding to 1.27 eggs/embryos per well. 

Using a DNA molecular weight calculator (www.bioinformatics.org), we 

determined the molecular weight of each TOPO-cloned qPCR amplicon. We 

made 4x serial dilutions of these plasmids in water at concentrations equivalent 
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to 1-1,048,576 copies per egg/embryo. We repeated qPCR with the serial dilution 

series and the reference time point cDNA samples. From the dilution series, we 

generated a standard curve by applying a nonlinear regression trendline fit 

(Microsoft Excel) in the format: Y=ae-bX where Y is copies per egg/embryo and X 

is Ct. Transcript numbers were calculated from these equations. 

 

2.5.9. ABC transporter protein expression  

Sp-ABCB1a and Sp-ABCC5a cDNAs were cloned from egg and gastrula 

stage RNA, respectively, by Rapid Amplification of cDNA Ends (RACE; Clontech, 

Mountain View, CA, USA) according to the manufacturer’s protocol. Phusion 

High-Fidelity DNA polymerase (New England BioLabs) was used for all PCR 

reactions. Fluorescent proteins mCitrine and mCherry were subcloned into a 

modified pCS2 vector, and fusions were generated by inserting transporter 

cDNAs using XhoI for an N-terminal FP-ABCB1a fusion (ABCB1a-mCitrine), and 

SpeI for a C-terminal FP-ABCC5a fusion (ABCC5a-mCherry). All constructs were 

sequenced after cloning (Retrogen). Capped mRNA was made using the 

mMessage mMachine SP6 kit (Ambion, Life Technologies, Grand Island, NY, 

USA) according to the manufacturer’s protocol. mRNA was injected into fertilized 

eggs at 2-5% egg volume in a final concentration of 1 mg/ml in water (Lepage 

and Gache, 2004). Fluorescent protein localization was visualized on a Zeiss 

LSM-700 laser scanning confocal microscope using a Zeiss Plan APOChromat 

20x air objective (numerical aperture, 0.8) (Zeiss, Thornwood, NY, USA). All 
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images were captured using the Zen software suite (Zeiss, revision 5.5) and 

processed with ImageJ freeware (NIH, Bethesda, MD, USA). 

 

2.5.10. Whole mount in situ hybridization (WMISH) 

Templates for in situ probes were generated by cloning ~1.5kb of ABCB1a 

or ABCC5a into dual promoter pCRII-Topo TA vector (Invitrogen) according to 

the manufacturer’s protocol. PCR was carried out with Phusion High-Fidelity DNA 

polymerase (New England BioLabs) using ABCB1a-mCitrine and ABCC5a-

mCherry as templates. Primers and probe sequences are listed in Supplemental 

Table 2. Probe templates were sequenced after cloning (Retrogen). 

WMISH was performed following a modified protocol (Ransick, 2004). 

Briefly, hatched blastula and later stage embryos were cultured as described. 

Cleavage-stage embryos were fertilized in 1 mM para-aminobenzoic acid (PABA) 

and passed through a 60 µm filter to remove the fertilization envelope, then 

cultured as described. Swimming embryos were pelleted by cooling and gentle 

centrifugation. A dense aliquot of eggs or embryos was distributed among wells 

of plastic round-bottom plates to form a monolayer at the base of each well. 

Specimens were fixed on ice in two steps: 1) 20 minutes with 0.625% 

glutaraldehyde in Fixation Buffer (FB: 32.5 mM MOPS buffer, pH 7.0; 162.5 mM 

NaCl; 32.5% FSW), then transferred to 2) 1.25% glutaraldehyde in FB overnight 

at 4°C. 
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Specimens were washed once in FB without glutaraldehyde then three 

times in Tris-buffered Saline + Tween-20 (TBST: 0.1 M Tris buffer, pH 7.5; 0.15 

M NaCl; 0.1% Tween-20). Proteinase K was applied for 10-15 minutes at 50 

ng/µl in TBST. The digestion was stopped with 25 mM glycine in TBST, then 

specimens were washed two times in TBST and post-fixed for 30 minutes at 

room temperature with 4% paraformaldehyde in 50 mM MOPS buffer, pH 7.0 + 

150 mM NaCl. Preceding hybridization, specimens were washed three times in 

TBST then transitioned into Hybridization Buffer (HB: 50% formamide; 5x Saline-

Sodium Citrate (SSC); 20 mM Tris-base, pH 7.5; 5 mM EDTA; 0.1% Tween-20; 

2x Denhardt’s Solution; 50 µg/ml Heparin; 500 µg/ml yeast tRNA) in three steps: 

30% HB in TBST, 60% HB in TBST, then 100% HB. Specimens were incubated 

in HB for 1 h at 60°C to pre-hybridize. 

Digoxygenin (DIG)-labeled antisense probes were made by in vitro 

transcription using Sp6 or T7 RNA polymerase (New England Biolabs) with DIG 

RNA Labeling Mix (Roche, Indianapolis, IN, USA) according to the 

manufacturer’s protocol. Sense probes were used as negative controls. Probes 

were diluted to 1 ng/µl in HB and heated to 70°C for 5 min, then added to 

specimens for 12-16 h hybridization at 60°C. Post-hybridization washes included 

15-20 min incubations at 60°C in the following solutions: HB; 50% HB + 50% 2X 

SSCT (2X SSC + 0.2% Tween-20); 2X SSCT; 0.5X SSCT; 0.2X SSCT. 

Specimens were then returned to room temperature, transferred to clean wells, 

and washed three times in TBST. 
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Specimens were blocked for 30 min at room temperature with 10% sheep 

serum + 1 mg/ml Bovine Serum Albumin (BSA) in TBST. Anti-digoxigenin-AP, 

Fab fragments from sheep (Roche) were added in a 1:1000 dilution in 5% sheep 

serum + 1 mg/ml BSA in TBST, then incubated for 1 h at room temperature. 

Specimens were washed three times in TBST, then two times in Alkaline 

Phosphate Buffer (APB: 100 mM Tris-base pH 9.5; 100 mM NaCl; 50 mM MgCl2; 

1 mM levamisole; 0.1% Tween-20). Stain was developed in 0.3375 mg/ml NBT + 

0.175 mg/ml BCIP in APB for 1-24 h depending on the probe and transcript 

abundance. Reactions were quenched with 50 mM EDTA in TBST. Specimens 

were transitioned into 50% glycerol in TBST with 5 mM Na-azide, and then 

photographed with a Canon EOS 60D camera (Canon, Lake Success, NY, USA) 

through a 40x air (0.75NA) Neofluar objective on a Zeiss Axiovert S100 

microscope. 
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Table S2.2. Primers used for qPCR, in situ hybridization, RACE, and 
cloning. 

 
 
 

Supplemental Table 2: Primers used for qPCR, in situ hybridization, RACE, and cloning.

Gene Gene ID
Sp-ABCB1a SPU_001752

Sp-ABCB1b SPU_002431

Sp-ABCB4a SPU_007014

Sp-ABCB6 SPU_018342

Sp-ABCB7 SPU_003241

Sp-ABCB8 SPU_024666

Sp-ABCB9a SPU_026825

Sp-ABCB10a SPU_016850

Sp-ABCC1 SPU_026395

Sp-ABCC4a SPU_020669

Sp-ABCC4b SPU_024191

Sp-ABCC4c SPU_002411

Sp-ABCC5a SPU_023723

Sp-ABCC9a SPU_025903

Sp-ABCC9b SPU_028797

Sp-ABCC9d SPU_007764

Sp-ABCG2b SPU_014013

Sp-ABCG9 SPU_012874

Sp-ABCG11 SPU_020849

Sp-ABCG12 SPU_015080

Sp-Polyq SPU_021496
 (Ubiquitin)
Sp-Nodal SPU_011064

Sp-Nanos SPU_003591

Spz12 SPU_003470

Gene Gene ID Primer purpose Notes
Sp-ABCB1a SPU_001752 RNA in situ probe location in gene (bp): 83

RNA in situ probe location in gene (bp): 1710
5' RACE*
5' nested RACE 
cDNA cloning Xho1 NH2 clone
cDNA cloning Xho1 NH2 clone

Sp-ABCC5a SPU_023723 RNA in situ probe location in gene (bp): 1
RNA in situ probe location in gene (bp): 1557
5' RACE 
3' RACE 
cDNA cloning Spe1 COOH clone
cDNA cloning Spe1 COOH clone

*ABCB1a 3' sequence was obtained from annotation and verified by cloning.

F: GCGACTAGTCATGATTATAGAAGGCAACG
R: GGGACTAGTATTGTGTCCACAATGGTTG

Primers for qPCR

Primer sequence
F: CCAATGGCAATGGAACAGTGCAGA
R: TCGCTCTCCAACCAATGTGGAGTA

R: CTTGTTTCTGGGTGCCTGTT
F: GCTGGCCCTGTTCACATTAT
R: AAGCTCCCTTGATCCCTTGT
F: TACCGTTCAGTCCCTCAACC

R: GCCCACTCAGAGGTATTTCG
F: GCCAAGGAAGAGCTACATGC
R: CAGTCCTGACGCAAGACAAA
F: CGCAAAGCTAGAGCAGGAGT

R: GATCGCTGGACATTCTGTGA
F: CTTCTGGCATCCAATGAGGT
R: GCTGTTCAGGGAGGTATCCA
F: CTCTGCAGATAGCCCCTCAG

R: CACAGTTCGGATGCTGCTTA
F: CGTACGCTCACTGTCCAGAA
R: GGTAGGTGATGCGGAGCTTA
F: CATTGTGGCTGAAGAAACCA

R: CGATCCAGACGTAGTGCAGA
F: AACAACAGTCGGGAAGTTGG
R: TATACGGCTGGCAAGTCTCC
F: AGTCTTGGGTTGCTGCTCAT

R: AAGGTTAGCATCGGACGAGA
F: CTGTGCGCAGAATACAGGAA
R: GTTTCTTCCAGGGGTTCTCC
F: CATGCAGACTCCCTCTCCTC

R: CAATGAGCACAACCACTGCT
F: CTGGGGAAAATCGACAAAAA
R: CCCAAACCCTTCATCATTGT
F: GAAGGCAACGATCCTCTCAG

R: CATCTCGTTGGACAGCTTCA
F: TCCAGGCGAAGATTGCTAGT
R: GCTTGCTGGGTGTTATTGGT
F: AGCGGGTGCAGCTATAGAAA

R: AAAGTTCCTGTGGGTCAACG
F: CGTACGCAAACGCAGATAAA
R: ATAGGTATGGCACGCAGGAC
F: CGAGCGATGTTTATTCACGA

R: TACCTGAACAGCAGCGAATG
F: ACAGCACATCGATCAAGCAG
R: GATGTAGAACCCACCGAGGA
F: GCAGTCGGTTATTTGGGAGA

R: CGGAGAGAATGATCGGAGAG
F: ACCACGGAGCTACCAATCAG
R: GAGAGAGTGCGACCATCCTC
F: CACAGGCAAGACCATCACAC

R: CGGCAATGTATGGTCTTGTG
F: GGTACGGATGAGGAGAACGA
R: CCGCATAATGGACAGGTGTA
F: GCAAGAACAACGGAGAGAGC

R: CGTCAAGAGATTGCCTGGTTTGATGTC
R: GCTTACTTTCAGGTGGTGCTGTGGGAC
F: TTACTCTCGAGCCTCCACAACTATGGTAGAGGGT
R: CCTTGCTCGAGTTAATGCTGCATAGACTGGGCA
F: ATGATTATAGAAGGCAACGATCCTCTCAG
R: ATCCCGAGCTGTATCGCATTGAGT
R: TCAGTTCTCCGGGTGTCTTCCCGTCGGT
F: TCCAGCAGCAACTTGAAGTCCGGGTGAGGGA
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ABCC5 IS REQUIRED FOR cAMP-MEDIATED HINDGUT INVAGINATION IN 

SEA URCHIN EMBRYOS 
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3.1. ABSTRACT 

ATP-binding cassette (ABC) transporters are evolutionarily conserved 

proteins that pump diverse substrates across membranes. Many are known to 

transport signaling molecules and are extensively expressed during 

development. However, their role in secretion of extracellular signals that 

regulate embryogenesis is largely unexplored. Here we show that a mesodermal 

ABCC (MRP) transporter is necessary for orientation of endoderm movement in 

sea urchin embryos. This transporter, Sp-ABCC5a (C5a), is expressed in 

pigment cells and their precursors, which are a subset of the non-skeletogenic 

mesoderm (NSM) cells. C5a expression depends on Delta-Notch signaling from 

skeletogenic mesoderm and is downstream of gcm in the aboral NSM gene 

regulatory network. Long term imaging of development reveals C5a knockdown 

embryos gastrulate, but ~90% develop a prolapse of the hindgut by the late prism 

stage (~eight hours after C5a protein expression normally peaks). Since C5a 

orthologs efflux cyclic nucleotides, and cAMP-dependent protein kinase (Sp-

CAPK/PKA) is expressed in pigment cells, we examined whether C5a could be 

involved in cAMP signaling. Consistent with this hypothesis, membrane-

permeable pCPT-cAMP rescues the prolapse phenotype in C5a-knockdown 

embryos, and causes archenteron hyper-invagination in control embryos. In 

addition, the cAMP-producing enzyme soluble adenylyl cyclase (sAC) is 

expressed in pigment cells, and its inhibition impairs gastrulation. Together our 

data indicate that in pigment cells, C5a-mediated transport of sAC-derived cAMP 
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controls late invagination of the hindgut. Little is known about the ancestral 

functions of ABCC5/MRP5 transporters, and this study reveals a novel role for 

these proteins in mesoderm-endoderm signaling during embryogenesis. 
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3.2. INTRODUCTION 

Morphogenesis is choreographed by extracellular signals. These include 

short-range signals, between neighboring cells, and long-range signals that work 

across the embryo. A central question is how long-range signals are distributed 

to act specifically. Active transport is an essential mechanism for secretion and 

organization of signals that act over long distances (Müller and Schier, 2011).  

For instance in plant root development, precise spatial and temporal distribution 

of transporters establishes directional gradients that direct tip growth (Robert and 

Friml, 2009), and in fly development active transporters secrete molecules that 

attract germ cells (Ricardo and Lehmann, 2009). Despite this importance of 

active signaling in development, transporters are largely unexplored in animal 

embryos. Tackling their biology is important, because it could help define the 

origin and destination of secreted signals. 

In this study, we define novel functions of a member of the ATP-binding 

cassette (ABC) transporter family. This family includes active transporters that 

translocate signaling molecules across membranes. ABC transporters are found 

in all organisms and have a wide range of endogenous and exogenous 

substrates. Among the ABC family are the multifunctional “multidrug resistance” 

(MDR) transporters of the ABCB, -C, and -G subfamilies, which have primarily 

been studied for their xenobiotic efflux, because their overexpression in cancer 

cells leads to drug resistance (Chen and Tiwari, 2011; Cole, 2014). However, in 

addition to effluxing drugs, these transporters can also contribute to disease by 
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transporting signaling molecules that govern morphogenetic behaviors of cells 

(Fletcher et al., 2010; Henderson et al., 2011; Jin et al., 2014; van de Ven et al., 

2009; Weekes et al., 2013). 

We previously demonstrated that MDR ABC transporters are extensively 

expressed during embryogenesis (Goldstone et al., 2006; Shipp and Hamdoun, 

2012). Among them, the ABC transporter ABCC5 (MRP5, MOAT-C, pABC11, 

sMRP) is unique in that, although being related to proteins involved in protective 

efflux and drug resistance (Belinsky et al., 1998; Chen and Tiwari, 2011; Kool et 

al., 1997; McAleer et al., 1999), it has not been demonstrated as toxicologically 

important (Chen and Tiwari, 2011; Leslie et al., 2001). ABCC5 has been reported 

to efflux cGMP and cAMP (Jedlitschky et al., 2000; Sager and Ravna, 2009; 

Wielinga et al., 2003), heme (Korolnek et al., 2014), and/or hyaluronan (Schulz et 

al., 2007), but its function remains poorly understood.  

Our previous study indicated that a sea urchin homolog of ABCC5, 

Strongylocentrotus purpuratus (Sp)-ABCC5a (C5a), may be expressed in non-

skeletogenic mesenchyme (NSM) cells and that its subcellular localization and 

the timing of its expression suggest a possible developmental function (Shipp 

and Hamdoun, 2012). NSM cells are specified by Delta/Notch (D/N) signaling, 

and subsets of these cells differentiate into pigment cells, blastocoelar cells, 

circumesophageal muscle cells, and coelomic pouch cells (Materna and 

Davidson, 2012; Sherwood and McClay, 1999; Sweet et al., 2002). Blastocoelar 

cells are specifically derived from the oral NSM, whereas the aboral NSM gives 
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rise to pigment cells (Ruffins and Ettensohn, 1996). Both pigment and 

blastocoelar cells generate larval immunocytes (Solek et al., 2013), but their 

regulatory states are distinct (Materna et al., 2013; Solek et al., 2013). 

The timing of C5a expression, with peak mRNA levels just after 

gastrulation, is coincident with a 10-fold increase in levels of the C5 substrate 

cAMP, from 2 fmol/embryo in mid-gastrulae to ~20 fmol/larva in prism/early plutei 

(Soliman, 1984). However, despite high cAMP levels in gastrulae and plutei, as 

well as increased gene expression of cAMP-dependent protein kinase (Sp-

CAPK/PKA) (Wei et al., 2006), activity of CAPK/PKA is low at these stages 

(Fujino and Yasumasu, 1981). This temporal uncoupling of cAMP levels and 

CAPK/PKA activity suggests that after gastrulation, cAMP has additional targets 

beyond CAPK (Rast et al., 2002). 

Here we use knockdown, transporter expression, and long term imaging to 

dissect the function of C5a. Consistent with a developmental role, C5a is less 

“promiscuous” than other MDR transporters and appears to have a narrower 

range of substrates. C5a is expressed in aboral NSM cells at the convergence of 

events surrounding endomesoderm specification, and it is regulated by D/N 

signaling emanating from the skeletogenic mesoderm (SM). Morpholino (MASO)-

knockdown of C5a does not block pigment cell differentiation but alters late 

stages of invagination, causing prolapse of the hindgut. This prolapse is rescued 

with the C5a substrate cAMP, which originates from soluble adenylyl cyclase 

(sAC) in pigment cells and mediates hindgut invagination. Collectively, the results 
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advance understanding of ABCC5 and shed light on developmental signaling in 

gastrulation. 
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3.3. RESULTS 

3.3.1. C5a is a 210 kDa protein similar to human ABCC5/MRP5  

The predicted tertiary structure of C5a is similar to that of Homo sapiens 

(Hs)-ABCC5/MRP5 (Fig. 3.1A) (Leslie et al., 2001). C5a has two membrane 

spanning domains (MSDs), each consisting of six transmembrane helices 

(TMHs) connected by extracellular loops (ELs) and cytoplasmic loops (CLs). Two 

intracellular nucleotide (i.e. ATP) binding domains (NBDs) contain canonical 

Walker A, Walker B, and Walker C domains (Fig. 3.1A and (Gokirmak et al., 

2012)). As with Hs-ABCC5, C5a lacks the N-terminal MSD0 characteristic of 

“long” ABCC transporters (such as ABCC1/MRP1) (Leslie et al., 2001) and is 

instead similar in topology to Sp-ABCB1a (P-glycoprotein, P-gp) (Gokirmak et al., 

2012). C5a has two predicted N-linked glycosylation sites, both in MSD2, 

between TMH7 and 8, and between TMH11 and 12. Endogenous C5a has a 

molecular weight of approximately 210 kDa, while recombinant C5a-mCherry 

runs as a ~230 kDa doublet, consistent with addition of the 28 kDa mCherry tag 

(Fig. 3.1B, supplementary material Fig. S3.1). Our antibody also recognized an 

80 kDa band throughout development, however expression of the 80 kDa band 

was inconsistent with the timing, molecular weight, and morpholino knockdown of 

C5a expression, indicating it was not C5a (Fig. S3.1). Non-specific 

immunoreactivity was subsequently removed by adsorption of the antisera to 

early embryos, prior to immunlocalization experiments (supplementary material). 
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3.3.2. C5a strongly effluxes FDA but not other chemicals in the fluorone or 

bodipy classes 

In most organisms, ABCC (MRP-type) transporters efflux a range of 

structurally diverse compounds, including signaling molecules (reviewed in (Chen 

and Tiwari, 2011)),  toxicants (Bosnjak et al., 2009), and fluorescent dyes 

(Gokirmak et al., 2012; Gökirmak et al., 2014; Litman et al., 2001; Strouse et al., 

2013). In blastula stage embryos exposed to fluorescent compounds, we find that 

overexpression of C5a strongly reduces accumulation of FDA, but not CMFDA, 

calcein-AM (C-AM), BCECF-AM, bodipy-verapamil (b-Ver), or bodipy-vinblastine 

(b-Vin) (Fig. 3.1C), suggesting that C5a is less promiscuous than typical 

xenobiotic transporters (Gökirmak et al., 2014). C5a-overexpressing embryos 

accumulated just 17.1% (s.e.m. 0.63) of FDA levels measured in uninjected 

embryos, as  quantified  by  FDA  fluorescence ( Fig. 3.1D).  C5a-overexpressing  

	
  

Figure 3.1. C5a is a 210 kDA membrane protein that is not a broad chemical 
transporter. (A) Topology model of C5a in a cell membrane. Predicted glycosylation sites are 
numbered and marked with diamonds. (B) Protein levels in 70 hpf embryos showing endogenous 
C5a (Control-injected; 200 embryos per lane) and overexpressed C5a (C5a-mCherry; 10 
embryos per lane). 
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Figure 3.1. C5a is a 210 kDA membrane protein that is not a broad chemical 
transporter, Continued. (C) Representative micrographs showing accumulation of 
fluorone-based and bodipy-conjugated chemicals (green) in uninjected (differential interference 
contrast, DIC, only) and C5a-mCherry (red; DIC+mCherry) overexpressing embryos. (D) Mean 
accumulation (± s.e.m) of FDA, C-AM, and CMFDA in C5a-overexpressing embryos. N ≥ 3. (E) 
Structures of dyes in (D). 

 

embryos also had a weak but significant reduction of CMFDA (Fig. 3.1D), an FDA 

analog that is conjugated to glutathione prior to efflux (McAleer et al., 1999). C5a-

overexpressing embryos accumulated 87.8% (s.e.m. 3.06) of control CMFDA 
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levels (Fig. 3.1D). Despite the structural similarities of FDA, CMFDA, and C-AM 

(Fig. 3.1E), accumulation of C-AM is not affected by C5a-overexpression (Fig. 

3.1D). Overexpression of C5a also does not reduce accumulation of BCECF-AM, 

b-VER, or b-VIN (Fig. 3.1C). 

 

3.3.3. C5a expression is highest during and immediately following 

gastrulation 

Consistent with our previous report (Shipp and Hamdoun, 2012), C5a 

mRNA is first detected at hatching (21 hpf) and increases throughout gastrulation 

(Fig. 3.2A). C5a transcript levels peak at the late gastrula stage (42 hpf) with a 

9.4-fold (± 2.6) increase compared to hatching, and transcript levels decrease 

from late gastrula to pluteus (74 hpf), with pluteus stage transcripts measuring 

2.2-fold (± 0.7) of hatching levels (Fig. 3.2A). C5a protein levels follow that of the 

mRNA, with an eight-hour delay presumably reflecting the time needed for 

synthesis (Figs 3.2A,B). C5a protein is first reliably detected during early 

gastrulation (34 hpf; 48.9 ± 13.5 Arbitrary intensity units, AIU), and its levels 

increase throughout gastrulation, peaking at the prism stage (50 hpf; 79.3 ± 13.3 

AIU). C5a protein levels decrease from prism to pluteus stage (74 hpf; 38.2 ± 

13.0 AIU). 
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Figure 3.2. Expression of C5a peaks after gastrulation and is controlled by 
Delta/Notch signaling from the SM. (A) Mean levels (± s.e.m.) of C5a mRNA (dark 
gray, left axis) and protein (light gray, right axis). N = 4. (B) Representative Western blot. 200 
embryos per lane. (C) Gastrula-stage C5a gene expression in response to D/N inhibition by 
DAPT or gcm-knockdown. Embryos were treated with DAPT at 3 hpf or 17 hpf, or injected with 
gcm-MASO. Transcript levels are shown as mean fold change (± s.e.m.) with respect to hatching-
stage control (DMSO treated or uninjected). N = 3. Asterisks denote statistical significance (p ≤ 
0.05). 

	
  
3.3.4. C5a is expressed in the pigment cell precursors 

C5a is expressed in mesenchyme blastulae in a subset of vegetal cells 

likely to be NSM (Shipp and Hamdoun, 2012). Because two waves of D/N 

signaling specify the NSM (Materna and Davidson, 2012), we reasoned that C5a 

expression might be dependent on one of these waves. In the D/N signaling 

waves, the Notch ligand in NSM is activated by the Delta signal from either the 

SM (first wave) or a subset of the NSM (second wave) (Materna and Davidson, 

2012). By exposing embryos to the γ-secretase inhibitor DAPT at 3 hpf and 17 

hpf, Notch signaling is inhibited at the onset of either of the two waves. DAPT 

treatment at 3 hpf blocks C5a expression (p ≤ 0.008; Fig. 3.2C), while 17 hpf 

DAPT treatment has no effect (p ≤ 0.32). This indicates that Delta signaling 
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emanating from the SM between 3 and ~16 hpf is necessary for induction of C5a, 

which is consistent with C5a being expressed in NSM. In the aboral NSM, Glial 

cells missing (gcm) is the primary target of D/N signaling (Materna et al., 2013; 

Ransick and Davidson, 2006). Knockdown of gcm blocks expression of C5a (p ≤ 

0.0001; Fig. 3.2C), indicating that C5a is induced downstream of gcm. 

In mesenchyme blastulae, C5a transcripts co-localize with those of gcm 

(Fig. 3.3A), which marks aboral NSM, the pigment cell precursors (Materna et al., 

2013; Ransick and Davidson, 2006).  In contrast, Prox1-expressing cells 

(blastocoelar cell precursors) (Materna et al., 2013) have little or no expression of 

C5a and gcm (Fig. 3.3A). A subset of gcm-positive pigment cells also express 

C5a protein, as shown in a mid-gastrula stage embryo (Fig. 3.3B) and prism 

stage embryos (supplementary material Fig. S3.1B,C). C5a protein is readily 

detected in the subset of gcm-positive cells that are distributed around the 

ectoderm at the mid-gastrula stage. 

Collectively, these results indicate that C5a is expressed in pigment cells 

and their precursors. Pigment cells are mesodermal immunocytes (Solek et al., 

2013) that emerge from the archenteron during gastrulation and distribute 

throughout the aboral ectoderm (Gibson and Burke, 1985; Gibson and Burke, 

1987; Ransick and Davidson, 2006). C5a-expressing cells ingress during early 

gastrulation, and by mid/late gastrulation, they are no longer associated with the 

archenteron but have migrated across the blastocoel and are embedded in the 
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epithelium (Fig. 3.3C). By the prism stage, C5a protein is detected in cells 

distributed throughout the aboral ectoderm (Figs 3.3C,D), consistent in 

morphology and location with pigment cells (Gibson and Burke, 1985; Gustafson 

and Wolpert, 1967; Materna and Davidson, 2012; Ransick and Davidson, 2006). 

In the transition from mesenchyme blastula to mid-gastrula stages, C5a 

moves from intracellular compartments to the plasma membrane (Fig. 3.3D). In 

mesenchyme blastula embryos, ingressing pigment cells have intracellular C5a 

protein and none on the cell periphery (Fig. 3.3D). Notably, at this stage C5a is 

undetectable by Western blot (Fig. 3.2B).  By  the  mid-gastrula stage, a  pigment  

	
  

Figure 3.3. C5a is expressed in pigment cells that migrate away from the 
archenteron during early gastrulation. (A) Localization of C5a mRNA (yellow) with 
markers of aboral (gcm, magenta) and oral (prox1, green) NSM, shown by FISH in a 
mesenchyme blastula embryo. (B) Protein expression of C5a (cyan; immunolabeled) with a 
marker of aboral NSM (gcm, magenta; FISH) in a mid-gastrula stage embryo. 



	
  

	
  

89 

	
  

Figure 3.3. C5a is expressed in pigment cells that migrate away from the 
archenteron during early gastrulation, Continued. (C) Distribution of C5a-
expressing pigment cells within the embryo, shown throughout gastrulation. C5a (red) is 
immunolabeled, phalloidin marks actin (green), and Hoechst marks nuclei (blue). (D) Subcellular 
localization of C5a (cyan; immunolabeled) from mesenchyme blastula to just after gastrulation 
(prism). C5a-expressing cells are located in their respective embryos as follows: ingressing from 
vegetal pole in the mesenchyme blastula; embedding in aboral ectoderm in the mid-gastrula; 
moving within aboral ectoderm in the prism. 

	
  
cell embedded in the ectoderm shows that C5a has moved to the plasma 

membrane (Fig. 3.3D). This cell has both intracellular and plasma membrane 

localized C5a. By the prism stage, pigment cells extend motile pseudopodia 

(Gibson and Burke, 1987; Gustafson and Wolpert, 1967), and C5a is localized 

both intracellularly and along the plasma membrane of these projections (Fig. 

3.3D). 

 

3.3.5. C5a expression is required for gut formation, but not pigment cell 

formation 
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Two non-overlapping translation-blocking MASOs (supplementary material 

Fig. S3.2A) knock down C5a expression to levels that are undetectable on 

Western blots (supplementary material Fig. S3.1A). In embryos injected with 

either MASO1 or MASO2, a protrusion (or prolapse) of the gut is seen by the 

pluteus stage (supplementary material Fig. S3.2C), indicating that expression of 

C5a is necessary for gastrulation. The two MASO-induced phenotypes are 

indistinguishable, and results from MASO1 are shown throughout the remaining 

experiments. 

Given that C5a is expressed in pigment cells, we hypothesized that 

knockdown of this protein might affect pigment cell formation. In contrast, 

pigment cells differentiated and produced echinochrome pigment (Griffiths, 1965) 

after C5a knockdown, suggesting that C5a is not essential for pigment cell 

formation. Pigment cells of C5a-knockdown embryos are distributed around the 

aboral ectoderm in similar patterns to those of control embryos (Figs 3.4Ai,Bi). 

However, in C5a-knockdown embryos, pigment cell pseudopodia and positioning 

relative to the ectoderm may be altered. In control embryos, pigment cells have 

long pseudopodia that extend from the cell, and the cells embed themselves 

within the ectoderm such that they are in contact with the external environment 

(Fig. 3.4Ai). In C5a-knockdown embryos, there is a reduction in pigment cell 

pseudopodia, and the cells often sit just beneath the surface of the ectoderm 

(Fig. 3.4Bi), much like the sub-ectodermal positions of pigment cells several 

hours earlier in normal development (Ransick and Davidson, 2006). 
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3.3.6. C5a expression is required for orientation of the hindgut 

Since the most robust phenotype with either MASO1 or MASO2 was 

prolapse of the gut (Fig. 3.4Bii-iv), we measured the frequency of gut prolapse 

after knockdown. Prior to gastrulation, few if any abnormalities are evident in 

knockdown embryos (Figs 3.4C,D) apart from a slight developmental delay 

commonly seen with MASOs in sea urchins. Through 36 hpf, ≥93% (± 7) of 

knockdown embryos are indistinguishable from controls (Figs 3.4C,D). By 48 hpf, 

control embryos are all full gastrulae, and 41% (± 26) of knockdown embryos are 

indistinguishable  from controls,  while 59% show an abnormal  elongation of  the 

	
  

Figure 3.4. Gut prolapse is the major morphology in C5a-knockdown 
embryos. (A,B) Overview of the C5a-MASO phenotype shown with (A) a control embryo and 
(B) a C5a-knockdown embryo. Membranes (red) and nuclei (blue) are labeled with LCK-mCherry 
and H2B-CFP. Shown are: (i) distribution of pigment cells (yellow arrows) within the aboral 
ectoderm; (ii,iii) two deeper cross-sections showing gut and skeleton morphology; and (iv) higher 
magnification view of the hindgut region. 
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Figure 3.4. Gut prolapse is the major morphology in C5a-knockdown 
embryos, Continued. (C) A time-course of the C5a-knockdown phenotype is shown from 
24-72 hpf with representative embryos. Membranes (red) are labeled with LCK-mCherry. (D) 
Mean (± s.e.m.) frequency of prolapse in C5a-knockdown embryos from 24-72 hpf. Cartoons 
depict the moderate/severe (dark gray) and flare/mild (light gray) categories. (E) Scanning 
electron micrograph of a representative C5a-knockdown embryo at 60 hpf. The invaginated 
stomodeum (mouth) is at the top, and the prolapsed anus is at the base of the image. 

 

vegetal pole (Figs 3.4C,D). Nineteen percent (± 10) of embryos have only a mild 

prolapse, and 40% (± 17) have a moderate/severe prolapse (Fig. 4D). 

At 60 hpf, control embryos are at the prism stage, with growing skeletal 

rods, and extended archenterons that may be beginning to differentiate into gut 
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compartments (Fig. 3.4C). At this time, 90% (± 6) of C5a-knockdown embryos 

have a clear prolapse of the gut. 77% (± 10) of knockdown embryos have a 

moderate/severe prolapse, and 13% (± 8) have a flare/mild prolapse (Fig. 3.4D). 

In some cases, we also observe absence or deformation of the skeletal rods. Fig. 

4C shows an example of a 60 hpf moderate hindgut prolapse. By the 72 hpf 

pluteus stage, control embryos have elongated skeletal rods, a tripartite gut, and 

a fused mouth (Fig. 3.4C). In C5a-knockdown embryos, the severity of the 

prolapse and the degree of skeletal formation vary. 80% (± 5) of C5a knockdown 

embryos have a moderate/severe prolapse, and a small percent (4% ± 2) of 

embryos have guts that become everted into exogastrulae (Fig. 3.4D). Fig. 3.4C 

shows a severe prolapse, where the gut has collapsed against the oral/ventral 

wall of the embryo. 

Finally, a scanning electron micrograph (EM) of a C5a-knockdown embryo 

shows a difference in ciliation of ectoderm tissue versus the prolapsed tissue 

(Fig. 3.4E). While the ectoderm is characteristically covered in long, uniform cilia, 

these long cilia are absent from the prolapsed tissue, suggesting the prolapse is 

not composed of ectoderm but is instead formed from the endoderm. 

 

3.3.7. Live cell confocal time-lapse imaging of C5a-morphants  

To further define the nature of the defect induced by removal of C5a, live 

cell confocal time-lapse movies were used to study changes in morphology 

through development of C5a-knockdowns. In these embryos, the archenteron 
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tips make contact with the stomodeums, and mesenchyme cells migrate across 

blastocoels (Fig. 3.5). In embryo 5 of Movie S1 (Fig. 3.5A), SM cells assume their 

appropriate places on either side of the vegetal poles of the embryos. Prolapses 

of the hindguts are evident after the archenterons have already elongated (Fig. 

3.5A), indicating a distinction between this phenotype and typical exogastrulation 

effects. 

In Movie S2 (Fig. 3.5B), a control and C5a knockdown embryo are shown 

side-by-side following the completion of gastrulation. In the control, the overall 

shape of the embryo remains circular/ovular, as the vegetal pole/hindgut remain 

flush with the ectoderm (yellow arrow). In the C5a knockdown embryo, the gut 

prolapses to create a protrusion from the vegetal pole (yellow arrow). This 

protrusion  is  shown  in  cross-section  in  Movie S3  (Fig. 3.5C),  and  isosurface 

 

	
  

Figure 3.5. Long-term imaging of C5a-knockdown embryos reveals defects 
in hindgut formation. Long-term time-lapses are shown as still shots from the supplemental 
movies. Images are labeled with the corresponding time (seconds) on the movie. In all movies, 
membranes (red) are labeled with LCK-mCherry, and nuclei (blue) are labeled with H2B-CFP. (A) 
Movie S1. Maximum intensity projections (MIPs) of seven C5a-knockdown embryos. Scale bar is 
50 µm. 



	
  

	
  

95 

	
  

Figure 3.5. Long-term imaging of C5a-knockdown embryos reveals defects 
in hindgut formation, Continued. (B) Movie S2. MIPs of a control embryo (membrane 
labeled only) and a C5a-knockdown embryo (membrane and nuclei labeled) shown side-by-side. 
Vegetal poles are indicated with yellow arrows. (C) Movie S3. Cross-sections of the C5a-
knockdown embryo from (C). The same three time points are shown both as raw fluorescence 
and as isosurfaces. Yellow arrows indicate the presumptive site of the anal sphincter. 

 

rendering of this embryo highlights movements of NSM filopodia. At the 

beginning of the experiment, the archenteron is elongated and is oriented facing 

the presumptive oral hood. Only a subtle thickening is seen at the vegetal pole. 

Within 1 hour (1 s of movie), the archenteron tip has correctly changed 

orientation such that it contacts the presumptive stomodeum beneath the oral 

hood. NSM cells delaminate from the archenteron and migrate across the 
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blastocoel. The vegetal pole continues to thicken, and as the archenteron 

elongates, the hindgut protrudes. The site that should become the anal sphincter 

is visible at the interface between the thinner ectoderm cells and the thicker gut 

cells of the prolapse (Fig. 3.5C, yellow arrows). 

 

3.3.8. C5a-mediated prolapse is rescued by cAMP, which is derived from 

sAC in pigment cells 

Since mammalian ABCC5 effluxes cyclic nucleotides (Jedlitschky et al., 

2000; Sager and Ravna, 2009; Wielinga et al., 2003), and there is evidence for 

cAMP signaling in C5a-expressing pigment cells (i.e. expression of Sp-cAMP-

dependent protein kinase (CAPK/PKA) (Rast et al., 2002)), we tested if there is a 

link between cAMP signaling and C5a. When mesenchyme blastulae are 

exposed to membrane permeable cyclic nucleotide analogs, pCPT-cAMP or 

pCPT-cGMP, the hindguts hyper-invaginate (Fig. 3.6A). Exposing C5a-

knockdown embryos to these analogs rescues hindgut prolapse (Fig. 3.6A) in a 

dose-dependent manner (Figs 3.6B,C). With the cGMP analog, the percent of 

embryos that prolapse (84% ± 7 in controls) is significantly reduced (p ≤ 0.05) by 

both 25 µM (45% ± 7) and 100 µM (18% ± 2) pCPT-cGMP (Fig. 3.6B). However, 

the cAMP analog is more potent than the cGMP analog, and reduces the 

frequency of prolapse from 90% (± 4) in controls to 72% (± 14) at 1 µM, 29% (± 

14) at 10 µM, and 13% (± 8) at 20 µM (Fig. 3.6C). 
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Figure 3.6. C5a-knockdown mediated prolapse is rescued by cAMP, which 
is derived from sAC in pigment cells. (A) Control (with membrane label) and C5a-
knockdown (MASO and membrane label) embryos treated at the mesenchyme blastula stage 
with pCPT-cGMP or pCPT-cAMP, and imaged at the 68 hpf pluteus stage (oral view). (B,C) Mean 
(± s.e.m.) frequency of prolapse in C5a-knockdown embryos treated with pCPT-cGMP (B) or 
pCPT-cAMP (C). Letters denote statistical significance (p ≤ 0.05). (D) cAMP production was 
perturbed by treating mesenchyme blastulae with the adenylyl cyclase inhibitors KH7 (10 µM, 
sAC-specific) and 2’,5’-dideoxyadenosine (100 µM, tmAC-specific). 48 hpf prism larvae are 
shown. (E) Localization of sAC mRNA (green) with a marker of aboral NSM (gcm, magenta), 
shown by FISH in a gastrula embryo. (F) Mean levels (± s.e.m.) of sAC mRNA. N = 3. 

	
  
	
  

Endogenous cAMP is produced by soluble adenylyl cyclase (sAC) and 

transmembrane adenylyl cyclase (tmAC), and these enzymes can be inhibited 
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with KH7 (sAC-specific) and 2’,5’-dideoxyadenosine (tmAC-specific) (Beltrán et 

al., 2007; Tresguerres et al., 2011). In embryos exposed to these inhibitors, gut 

formation is impaired with 10 µM KH7, but not 100 µM 2’,5’-dideoxyadenosine 

(Fig. 3.6D), indicating that sAC-produced cAMP is most important for 

gastrulation. In addition, sAC gene expression (Figs 3.6E,F) parallels that of C5a 

(Figs 3.2A,3.3A,3.3B) in that sAC mRNA localizes to gcm-positive pigment cells 

(Fig. 3.6E), and mRNA levels peak just after gastrulation (Fig. 3.6F). 
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3.4. DISCUSSION 

ABC transporters are extensively utilized by the embryo (Goldstone et al., 

2006; Gökirmak et al., 2014; Shipp and Hamdoun, 2012), yet most of their 

functions remain unknown. While some MDR transporters play important roles in 

xenobiotic efflux, others more likely have ancestral roles in sensing and signaling 

(Nigam, 2015). Here we report a novel developmental function for C5a in 

morphogenesis. The protein is expressed in migratory pigment cells, which are 

immunocytes derived from mesoderm, and knockdown of C5a leads to gut 

defects, including prolapse from the blastopore after gastrulation. The C5 

substrate cAMP mediates invagination, causing hyper-invagination in control 

embryos, and rescuing the prolapse phenotype in C5a-knockdown embryos. 

Inhibition of sAC, which generates cAMP in pigment cells, blocks gastrulation. 

Together these data support a model in which C5a-mediated efflux of sAC-

derived cAMP from pigment cells controls late invagination of the hindgut (Fig. 

3.7). 
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Figure 3.7. A model of C5a-mediated gut invagination. (A) In S. purpuratus, a 
subset of veg1 cells contribute to the elongating archenteron late in gastrulation, during 
secondary invagination (Barnet, 2011; Ransick and Davidson, 1998). In C5a-knockdown 
embryos, we observe defects in secondary, rather than primary invagination. (B) C5a-expressing 
pigment cells embed in the aboral ectoderm and efflux sAC-derived cAMP into the blastocoel. 
This cAMP promotes hindgut invagination and orientation. 

 

3.4.1. Substrates of C5a 

Consistent with its developmental role, C5a has narrower substrate 

selectivity than other sea urchin multidrug resistance protein (MRP/ABCC) 

transporters. For example, Sp-ABCC1, like C5a, is an MRP that localizes to 

basolateral membranes when overexpressed in sea urchin embryos. Unlike C5a, 

ABCC1 effluxes a wide variety of compounds, including C-AM, BCECF-AM, 

Fluo3-AM, CMFDA, FDA, b-VIN, and members of the cyanine and anthracene 
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dye families (Gökirmak et al., 2014). Of the six substrates we tested here (four 

fluorones and two bodipy-conjugates), only FDA is strongly effluxed from C5a-

overexpressing embryos. 

A number of studies have shown that mammalian ABCC5 transports cyclic 

nucleotides (Boadu and Sager, 2004; Jedlitschky et al., 2000; Meyer Zu 

Schwabedissen et al., 2005; Sager and Ravna, 2009; Sager et al., 2012; 

Wielinga et al., 2003; Wijnholds et al., 2000). cGMP is reported to be a higher-

affinity substrate than cAMP, but the exact cGMP affinity remains unclear (de 

Wolf et al., 2007; Pratt et al., 2005; Reid et al., 2003; Wielinga et al., 2003). We 

find that while both pCPT-cGMP and pCPT-cAMP rescue the C5a-knockdown 

phenotype, cAMP is effective at lower concentrations than cGMP. Additionally, 

sAC activity, cAMP, and C5a, are all necessary for gut development, together 

suggesting that in sea urchins, cAMP is the relevant C5a substrate mediating 

hindgut morphogenesis. As cAMP and cGMP are structurally similar, the rescue 

by cGMP may be caused by off-target effects on cAMP-responsive pathways, or 

there may be an additional and/or synergistic role for cGMP. 

 

3.4.2. C5a is expressed in motile pigment cells but is necessary for 

gastrulation 

Although C5a is expressed in pigment cells and is downstream of gcm, it 

does not appear to be required for pigment cell differentiation. C5a-knockdown 

embryos have echinochrome-containing pigment cells, even in embryos with gut 
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prolapse. The positions of pigment cells in knockdown embryos – distributed 

around the aboral ectoderm – are similar to those of control embryos (Gibson 

and Burke, 1985; Gibson and Burke, 1987; Ransick and Davidson, 2006), though 

they are positioned slightly further from the apical surface than in controls. 

Pigment cell specification is dependent on the Delta signal from SM cells, 

which activates Notch signaling in the NSM and establishes the aboral NSM 

gene regulatory network (GRN) (Materna and Davidson, 2012; Sherwood and 

McClay, 1999; Sweet et al., 2002). When we treated embryos at 3 hpf with DAPT 

to inhibit D/N signaling emanating from SM cells, C5a gene expression was 

blocked. Furthermore, knockdown of Glial cells missing (gcm), the primary Notch 

target in aboral NSM cells (Materna et al., 2013; Ransick and Davidson, 2006), 

also blocked C5a expression, indicating that C5a gene expression is activated as 

part of the aboral NSM GRN. 

Interestingly, when gcm is knocked down by MASOs, the resulting 

embryos have an ‘albino phenotype’ lacking pigment, but defects in gut 

morphogenesis are less prevalent and include exogastrulation at higher MASO 

concentrations (Ransick and Davidson, 2006). Perturbing D/N signaling from SM, 

the upstream inducer of gcm and C5a, resulted in a large fraction of embryos 

exogastrulating, consistent with previous reports (Materna and Davidson, 2012). 

However, while C5a-knockdown leads to embryos with differentiated pigment 

cells and prolapsed hindguts, gcm-knockdown leads to embryos with 

undifferentiated pigment cells and (usually) normal guts.  One possibility is that 
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the gcm-knockdown is pleiotropic and that it induces an alternative pathway that 

bypasses the need for C5a. 

 

3.4.3. Contributions of veg-lineage cells to the gut and timing of hindgut 

morphogenesis 

Gastrulation in sea urchin embryos varies by species in regards to timing, 

the angle of the archenteron, and the contributions of different cell types to the 

archenteron (Barnet, 2011; Hardin, 1989; Hardin and McClay, 1990; Logan and 

McClay, 1997). In S. purpuratus, the mechanism of archenteron elongation 

resembles that of L. variegatus in that some veg1 cells ultimately contribute to 

the archenteron (Logan and McClay, 1997; Ransick and Davidson, 1998). Very 

late in gastrulation, a subset of veg1 cells (brachyury-expressing) involute and 

produce the anus/hindgut, while a distinct subset of veg1 cells remains a part of 

the vegetal ectoderm (Barnet, 2011; Gross and McClay, 2001).  The timing of 

C5a-knockdown mediated gut prolapse is consistent with a defect in secondary, 

rather than primary, invagination (Fig. 3.7A). Given that a subset of veg1-derived 

cells form the S. purpuratus hindgut late in gastrulation, it is likely that C5a efflux 

activity in pigment cells is required for proper movement and orientation of veg1-

derived hindgut cells. Interestingly, pigment cells have been reported to affect 

gastrulation in Echinometra mathaei (Takata and Kominami, 2004), a sea urchin 

closely related to S. purpuratus (Smith et al., 2006). However, unlike our findings, 
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pigment cells influence gastrulation movements during primary invagination in E. 

mathaei. 

 

3.4.4. How does C5a in pigment cells affect the position of the hindgut?  

Based on our observations, the relevant efflux activity is most likely from 

plasma membrane-localized C5a, which would efflux a compound into either 

intercellular space or the blastocoel (Fig. 3.7B). C5a may be necessary to 

establish a signaling gradient in the blastocoel, or it may directly signal to 

competent hindgut cells and direct/orient their movements or polarity. Either 

mechanism could alter cell adhesion, polarity, and/or chemokinesis. 

If plasma membrane C5a effluxes cAMP from pigment cells, extracellular 

cAMP could function via GPCRs on the hindgut to induce invagination. In 

Dictyostelium development, cAMP secreted by ABC transporters stimulates 

chemotaxis (Miranda et al., 2015), and chemotaxis is an important mechanism of 

cell movement during deuterostome gastrulation (Dormann and Weijer, 2006).  

cAMP can activate GPCRs directly (Miranda et al., 2015) or can first be 

extracellularly metabolized to adenosine (Godinho et al., 2015). The absence of 

cAMP efflux in C5a-knockdowns may compromise the orientation of late-

invaginating cells, leading them to fold outward as a consequence of gut 

elongation.  

Based on the localization of C5a, we considered possibility that 

intracellular C5a could pump cAMP into membrane-bound compartments. cAMP 
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compartmentalization is necessary to selectively activate discrete cAMP-

dependent signaling pathways within a cell, and ABC transporters can fine-tune 

cyclic nucleotide distribution (Cheepala et al., 2012). Compartmentalized cAMP 

could conceivably serve as a store similar to Ca++ in the endoplasmic reticulum, 

which could be released upon stimulation to trigger a rapid cellular response. We 

observe that pigment cells do not embed in the ectoderm as successfully in C5a-

knockdowns as in control embryos, possibly suggesting that C5a could function 

cell-autonomously. However, since the hindgut defect is the most prominent C5a-

knockdown phenotype, we hypothesize that the major role of C5a is in paracrine 

signaling through efflux of cAMP. 

Finally, it is interesting to note that a phenotype similar to our observed 

hindgut prolapse was reported by (Burke et al., 1991), which was caused by 

antibodies disrupting apical lamina glycoproteins/fibropillins (Burke et al., 1998). 

A connection between C5a activity, pigment cell embedding, and the apical 

lamina is currently unclear, but it is conceivable that altered pigment cell 

embedding may alter the landscape of ectoderm adhesion molecules and amplify 

the effect caused by altered cAMP signaling. 

 

3.4.5. Evolutionary implications of C5a-mediated gut morphogenesis 

ABCC transporters often exhibit one-to-one orthology across broad 

phylogenetic spans (Goldstone et al., 2006; Whalen et al., 2012). For example, 

zebrafish, mouse, and human ABCC5 are more closely related to one another 
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than to other ABCC family members from the same organism (Korolnek et al., 

2014), suggesting potential conservation of function. We find that the fluorescent 

substrates of sea urchin C5a are roughly similar to those reported for Hs-ABCC5. 

McAleer et al., 1999, showed that Hs-ABCC5 strongly effluxes FDA and CMFDA, 

but does not efflux C-AM or rhodamine dyes. Similarly, we found that C5a 

strongly effluxes FDA, weakly effluxes CMFDA, and does not efflux C-AM. An 

exception is BCECF-AM, which is moderately effluxed by Hs-ABCC5 (McAleer et 

al., 1999), but not by C5a, possibly indicating modest divergence in substrate 

selectivity. 

The primary structure and subcellular localization of sea urchin C5a are 

also similar to those of its mammalian homologs. Based on our modeling, sea 

urchin C5a is predicted to have conserved topology in comparison with molecular 

models of Hs-ABCC5 (Ravna et al., 2008; Sager et al., 2012). However, the size 

of C5a, ~210 kDa, is slightly larger than that of Hs-ABCC5, which has been 

detected at a range of molecular masses from 160-200 kDa (Aye et al., 2007; 

Jedlitschky et al., 2000; McAleer et al., 1999; Nies et al., 2002; Wijnholds et al., 

2000), likely due to tissue-specific differences in glycosylation (Nies et al., 2002).  

In sea urchins, the over-expressed C5a localizes to basolateral membranes in 

polarized epithelial cells (Shipp and Hamdoun, 2012), and endogenous C5a is 

found both intracellularly and on the plasma membrane in polar (migratory) 

pigment cells. Hs-ABCC5 primarily localizes to basal or basolateral plasma 
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membranes in polarized cells (Borst et al., 2007; Korolnek et al., 2014; Meyer Zu 

Schwabedissen et al., 2005; Wijnholds et al., 2000). 

An unresolved question is whether the function of ABCC5 might also be 

evolutionarily conserved. In C. elegans and D. rerio, ABCC5 is thought to 

transport heme, and its knockdown causes embryonic lethality and reduced 

blood cell formation, respectively (Korolnek et al., 2014). In Dictyostelium 

development, ABCC5 is a candidate cAMP transporter, though it may be less 

critical than ABCB3 (Miranda et al., 2015). In mammals, studies of ABCC5 in 

development are sparse, but human ABCC5 is expressed in membranes of 

amniotic epithelia (Aye et al., 2007), and in cytotrophoblasts and 

syncytiotrophoblasts (Manceau et al., 2012; Meyer Zu Schwabedissen et al., 

2005). Our study is the first detailed characterization of an ABCC5/MRP5 

transporter in development. The highly regulated expression of this transporter 

and clear effects of its perturbation, underscore that better understanding of 

transporters is necessary for understanding signaling in development. 
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3.5. MATERIALS AND METHODS 

3.5.1. Animals and reagents 

Sea urchins, Strongylocentrotus purpuratus, were procured as described 

in Shipp and Hamdoun, 2012. Embryos were grown at 15°C.  Stock solutions 

were prepared in dimethyl sulfoxide (DMSO) or Nanopure water and diluted to 

final concentrations in filtered seawater (FSW).  

Efflux assays were performed with C-AM (calcein-AM) (Biotium, Hayward, 

CA); FDA (fluorescein diacetate) (Sigma, St. Louis, MO); and CMFDA (5-

Chloromethylfluorescein diacetate), BCECF-AM (2',7'-Bis-(2-carboxyethyl)-5-

(and-6)-carboxyfluorescein-acetoxymethyl ester), b-VER (bodipy-verapamil), and 

b-VIN (bodipy-vinblastine) (Life Technologies, Grand Island, NY). The γ-

secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester) (EMD Millipore, Darmstadt, Germany) was used to 

assess the effects of D/N signaling on gene expression. Hoechst 33342 and 

Phalloidin-Alexa Fluor 488 (Life Technologies) were used to label nuclei and 

actin in immunolabeled embryos. Rescue experiments were performed with 

pCPT-cAMP and pCPT-cGMP (Sigma), and inhibition of adenylyl cyclase was 

performed with 2-(1H-benzimidazol-2-ylthio)-2-[(5-bromo-2-

hydroxyphenyl)methylene]hydrazide, propanoic acid (KH7; sAC inhibitor) and 

2’,5’-dideoxyadenosine (tmAC inhibitor). 

 

3.5.2. Gene expression analyses 
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RNA isolation, cDNA synthesis, and quantitative real-time polymerase 

chain reaction (qPCR) were performed according to Shipp and Hamdoun, 2012. 

Experiments were replicated with four separate batches of embryos for C5a and 

three batches for sAC. qPCR primers for sAC (SPU_012084) were: Fwd: 5’-

AACTGGGACACAGAGGTTGG-3’, Rev: 5’-CCTTCATTGCCTATGGTCGT-3’. 

To assess the effect of D/N signaling on gene expression, embryos were 

treated with 8 µM DAPT at 3 hpf or 17 hpf. DAPT inhibits cleavage of Notch, 

which blocks its ability to associate with Su(H) and activate transcription (Hughes 

et al., 2009; Materna and Davidson, 2012). RNA was isolated from unfertilized 

eggs (0 hpf; untreated), hatching blastulae (21 hpf), and gastrulae (43 hpf). C5a 

gene expression at the gastrula stage was quantified as fold change with respect 

to control samples at the earliest detectable stage: hatching (DMSO-treated, 21 

hpf). The experiment was replicated with three batches. The effects of gcm-

knockdown on C5a expression were determined similarly, only with gcm-MASO 

injected embryos from three separate batches. 

Fluorescent RNA in situ hybridization (FISH) was performed with minor 

modifications from published protocols. Pre-hybridization washes, hybridization, 

and post-hybridization washes were performed according to Shipp and 

Hamdoun, 2012. All other steps were performed after Chen, Luo, and Su (Chen 

et al., 2011). gcm and prox1 probes were used to mark aboral and oral NSM, 

respectively (Materna et al., 2013). Primers to generate the sAC in situ probe 
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were: Fwd: 5'-GATGTAGGTGAGAAGCCGTTAG-3', Rev: 5'-

CGAGGAAGAGGCAACAAGAA-3'. 

 

3.5.3. Microinjection of mRNAs and MASOs 

Injections and mRNA syntheses were performed as described previously 

(Gokirmak et al., 2012; Shipp and Hamdoun, 2012). For C5a overexpression, we 

injected 0.8-1 mg/ml of C-terminal mCherry-tagged C5a mRNA (C5a-mCherry). 

For live-imaging, LCK-mCherry, LCK-mCitrine, and/or histone H2B-CFP mRNAs 

were injected at 0.05 mg/ml each to label membranes and nuclei. 

To knock down C5a, morpholino antisense oligonucleotides (MASOs) 

were obtained from Gene Tools (Philomath, OR). C5a-MASO1: 5’-

GAGGATCGTTGCCTTCTATAATCAT-3’ (300 µM). C5a-MASO2: 5’-

TTATTTTCCCCGGCGTCATAAGTTT-3’ (500-600 µM). MASOs were co-injected 

with LCK-mCherry and/or histone H2B-CFP mRNA to label membranes and 

nuclei for live-imaging. Gcm was knocked down as described by Ransick and 

Davidson, 2006. 

 

3.5.4. Western blot 

Western blots were performed as described previously (Whalen et al., 

2012) with affinity-purified anti-C5a antibody (described in supplementary 

material). For the developmental time-series, protein lysates were obtained from 

the same embryo batches and time points used for gene expression analyses. 
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Western blots were run with each of the four batches independently and probed 

with anti-C5a. Anti-C5a was used at 1:500, and secondary (goat anti-rabbit hrp) 

antibody was used at 1:2000. The 210 kDa C5a band was quantified by 

densitometry with ImageJ (NIH, Bethesda, MD). 

 

3.5.5. Transporter efflux activity assays 

Efflux assays were modified from Gokirmak et al., 2012. Briefly, uninjected 

(control) and C5a-CmCherry-injected (C5a overexpressing) embryos were grown 

to the ~14 hpf blastula stage, then incubated and washed prior to imaging as 

follows: 100 nM FDA or CMFDA (60 minutes, 10 washes, 30 minute FSW 

incubation); 125 nM b-VER or b-VIN (90 minutes, 10 washes); 250 nM C-AM or 

BCECF-AM (90 minutes). For each dye, experiments were replicated three or 

four times with different batches of embryos, and six embryos were measured 

per batch. 

 

3.5.6. Immunohistochemistry (IHC) 

Embryos were fixed in 4% PFA for 1 hour at 15°C and washed in 0.05% 

saponin in PBS, 50 mM glycine in PBS, and PBS. Samples were blocked for two 

hours at 15°C in 2% BSA with 5% goat serum in PBS, then washed with PBS 

and incubated in adsorbed anti-C5a primary antibody (described in 

supplementary material) at 14°C for ~14 hours. Samples that had already been 
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processed for FISH were blocked and treated with primary antibody, bypassing 

the initial fixation and wash steps. Embryos were washed in PBS then incubated 

at 14°C in 1:1000 goat anti-rabbit Alexa Fluor 594 (Life Technologies) secondary 

antibody in 2% BSA-PBS. Samples were washed in PBS and stained with 10 µM 

Hoechst 33342 and 1.5 units/ml Phalloidin-Alexa Fluor 488 before imaging. 

 

3.5.7. Quantification of C5a-knockdown phenotypes and rescue 

To quantify the timing of the C5a-knockdown phenotype, embryos from 

three batches were injected with MASO1 and LCK-mCherry and/or histone H2B-

CFP mRNAs for imaging. 18-19 embryos were used per batch for a total of 55 

embryos, which were individually assessed at 24, 36, 48, 60, and 70 hpf by 

culturing one embryo per well (Costar 96-well round bottom plate, Fisher) in 100 

µl FSW. We classified gut prolapses as flare/mild, moderate/severe, or 

exogastrula (which was rare). Control injected (54 embryos, LCK and/or histone 

mRNA only) and uninjected (56 embryos) morphologies were also monitored and 

quantified, both of which resulted in 100% healthy embryos (not shown). 

To quantify rescue of the C5a-knockdown phenotype, MASO1-injected 

embryos were treated with membrane permeable pCPT-cGMP or pCPT-cAMP at 

the mesenchyme blastula stage. Morphologies of 45-73 embryos from 4-5 

batches per treatment were assessed at the 68 hpf pluteus stage, and any 

hindgut defect (mild to severe) was counted as prolapsed. 
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3.5.8. Microscopy 

Unless otherwise indicated, all scale bars are 20 µm. Live-imaging for 

efflux assays was performed as described (Gokirmak et al., 2012), using a Zeiss 

LSM 700 laser scanning confocal microscope (Plan-Apochromat 20x air objective, 

0.8 numerical aperture (NA); Zeiss, Thornwood, NY). Intracellular dye 

accumulation was quantified with the “measure” module of ImageJ. Efflux activity 

of C5a was determined by intracellular substrate fluorescence relative to 

uninjected control embryos. 

To characterize embryo phenotypes, high-resolution images were 

captured on a Zeiss LSM 700 microscope with a Zeiss LDC-Apochromat 40X 

water objective (1.1 NA), and images were processed with ImageJ. To quantify 

C5a-knockdown phenotypes, embryos were monitored at 25-40X magnifications 

on a Leica M165FC stereoscope (Leica, Buffalo Grove, IL). 

For FISH and IHC, embryos were mounted in TBST and imaged on a 

Zeiss LSM 700 microscope (20X or 40X objective). Time-lapse imaging of C5a-

knockdown embryos is described in Supplementary Materials (Fig. S3.3), and all 

time-lapses were processed with Imaris 7.6.1 software (Bitplane, Zurich, 

Switzerland). For scanning electron microscopy (EM), embryos were fixed at 60 

hpf in 2% glutaraldehyde in FSW, then processed and imaged according to 

Holland and Jespersen (Holland and Jespersen, 1973). 

 

3.5.9. Statistics 
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Statistics were performed in JMP10 (SAS, Cary, NC) with one-way 

ANOVAs and Tukey-Kramer post-hoc comparisons (p ≤ 0.05), blocked by 

female. For efflux assays, Arbitrary Fluorescence Units/area values were 

compared. For gene expression with DAPT treatment and gcm-MASO, fold-

changes (with respect to Control hatching stage) were compared. For pCPT-

cAMP and pCPT-cGMP rescue experiments, percentages of embryos prolapsed 

were compared. 
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3.9. SUPPLEMENTARY MATERIAL 

3.9.1. Supplementary Methods 

3.9.1.1. Sp-C5a antibody generation and validation 

Rabbit polyclonal antibodies to C5a (anti-C5a) were produced against 

recombinant C5a expressed in bacteria. The following N-terminal fragment of 

C5a was cloned into the pProEx Htb expression vector (Invitrogen) and 

expressed in BL21 Codon Plus cells: 

MIIEGNDPLSMTSPHRASEGDIHNDEGFGVQERSSSLEDQTVIEMDSQIDTALSY

TDGKTPGELKDGRIGEQEDDPDETEQLLDKREEGDTEEQKSSNTGTKYWATG

NFISVVTSQWLTPLFRAAKKRGLNDDDLYHILPVDSAEKNAKIFAQLWEEEIKHH

GGNAVKASLRRVILR. Recombinant protein was produced and purified at the 

PEP Core facility of The Scripps Research Institute. Purified protein was run on 

polyacrylamide gels, and the protein bands were excised and sent to Lampire 

Biological Laboratories (Pipersville, PA) for antigen preparation, rabbit 

immunization, and affinity purification. The recombinant protein was used to 

affinity-purify an aliquot of the C5a-specific IgG from antiserum. This affinity-

purified antibody was used for Western blots, while adsorbed whole serum 

(described below) was used for immunohistochemistry (IHC) (and affinity-purified 

antibody was tested with IHC as a control). 

To determine specificity of anti-C5a, we used Western blots to compare 

protein expression between embryos expressing endogenous C5a, 

overexpressing C5a-mCherry, and expressing no C5a (i.e. MASO knockdown) 
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(Fig. S3.1A). Western blotting was performed with 70 hpf embryos from the same 

batch, and samples included: (1) C5a-CmCherry overexpressing (0.8 mg/ml), (2) 

control-injected (0.05 mg/ml histone H2B-CFP), (3) control-uninjected, (4) C5a 

knockdown with MASO1 (300 µM), and (5) C5a knockdown with MASO2 (600 

µM). Ten embryos were pooled for the C5a-CmCherry over-expressing lane, and 

200 embryos were pooled per lane for the control-injected, control-uninjected, 

MASO1, and MASO2 samples. 

 

3.9.1.1.1. Antibody adsorption for immunohistochemistry 

Because an 80 kDa band inconsistent with mature C5a appeared strongly 

on blots of all developmental stages, while the 210 kDa C5a band appeared only 

after 26 hpf, anti-C5a whole serum was adsorbed to fixed and permeabilized 22 

hpf embryos to remove immunoglobulins reacting with non-C5a antigens. Sera 

(diluted to 1:1500 in 2% BSA-PBS) were adsorbed for 24 hours at 15°C and then 

collected and stored at 4°C with 5 mM sodium azide prior to immunolocalizion of 

C5a. Examples of C5a immunolocalizations are shown using pre- and post-

adsorbed antibody (Fig. S3.1B,C). After adsorption, localization was restricted to 

gcm-expressing pigment cells, consistent with the localization of C5a transcripts 

(Fig. 3.3). 
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Figure S3.1. Detecting C5a with affinity-purified and adsorbed anti-C5a, and 
demonstrating knockdown with two MASOs. (A) Western blot using lysates from 70 
hpf embryos, probed with affinity-purified anti-C5a. C5a-mCherry runs as a ~230 kDa doublet, 
while endogenous C5a runs at 210 kDa. Ten embryos were lysed and run per lane for the C5a-
mCherry sample, while 200 embryos per lane were run for all other samples. Endogenous C5a 
(210 kDa band) is knocked down by both C5a MASO1 and MASO2, while an ~80 kDa band not 
corresponding to C5a is unaffected by both MASOs.  Lysate from the ten C5a-mCherry 
overexpressing embryos had insufficient ~80 kDa antigen to be detected in the first lane. (B,C) 
Immunolocalization of C5a (red) in prism stage embryos using pre- and post-adsorbed anti-C5a 
(from whole serum). (B) Embryo is immunolabeled with pre-adsorbed anti-C5a serum. Two z-
sections are shown. Pre-adsorbed anti-C5a recognizes a nuclear antigen (likely corresponding to 
the 80 kDa band seen in (A)) in most cells. In addition, in only cells with pigment cell-like 
distribution around the embryo, it recognizes a membrane-localized and intracellular signal 
corresponding to C5a. (C) Embryo is immunolabeled with adsorbed anti-C5a serum, and gcm 
transcripts (magenta) are labeled with FISH. Adsorbed anti-C5a does not detect a nuclear 
antigen, but recognizes membrane-localized and intracellular C5a in gcm-expressing pigment 
cells, which is consistent with the localization of C5a transcripts in gcm-expressing cells (Fig. 3.3). 
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Figure S3.2.	
   Two	
   MASOs block translation of C5a and cause hindgut 
prolapse. (A) Two non-overlapping MASOs block translation of C5a. MASO1 targets the first 
25 bases of the coding region, while MASO2 targets the 5’ UTR. (B) C5a-MASO1 knocks down 
C5a-mCherry, but not B1a-mCitrine. Fertilized eggs were all injected with Needle 1, containing 1 
mg/ml each of B1a-mCitrine and C5a-mCherry mRNA and imaged at the 20 hpf blastula stage. In 
the top panel (no MASO), both B1a-mCitrine and C5a-mCherry are expressed.  
In the bottom panel, samples were injected a second time with Needle 2, containing 0.3 mM C5a-
MASO1 and H2B-CFP mRNA as an injection marker. In the presence of MASO1, no C5a-
mCherry expression is detected, while B1a-mCitrine is robustly expressed. B1a-mCitrine localizes 
to apical membranes, presumably due to a relief on the protein sorting machinery, as C5a-
mCherry is no longer present as a membrane-bound protein. Interestingly, in the absence of 
MASO, neither protein membrane-localizes, presumably because the trafficking machinery is 
overwhelmed. Consistent with this hypothesis, B1a trafficking is normal in the presence of C5a-
MASO1. (C) Both MASO1 and MASO2 cause hindgut prolapse as shown in 70 hpf embryos. The 
phenotypes that result from injection of MASO1 and MASO2 are indistinguishable. Nuclei (blue) 
are labeled with H2B-CFP. 
 

 

 



	
  

	
  

120 

3.9.1.2. Time-lapse imaging of C5a-knockdown embryos 

Embryos were mounted in FSW on protamine sulfate-coated Delta-T 

dishes (Bioptechs, Butler, PA) and retained in an enclosure of Scotch double-

sided tape, with four ~50 µm channels through which FSW could flow (Fig. S3.3). 

A coverslip was placed on top of the tape to restrict embryo movement. A chilled 

stage maintained embryos at 15°C, and images were captured on a Leica Sp8 

confocal microscope with a Plan-Apochromat 20X objective (0.7 numerical 

aperture). In long time-lapses (> 15 hours), embryonic development was slowed 

to ~0.5-0.75 times the normal rate. 

 

	
  

Figure S3.3. Chambers used to contain swimming embryos for long-term 
imaging. 
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4.1. LOOKING FORWARD 

 In this dissertation, I present a method for identifying potential functions of 

MDR transporters (Fig. 4.1). MDR transporters are uniquely challenging to study 

due to the high number of transporters, diverse predicted functions, substrate 

polyspecificity, varied mechanisms of regulation, and difficulty in solving large, 

insoluble protein structures. In Chapter 2, I propose the hypothesis that 

transporters’ potential functions can be inferred from a combination of spatial and 

temporal expression mapping, exogenous protein subcellular localization, and 

comparison to mammalian homolog functions. In Chapter 3, I validate this 

hypothesis with one transporter by conducting a functional screen of xenobiotic 

efflux, optimizing a new antibody developed by our lab, and genetically and 

chemically manipulating embryos. Together, my work suggests that spatial and 

temporal mapping of ABC transporter expression can identify candidates for 

developmental signaling and protective functions. Indeed, for some transporters 

this seems to be the case. The examples of B1a and C5a have been discussed 

already, and another example is Sp-ABCB4a (B4a), which shows temporal 

expression, subcellular localization, and efflux activity similar to B1a.  

 In the pipeline I propose (Fig. 4.1), no single line of expression or 

localization evidence could reasonably suggest function. For example, Sp-

ABCC9a is temporally expressed similarly to B1a and B4a, but its subcellular 

localization (in large apical vesicles) is inconsistent with the protective 

transporters, as is its ability to efflux chemicals. C9a may represent an 
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expression profile for a homeostatic transporter, and in fact its mammalian 

homolog (SUR2) is a potassium channel regulator. As another example, Sp-

ABCC1 is expressed throughout development, and its transcript levels increase 

steadily through the gastrula stage. The protein localizes basolaterally, yet 

significantly effluxes a variety of chemicals (Gökirmak et al., 2014). As its 

mammalian homolog (MRP1) transports both xenobiotics and signaling 

molecules, C1’s seemingly contradictory expression, localization, and efflux 

activities may indicate that it similarly functions in both protection and signaling in 

embryogenesis. 

 There is much to do to learn more about the many unknown functions of 

MDR transporters in sea urchin development. Further research on the candidate 

protective transporters would be useful for the field of environmental toxicology, 

as the major protective efflux transporters of harmful pollutants remain unknown. 

In addition, this approach - starting with spatial and temporal mapping, and 

screening with a simple functional assay - may prove useful for uncovering 

functions of other large protein families potentially related to transporter-mediated 

signaling, such as the anticipated effectors GPCRs.  

 It is currently unclear why ABC transport evolved as a mechanism for 

secreting cellular signals. My discoveries concerning C5a add to the growing 

body of evidence suggesting ABC transporters play critical signaling roles during 

morphogenesis. As developmental signaling often involves bulk transport of 

molecules   (e.g.  exocytosis),  the  use  of  active   transport  to  move   signaling 
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Figure 4.1. Spatio-temporal mapping of transporters. 1: Temporal expression 
patterns of transporters reveal developmental stages in which transporters are expressed. For 
example, ABCB1a expression is not restricted to a specific developmental stage, while ABCC5a 
expression is primarily expressed at and after the mesenchyme blastula stage. 2: Spatial patterns 
of transporter expression are determined by in situ hybridization. ABCB1a is expressed in all cells 
of the embryo, while ABCC5a is only expressed in non-skeletogenic mesenchyme cells (blue). 3: 
Subcellular localization of relevant proteins are determined by the expression of fluorescent 
protein fusions of a transporter (red) (see also Fig. 2.5). For example, ABCB1a localizes to the 
apical membrane while ABCC5a localizes to basolateral membranes. 4: Data are merged to 
model endogenous transporter protein expression and function. 5: Models are tested by 
assessing endogenous protein expression, developmental function, and xenobiotic efflux activity. 

  

molecules across the plasma membrane is unusual. This raises the question of 

when and why this mechanism of signal secretion evolved. For secreted small 

molecules that are synthesized in the cytosol (as opposed to peptides 

progressing through the entire secretory pathway), perhaps ABC transport is the 

most direct, energetically favorable mechanism of transport. Indeed, despite the 

need to hydrolyze ATP for every efflux event, ABC transport is relatively 
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energetically inexpensive, costing less than 0.2% of a cell’s ATP usage (Cole et 

al., 2013). Perhaps this is an energetically favorable mechanism, compared to 

restructuring of cellular membranes that occurs during exocytosis. Alternatively, 

as membrane restructuring can also affect transporter activity through rapid and 

precise membrane insertion and retrieval, and transport can also be modulated 

allosterically, ABC transport may offer a mechanism to fine-tune the timing, 

positioning, and quantities of signals secreted. Further investigations into these 

possibilities would be useful. 

 Finally, while this dissertation presents novel information about ABCC5 

transporters, much remains to be understood. Below are some subjects of 

interest that could be explored to discover more about this transporter in sea 

urchin development. 

 

4.1.1. FURTHER STUDIES OF C5a 

4.1.1.1. Evolution of ABCC5 transporters and gene duplication 

An unresolved issue is the degree to which ABCC5 transporters share 

substrates and functions across broad phylogenetic spans. In different 

organisms, transport of different substrates could affect related signaling 

pathways and processes. For example, transport of either porphyrins or cyclic 

nucleotides could alter levels of both types of compounds. Heme oxygenase-1 

(HO-1), the rate-limiting heme degradation catalyst, is induced by cAMP (Krönke 

et al., 2003), cGMP (Polte et al., 2000), and heme itself (Ndisang et al., 2003). In 
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addition, heme stimulates cGMP production (Ndisang et al., 2003). It is unclear if 

this type of interplay is masking studies of ABCC5, or revealing its physiological 

niche. More studies are necessary to resolve questions about conservation of 

ABCC5 substrates and functions. 

Exploring a connection between C5a, cAMP, and the extracellular matrix 

(ECM) during hindgut formation is an interesting area for future studies. Though I 

show that cAMP is a relevant C5 substrate in C5a-mediated hindgut orientation, 

a hindgut prolapse similar to that seen in C5a-knockdowns was reported by 

(Burke et al., 1991), which was caused by antibodies disrupting apical lamina 

glycoproteins (fibropellins, (Burke et al., 1998)). This suggests that perturbing the 

ECM can phenocopy the knockdown of C5a, and as part of the ECM, the 

reported ABCC5 substrate hyaluronan (a glycosaminoglycan (GAG)) could be 

involved. The ECM is a substratum for cell migration (Katow and Solursh, 1981; 

Venkatasubramanian and Solursh, 1984) and a regulator of signal transduction 

(Solursh and Lane, 1988; Werb et al., 1989) during morphogenesis, where it 

spatially restricts the TFG-β and FGF developmental signaling factors (Müller 

and Schier, 2011). In sea urchins, GAGs are important for gastrulation and post-

gastrular development (Kinoshita and Saiga, 1979; Sugiyama, 1972), and 

restriction of Nodal (a TFG-β protein specifying the oral-aboral axis) is controlled 

by the ECM (Bergeron et al., 2011). Further work on the role of hyaluronan or 

other GAGs in hindgut invagination could shed light on a potential connection 

with C5a. 
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With 12 paralogs, ABCC5 has been expanded in the S. purpuratus 

genome more than any other transporter, and the evolutionary reason for this is 

unclear. C5a is the only paralog I was able to detect in my gene expression 

screen, due to other paralogs either being insufficiently expressed for qPCR to 

detect, or having insufficiently unique stretches of annotated genomic DNA for 

specific primer design. Based on published microarray data, several ABCC5 

paralogs should be expressed by 60 hpf (Wei et al., 2006). These paralogs could 

have functional redundancy but be regulated by distinct factors, offering a way to 

control when and where cyclic nucleotides are transported. Alternatively, they 

could have slightly modified ligand binding domains that fine-tune unique 

substrate selectivity, possibly to include heme or hyaluronan. In adult tissues, it is 

unknown whether C5a and its paralogs are expressed in pigment-producing 

cells, or if transporter activity affects formation of digestive structures. Further 

investigation is necessary to understand the expression and function of the 12 

ABCC5 paralogs in the embryo and the adult sea urchin. 

 

4.1.1.2. Regulation and trafficking of C5a 

Much remains to be learned about the expression, processing, trafficking, 

and membrane dynamics governing ABCC5a activity. 

 

4.1.1.2.1. Gene regulation 
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 While I have shown that expression of C5a is downstream of D/N signaling 

from the SM, and also downstream of gcm, it would be interesting to identify the 

direct activating factor(s) responsible for C5a expression in pigment cells. Hs-

ABCC5 is transcriptionally regulated by the epithelial-mesenchymal transition 

(EMT) inducing transcription factors Snail, Twist, and FOXC2 (Saxena et al., 

2011). It would also be interesting to study whether there is a role for microRNAs 

(miRNAs) in C5a transcriptional and post-transcriptional regulation, as miRNAs 

are is known to regulate other ABC transporters (Toscano-Garibay and Aquino-

Jarquin, 2012). 

 

4.1.1.2.2. Post-translational processing 

C5a has two N-linked glycosylation sites that may be important for its 

membrane targeting and activity. I found that on Western blots, C5a-mCherry ran 

as a doublet, while endogenous C5a did not, possibly indicating that post-

translational modifications are altered by addition of the mCherry tag. It would be 

interesting to determine if this is the case, and if so, whether this affects the 

protein’s activity, substrate specificity, stability, or trafficking. Mammalian ABCB1 

must be fully glycosylated in order to function as an efflux transporter, and 

immature, core-glycosylated ABCB1 is nonfunctional (Loo and Clarke, 1999). 

ABCB1 function also decreases with increased ubiquitination, which, 

interestingly, stabilizes the less functional ABCB1 protein (Zhang et al., 2004). 

More knowledge of the post-translational modification of C5a is needed. 
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4.1.1.2.3. Membrane trafficking 

It is unknown which portion of the C5a sequence is responsible for its 

basolateral membrane localization. Residues in ABC transporter non-catalytic 

CLs between TMHs are important for routing both apical (CFTR/ABCC7) (Xie et 

al., 1995) and basolateral (ABCC1) (Iram and Cole, 2011) transporters to the 

membrane. No membrane routing signal has been identified for any ABCC5 

transporter, but because it lacks MSD0 and routes to the basolateral membrane, 

it is possible the signal is located on the COOH-terminal. This hypothesis is 

based on ABCC1, which is a “long” transporter that contains an extra N-terminal 

MSD (MSD0). Basolateral routing of ABCC1 can be mediated by either of two 

redundant trafficking signals, one on MSD0 and another on the COOH-terminal 

region (Westlake et al., 2005). A more detailed characterization of C5a 

subcellular localization coupled with targeted mutagenesis could identify the 

basolateral routing sequence(s).  

 

4.1.1.2.4. Membrane dynamics 

 Beyond synthesis and processing, C5a activity is likely affected by 

membrane dynamics that remain to be explored, but could include Rab-mediated 

cycling, endocytosis, and alterations in membrane potential. The role of Rab 

endosomal recycling organelles should be probed, as mouse ABCC5 colocalizes 

with Rab4, Rab5, Rab9, and Rab11 (Korolnek et al., 2014), and in sea urchins 
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ABCB1a activity depends on actin and Rab11 mediated localization to microvillar 

tips (Whalen et al., 2012). Also in sea urchins, constitutive endocytosis causes 

reduction in ABC transporter efflux activity (Campanale and Hamdoun, 2012). 

Other regulatory mechanisms could include a host of macromolecular complexes 

including kinases, signaling molecules, and SNAREs that may associate, for 

example, with ABCC7 to modify transporter trafficking and activity (Guggino and 

Stanton, 2006). Finally, as membrane electrical potential controls human ABCC5-

mediated cGMP transport (Kucka et al., 2010), this is yet another possible factor 

that could be studied for C5a. 

 

4.1.2. HINDGUT MOVEMENT AND THE GRN 

Here I demonstrate that C5a is activated by the pigment cell GRN, but an 

outstanding question is which downstream effectors are modulated by C5a 

activity. I have proposed that GPCRs in the hindgut may mediate cAMP reception 

and subsequent movements, and future studies should address this. It would be 

interesting to determine if cellular movements are affected through misregulation 

of Brachyury (bra). Bra is dynamically expressed in two invaginating regions: (1) 

the posterior-most regions of the gut, and (2) the oral ectoderm/stomodeum. In 

both locations, it controls cytoskeletal modulators that mediate morphogenetic 

movements (Gross and McClay, 2001; Rast et al., 2002). In the endoderm, it is 

first expressed in veg2 cells (18-20 hpf in S. purpuratus), then turns off in veg2 

and on in veg1 cells, becoming dynamically expressed at the base of the 
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archenteron throughout gastrulation. It helps define the endoderm-ectoderm 

boundary and is ultimately expressed in the larval hindgut/anus (Annunziata et 

al., 2014; Gross and McClay, 2001; Peter and Davidson, 2010; Peter and 

Davidson, 2011; Rast et al., 2002). Bra expression is under the control of 

Hox11/13b, which is thought to control an unknown diffusible signal from veg2 to 

veg1 cells. It acts as an auto-repressor in veg2 cells, clearing its own transcripts 

as well as those of bra, and it also controls expression of bra in veg1 

descendants (Peter and Davidson, 2010; Peter and Davidson, 2011). Bra-

knockdown embryos do not gastrulate (Rast et al., 2002), and it would be 

interesting if bra expression was perturbed in a minor way by C5a-knockdown, 

perhaps being reduced in midgut cells such that they do not invaginate 

completely, leading the hindgut to be pushed outward. In pigment cells, the 

cAMP-dependent PKA (CAPK) is a bra target (Rast et al., 2002), and 

interestingly, I found that embryos exposed to pCPT-cAMP hyperinvaginate in 

both bra-expressing regions: the stomodeum and the blastopore. Further links 

between cAMP, C5a, and bra remain to be explored. 

Finally, in C5a-knockdown embryos, it is unknown whether hindgut 

perturbation is caused by a defect in movement alone or in cell specification as 

well. It is possible that a specification problem would cause more severe gut 

defects than is observed in C5a-knockdowns. For example, Wnt1 knockdown 

causes ectopic nodal and bra expression and a shift in the dorsal/ventral axis by 

gastrulation, resulting in a severely deformed gut with no contribution from ventral 
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endoderm (Wei et al., 2012). However, the timing of larval gut specification, C5a 

expression, and C5a-mediated prolapse overlap such that hindgut differentiation 

could be perturbed. The larval gut is specified throughout the late gastrula and 

prism stages (Annunziata et al., 2014), when C5a expression is highest and C5a-

knockdown mediated prolapse becomes evident. This specification depends 

largely on ParaHox gene control, which is synergistically activated by earlier 

endodermal transcription factors including Hox11/13b and Bra (Annunziata and 

Arnone, 2014). Assessment of the expression and localization of midgut- and 

hindgut-specific factors in C5a-knockdowns would begin to address the question 

of whether hindgut specification is controlled by C5a-mediated cAMP signaling. 
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4.2. CONCLUSIONS 

This dissertation demonstrates how proteins of interest to biomedical 

research, for example ABC transporters, can reveal novel functions when studied 

in developmental systems. It also contributes to our understanding of 

development by highlighting that unlikely players – such as ABCC5a – can play 

important roles in developmental signaling. Using an integrative approach to both 

transporter biology and development has proved informative for studying 

mechanisms of morphogenesis and transporter activity. This work demonstrates 

that we can learn a lot about ABC transporters by studying them in whole 

embryos, and we can learn a lot about embryos by studying elusive proteins like 

ABC transporters. 
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