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Abstract

Background—Establishment and maintenance of cell polarity is critical for normal embryonic 

development. Previously, it was thought that the echinoderm embryo remained relatively 

unpolarized until the first asymmetric division at the 16 cell stage. Here we analyzed roles of the 

cell polarity regulators, the PAR complex proteins, and how their disruption in early development 

affects later developmental milestones.

Results—We found that PAR6, aPKC and CDC42 localize to the apical cortex as early as the 2 

cell stage and that this localization is retained through the gastrula stage. Interestingly, PAR1 also 

colocalizes with these apical markers through the gastrula stage. Additionally, PAR1 was found to 

be in complex with aPKC, but not PAR6. PAR6, aPKC, and CDC42 are anchored in the cortical 

actin cytoskeleton by assembled myosin. Furthermore, assembled myosin was found to be 

necessary to maintain proper PAR6 localization through subsequent cleavage divisions. 

Interference with myosin assembly prevented the embryos from reaching the blastula stage, while 

transient disruptions of either actin or microtubules did not have this effect.

Conclusions—These observations suggest that disruptions of the polarity in the early embryo 

can have a significant impact on the ability of the embryo to reach later critical stages in 

development.
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Introduction

Polarization of a developing embryo is critical to ensure proper segregation of 

developmental determinants throughout embryogenesis. Since their initial discovery in the 

C. elegans embryo, the PAR proteins have been found to regulate polarity in a wide variety 

of multicellular eukaryotes (Kemphues et al., 1988; Morton et al., 1992; Etemad-Moghadam 
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et al., 1995; Guo and Kemphues 1995; Watts et al., 1996; Tabuse et al., 1998; Hung and 

Kemphues, 1999; Morton et al., 2002; Hao et al., 2006). They have now been extensively 

studied for their roles in the polarization of embryos, neurons, epithelial cells, stem cells and 

in some types of cancer (McCaffrey and Macara, 2011; Nance and Zallen, 2011; Ellenbroek 

et al., 2012; Lalli, 2012; Chen and Zhang, 2013).

The PAR proteins consist of core group of signaling proteins that cooperatively function to 

control polarity. PAR1 and PAR4 are serine-threonine kinases (Guo and Kemphues, 1995; 

Watts et al., 2000; McCaffrey and Macara, 2009). PAR2 is a nematode specific PAR 

protein; it is a RING finger domain protein that functions as an E3 ubiquitin ligase (Levitan 

et al., 1994; Boyd et al., 1996). PAR3 and PAR6 are both PDZ domain proteins that act as 

scaffolding proteins for the other PAR proteins as well as for other polarity regulators, such 

as aPKC (Etemad-Moghadam et al., 1995; Watts et al., 1996; Hung and Kemphues, 1999; 

McCaffrey and Macara, 2009). Lastly, PAR5 is a 14-3-3 protein that is recruited to 

phosphorylated serine and threonine residues (Morton et al., 2002). In addition, the kinase 

aPKC and the GTPase CDC42 have been found to play a significant role in the 

establishment and maintenance of polarity. PAR3, PAR6, and aPKC are known to interact in 

what is referred to as the PAR complex (Joberty et al., 2000; Lin et al., 2000; McCaffrey and 

Macara, 2009). CDC42 was later found to act upstream of the PAR complex through its 

interaction with PAR6 (Joberty et al., 2000; Lin et al., 2000; McCaffrey and Macara, 2009). 

aPKC is known to inhibit PAR6 activity, but through its association with CDC42, this 

repression is partially relieved (Goldstein and Macara, 2007). CDC42 has also been shown 

to be necessary for the proper localization of the PAR complex in the cell cortex and is well 

known regulator of the actin cytoskeleton (Goldstein and Macara, 2007; Iden and Collard, 

2008).

Following fertilization PAR1 and PAR2 become enriched at the posterior cortex, while 

PAR3 and PAR6 are enriched in the anterior cortex in C. elegans embryos (Kemphues, 

2000). Localization of the posterior proteins is necessary for the exclusion of the anterior 

proteins and vice versa (Kemphues, 2000). These mutual exclusion events ensure proper 

segregation of the PAR proteins and help to maintain the polarized domains found in the C. 

elegans embryo and are well conserved among other eukaryotes (Benton and Johnston, 

2003; Suzuki et al., 2004). The acto-myosin cortex also plays a key role in maintaining the 

segregation of the anterior PAR proteins (Cowan and Hyman, 2004; Munro et al., 2004; 

Munro, 2006). Once the asymmetry of these proteins has been established, the PAR proteins 

help to coordinate the localization of the mitotic spindle and subsequent asymmetric division 

(Ahringer, 2003; Hao et al., 2010; Galli et al., 2011).

The PAR proteins have been found to play a conserved role in polarity during development 

across a multitude of species including Drosophila, Xenopus, mice, and humans (McCaffrey 

and Macara, 2009; McCaffrey and Macara, 2012). For example, the PAR proteins regulate 

neuroblast polarity as well as adheren junctions during gastrulation in Drosophila (Atwood 

et al., 2007; Harris and Peifer, 2007). In mouse embryos PAR3 and aPKC become polarized 

at the 8 cell stage of development and help to regulate cell divisions, while PAR6B plays a 

role in trophoectoderm formation and aPKC is involved in endoderm maturation in later 

development (Plusa et al., 2005; Vinot et al., 2005; Alarcon, 2010; Saiz et al., 2013). 
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Additionally in Xenopus, PAR1 along with aPKC and 14-3-3 protein are critical for 

successful gastrulation (Kusakabe and Nishida, 2004; Hyodo-Miura et al., 2006). Other 

studies have also shown that aPKC is involved in polarized cell divisions during the blastula 

stage of development in Xenopus (Chalmers et al., 2003; Chalmers et al., 2005). Further 

work has shown that the apical localization of the PAR complex proteins are required for the 

asymmetric division at the 8 cell stage in ascidian embryos (Patalano et al., 2006). These 

studies in deuterostome embryos have mainly focused on later developmental milestones. 

However, unlike in protostome embryos, the role of the PAR proteins in the earliest 

cleavage stages and the resultant polarity has not been extensively studied in deuterostomes.

The sea urchin embryo has long been used as model system of deuterostome development 

(Ernst, 2011). These embryos were previously thought to remain relatively unpolarized until 

at least the 16 cell stage of development, the first time that they undergo asymmetric 

division. However, there is now mounting evidence to suggest that these embryos polarize 

earlier than originally thought. For example, lectin receptors have been shown to have an 

apical surface localization following the first cleavage (McCaig and Robinson, 1982). 

Schroeder also demonstrated that even at the 2 cell stage the apical surface is enriched in 

microvilli, whereas regions of cell-cell contact are relatively free of these actin-based 

protrusions even upon dissociation (Schroeder, 1988). Additionally, cadherin polarizes to 

new sites of cell-cell contact at the first division (Miller and McClay, 1997). More recently 

Burke and colleagues have shown that βC integrins are found only on the outer surface that 

is exposed to the extracellular matrix as early as the 2 cell stage of development and that 

these integrins associate with focal adhesion kinase, which is necessary for proper cortex 

formation (Burke et al., 2004; Chan et al., 2013). Lipid rafts are additionally polarized to the 

free cell surface following the first cleavage in sea urchin embryos (Ng et al., 2005; Alford 

et al., 2009). Developmental determinants such as dishevelled have also been found to have 

polarized localization in the vegetal cortex in the unfertilized egg and fertilized zygote 

(Weitzel et al., 2004; Leonard and Ettensohn, 2007; Peng and Wikramanayake, 2013).

Although the PAR proteins have been examined across a wide variety of species, it was not 

until recently that they were explored in sea urchins (Shiomi and Yamaguchi, 2008; Alford 

et al., 2009; Pruliere et al., 2011; Shiomi et al., 2012). PAR6, aPKC, and CDC42 all localize 

to the apical cortex as early as the 2 cell stage of development in these embryos and this 

apical polarity was found to be functional, as endocytosis was only observed on the apical 

surface even upon dissociation of the blastomeres (Alford, et al. 2009).

In this study we further examine the role of the PAR proteins during early development of 

the sea urchin embryo. Following first cleavage, the apical localization of the PAR complex 

proteins is retained through the gastrula stage. In addition, unlike in other systems, PAR1 

colocalizes with these apical PAR proteins at the free cell surface (apical) through the 

gastrula stage. Furthermore, PAR1 is found in complex with aPKC but not with PAR6 

during these developmental stages. We find that these proteins are anchored in the apical 

cortex specifically by assembled myosin, which likely organizes the actin cortex, and that 

perturbation in its localization during early cleavage stages severely impedes later 

development. These data demonstrate the importance of early polarity establishment in 

Moorhouse et al. Page 3

Dev Dyn. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deuterostome embryos and the significant functional impact it has on later developmental 

events.

Results

The PAR complex proteins along with PAR1 localize to the apical cortex through the 
gastrula stage

Previous studies have shown that PAR6, aPKC, and CDC42 localize to the apical cortex as 

early as the 2 cell stage of development in the sea urchin embryo (Alford et al., 2009). These 

observations suggest that the early polarization of these proteins may be important for the 

proper development of the sea urchin embryo, similar to their role in other model systems 

(Nance and Zallen, 2011). In order to investigate further, we first examined the localization 

pattern of PAR6 in live embryos expressing PAR6-Venus encoded by microinjected PAR6-

Ven mRNA. PAR6-Ven protein expression detected after the first few divisions and was 

found predominantly at the apical surface at the 16 cell stage and at the blastula and gastrula 

stages of development; there also was a downregulation of PAR6-Ven expression in the 

archenteron at the gastrula stage (Fig. 1A). We also detected PAR6-Ven in apical puncta and 

in confocal slices that were imaged at the apical surface encircling junctional complexes of 

blastula and gastrula epithelia (Fig. 1B, C). Immunofluoresence assays were then utilized in 

order to observe the localization pattern of PAR6 along with aPKC and CDC42 at early 

cleavage stages and in embryos at a higher resolution and for quantitative purposes.

The localization of endogenous PAR6 by immunofluoresence was identical to that found in 

living embryos expressing PAR6-Ven (Fig. 1, 3, 4). We found that PAR6, aPKC, and 

CDC42 remain localized to the apical cortex from the 2 cell stage through the 16 cell stage 

of development, the first asymmetric division in sea urchins (Fig. 3A, B). As aPKC was 

recently found to be involved in ciliogenesis in the sea urchin embryo (Pruliere et al., 2011), 

we also determined the localization of PAR6, aPKC, and CDC42 at the blastula stage of 

development. At the blastula stage, in addition to the presence of cilia, embryos have formed 

an epithelium and apical cell-cell junctions are present. We found that all these polarity 

proteins remain localized to the apical or free cell surface at the blastula stage (Fig. 3C, D). 

Additionally, these endogenous proteins can be observed in the cilia in the 

immunofluorescence experiments similar to the aPKC expression that was seen previously 

(Pruliere et al., 2011) (Fig. 3C, D). However, PAR6-Ven was not found in cilia (Fig. 1).

Having examined the localization of the PAR complex proteins and their upstream regulator, 

CDC42, we were interested in studying the localization pattern of a traditionally posterior 

polarity regulator, PAR1, in order to determine how it polarized in the sea urchin embryo 

(Fig. 3B). Using the predicted PAR1 sequence, we created a specific antibody against the S. 

purpuratus PAR1 protein (Cameron et al., 2009) that was found to identify the PAR1 

protein at the correct molecular weight of 81.5 kD as well as a PAR1 dimer at 163 kD 

(Panneerselvam et al., 2006) (Fig. 2). Based on its annotation in the S, purpuratus genome, 

the predicted PAR1 protein contains the three conserved domains of PAR1 proteins: the 

kinase domain, the kinase associated domain, and the ubiquitin associated domain (Cameron 

et al., 2009). Immunofluoresence assays revealed that during early cleavage stages, PAR1 

colocalizes with the PAR complex proteins in the apical cortex through the 8 cell stage (Fig. 
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3B). Furthermore, PAR1 retains this colocalization with the apical PAR complex at the 16 

cell stage, after the first asymmetric division, and at the blastula stage, after junctions have 

formed within the epithelium (Fig. 3B, D). As actin staining can be clearly observed in both 

the apical and basolateral cortex in early cleavage stage embryos, this demonstrates that 

there is not a permeability issue during fixation; therefore, the PAR1 localization pattern that 

is observed in the apical cortex is not due to antibody exclusion from the basolateral cortex.

In order to determine if PAR1 polarize to a distinctive region later in development in the sea 

urchin embryo, we also analyzed its localization pattern at the gastrula stage. mRNA 

transcripts of PAR1 are known to be expressed throughout embryogenesis, but appear to 

become more vegetal in localization following hatching from the fertilization envelope in 

the sea urchin species, Hemicentrotus pulcherrimus (Shiomi and Yamaguchi, 2008). During 

the gastrula stage the embryo is undergoing massive cellular rearrangements to form the 

three primary germ layers, the endoderm, mesoderm, and ectoderm. We find that PAR6, 

aPKC, CDC42, and PAR1 retain their localization to the apical surface at this stage (Fig. 

4A). However, as was found with living embryos expressing PAR6-Ven, there is a 

significant downregulation of the expression of all of these proteins within the epithelium of 

the archenteron compared to both the apical tuft and the epithelium of the ectoderm (Fig. 1, 

4B). There does appear to be a slight enrichment of these proteins in the apical tuft 

compared to the epithelium of the ectoderm, but this was not found to be statistically 

significant (Fig. 4B). The downregulation of these proteins in the archenteron may reflect 

that the PAR proteins have a stronger role in the maintenance of the epithelium in the 

ectoderm and apical tuft and a less significant role in the regulation of the movement of the 

archenteron into the blastocoel.

Because of this unique PAR1 localization, we performed co-immunoprecipitation assays in 

order to determine if PAR1 was interacting with the PAR complex proteins PAR6 and aPKC 

(Fig. 5). In other experimental models, PAR1 specifically localizes to the opposing regions 

of the PAR complex as aPKC and PAR1 typically actively exclude each other from the same 

domain (Benton and Johnston, 2003; Hurov and Piwnica-Worms, 2007). Previously, we 

have shown that PAR6 and aPKC in sea urchin embryos, as in other model systems, were 

associated with each other (Joberty et al., 2000; Lin et al., 2000; Alford et al., 2009; 

McCaffrey and Macara, 2009; Li et al., 2010). Co-immunoprecipitation assays at the 2 cell 

(first appearance of polarization to the apical cortex), 16 cell (first asymmetric division), and 

blastula (formation of an epithelium) stages were carried out in order to study the 

relationship of these proteins. We found that across all studied stages of development aPKC 

was in complex with both PAR6 and PAR1; however, PAR6 and PAR1 were not in complex 

with each other at any stage (Fig. 5).

aPKC is not involved in micromere formation

The PAR proteins were initially discovered based on their involvement in the regulation of 

the first asymmetric division in the C. elegans embryo and have since been found regulate 

the divisions of many other organisms at various stages of development (Kemphues et al., 

1988; Etemad-Moghadam et al., 1995; Watts et al., 1996; Chalmers et al., 2003; Hao et al., 

2010; Niessen et al., 2013). Previously we have shown that treatment with a specific peptide 
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inhibitor of PKCζ resulted in the formation of multipolar spindles, short asters, and improper 

spindle rotation during early cleavages (Alford et al., 2009). Here we investigated whether 

or not aPKC is involved in the first asymmetric division in the sea urchin embryo, at the 16 

cell stage of development. We find that in both intact embryos and in dissociated 

blastomeres treatment with the specific peptide inhibitor of PKCζ at the 8 cell stage did not 

affect the formation of mesomeres, macromeres, or micromeres at the 16 cell stage (Fig. 6). 

In order to ensure the efficacy of the peptide inhibitor, subsets of the same batches of 

embryos were tested to determine if earlier divisions at the 2 and 4 cell stages were still 

affected by the addition of the peptide inhibitor. As these divisions became asymmetric as 

we observed previously (Alford et al., 2009), this demonstrates that the peptide inhibitor is 

still active at the 2–4 cell stages and yet does not affect the first asymmetric division at the 

16 cell stage of development. Furthermore, because the intact embryos divided normally in 

the presence of the peptide inhibitor of PKCζ and individual blastomeres of sea urchin 

embryos are known to follow their normal developmental pattern (Driesch, 1892), even 

upon separation, this confirms that aPKC activity is not required for the asymmetric division 

at the 16 cell stage.

Myosin assembly and cell-cell contact are required for the localization of the PAR complex 
to the apical cortex

In order to assess what anchors the PAR complex proteins in the apical cortex, we tested a 

series of small molecular inhibitors of the cytoskeleton. We first assessed inhibitors of the 

acto-myosin cortex as its involvement in the localization of the PAR complex has been well 

documented (Cowan and Hyman, 2004; Munro et al., 2004; Munro, 2006). Additionally, 

prior research has found that polarized plasma membrane rafts in sea urchin embryos, 

marked by the ganglioside GM1, are dependent on assembled myosin filaments (Ng et al., 

2005; Alford et al., 2009; Gudejko et al., 2012). Embryos were treated with the various 

inhibitors at the 2 cell stage of development, after the PAR complex proteins have polarized 

to the apical cortex. We used specific small molecule inhibitors in order to dissect the 

different functions of myosin: blebbistatin as an inhibitor of myosin’s ATPase activity and 

ML-7 or ML-9 to inhibit myosin light chain kinase (MLCK). Phosphorylation of serine 19 

on myosin light chain by MLCK results in both bipolar filament assembly and an 

enhancement of the actin activated ATPase activity (Bresnick, 1999). Thus, the effects of 

each activity of myosin, either myosin motor function or filament assembly, can be 

determined through the use of these specific inhibitors.

First, 2 cell stage embryos were treated with either ML-7 or ML-9 in order to inhibit bipolar 

filament assembly. ML-7 and ML-9 act as ATP (adenosine triphosphate) competitors in 

order to inhibit MLCK activity. These inhibitors have been used extensively in sea urchin 

embryos to study the activity of MLCK. One of the major phenotypes associated with 

MLCK inhibition in sea urchin embryos is the formation of bi-nucleate cells because while 

mitosis can proceed normally, the contractile ring is unable to form without myosin 

assembly and without a contractile ring cells do not undergo cytokinesis (Mabuchi and 

Takano-Ohmuro, 1990). Additional data in sea urchin embryos has shown that mono-

phosphorylated regulatory light chain is required for cleavage furrow formation as well as 

for contraction of the furrow (Uehara et al., 2008). Further studies have found that myosin II 
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is involved in coordination of the global activation of the cortex prior to the onset of 

cytokinesis and the maintenance of contractility in the furrow during division (Miyoshi et 

al., 2006). Additionally, MLCK activity has been shown to initiate myosin contractility in 

sea urchin embryos (Lucero et al., 2006). Here treatment with either ML-7 or ML-9, in 

addition to blocking contractile ring function, resulted in the cytoplasmic pooling of PAR6, 

aPKC, and CDC42 (Fig. 7A).

We further dissected the role of myosin function by treating embryos with blebbistatin. 

Blebbistatin preferentially binds to the ATPase intermediate of myosin with ADP and 

phosphate bound at the active site. It then slows down the release of the phosphate and 

blocks the myosin heads in a low-actin affinity conformation (Kovacs et al., 2004). Unlike 

treatment with ML-7 or ML-9, which block the formation of the contractile ring, treatment 

with blebbistatin inhibits constriction of the contractile ring during cytokinesis (Miyoshi et 

al., 2006). Treatment with blebbistatin did not perturb the apical or cortical localization of 

the PAR complex (Fig. 7A). Because blebbistatin was not found to have an effect on PAR 

complex localization, these results indicate that it is bipolar filament assembly and not the 

ATPase activity of myosin that is necessary for the PAR complex localization.

To further confirm the specificity of the role of MLCK, we also treated the embryos with 

H1152, a Rho kinase (ROCK) inhibitor. ROCK, like MLCK, is also indirectly involved in 

the phosphorylation of myosin light chain; however, instead of directly phosphorylating 

myosin light chain like MLCK, ROCK phosphorylates myosin phosphatase. 

Phosphorylation of myosin phosphatase inhibits its activity and thus maintains myosin light 

chain phosphorylation. Treatment with H1152 inhibits the phosphorylation of myosin 

phosphatase and thus promotes the dephosphorylation of myosin light chain, which then 

prevents bipolar filament formation. Treatment with H1152 had no effect on the localization 

of these PAR complex proteins (Fig. 7A). These results reflect the specific requirement for 

MLCK activity in the localization of the PAR complex proteins and not just myosin light 

chain phosphorylation, as both ROCK and MLCK inhibition affect myosin light chain 

phosphorylation through different pathways.

In order to further analyze the specific role of myosin in this process, the other major 

cytoskeletal elements were examined. Myosin motors along with actin filaments are the 

dominant structural proteins in the cellular cortex. As the other dominant structural protein 

in the cortex, actin involvement was also analyzed by inhibition of actin polymerization with 

latrunculin B. Latrunculin B inhibits actin activity by causing the shortening and thickening 

of stress fibers (Schatten et al., 1986; Spector et al., 1983; Wakatsuki et al., 2001). We also 

inhibited astral microtubules with urethane to assess what role another major cytoskeletal 

component may play in anchoring the PAR complex specifically within the apical cortex 

(Strickland et al., 2005). Urethane shortens and destabilizes astral microtubules and 

promotes astral microtubule catastrophe (Strickland et al., 2005). Astral microtubules are 

also known to be involved in the maintenance of cortical PAR domains in C. elegans, 

although the role of microtubules in PAR polarization remains somewhat controversial (Ai 

et al., 2011; Nance and Zallen, 2011). Due to issues with lack of reversibility, cytochalasin 

D and nocodazole were not used as inhibitors of the actin and microtubule cytoskeleton, 

respectively. We found that neither latrunculin B or urethane treatment affected the 
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localization pattern of the PAR6, aPKC, or CDC42 indicating a specific role for assembled 

myosin in PAR complex localization (Fig. 7A).

Once we determined that myosin bipolar filaments were involved in anchoring the PAR 

complex in the apical cortex, we next analyzed the stability of these disruptions in PAR 

complex localization by MLCK inhibition. We treated embryos at the fertilized egg stage of 

development with a short pulse of ML-7, washed out the ML-7 and then allowed the 

embryos to divide to the 2 cell stage before fixation and staining for PAR6, which we used 

as a marker of the PAR complex (Fig. 7B). We found that a short pulse of ML-7 at the 

fertilized egg stage resulted in the same cytoplasmic pooling of PAR6 as it does at the 2 cell 

stage (Fig. 7Bii, 7Biv). Additionally, we find that the pulse treatment with ML-7 at the 

fertilized egg stage causes PAR6 to remain cytoplasmic through the next cell division to the 

2 cell stage (Fig. 7Bv). This suggests that the initial disruption is maintained because after 

only a short disruption in myosin assembly during the fertilized egg stage PAR6 did not 

return to the cortex at the 2 cell stage.

Previous studies had shown that PAR6 localization is also dependent on calcium mediated 

cell adhesion (Alford et al., 2009). Here, embryos were dissociated with gentle pipetting in 

CaFSW and PAR6 along with aPKC, CDC42, and PAR1 were examined in dissociated 2 

cell stage embryos. Like first shown for PAR6, we found that all polarity proteins become 

evenly distributed throughout the cortex upon dissociation (Fig. 8).

Assembled myosin during early cleavage stages is necessary for blastula formation

After determining that the PAR complex proteins were anchored in the cortex by assembled 

myosin and that these disruptions in localization could be maintained through the next 

division, we analyzed the effects of PAR disruption on later development. We pulse treated 

L. pictus embryos with the same cytoskeletal inhibitors (ML-7, ML-9, H1152, latrunculin B, 

urethane, and blebbistatin) for 15 minutes at the fertilized egg, 2 cell, 4 cell, 8 cell, and 16 

cell stages of development and then monitored the progression of the embryos. Embryos 

were pulse treated with each of the cytoskeletal inhibitors as opposed to continuous 

treatments because each of these cytoskeletal inhibitors caused embryos to arrest either 

during mitosis or cytokinesis (data not shown). Therefore, experiments with continuous 

treatments would have assessed cell cycle defects, rather than developmental deficiencies. 

All inhibitors used in these experiments were found to be reversible in sea urchin embryos; 

they could be washed out and the embyos would continue through the cell cycle normally 

(data not shown). A 15 minute pulse of ML-7 or ML-9 was determined to be sufficient to 

disrupt the localization of PAR6, aPKC, and CDC42 (Fig. 7A). Embryos that were pulse 

treated with either ML-7 or ML-9 continued to cleave normally, but failed to reach the 

blastula stage when pulse treated at these early cleavage stages. Embryos underwent 

apoptosis prior to forming the polarized epithelium that is characteristic of the blastula stage 

(Fig. 9). This effect appears to be specific to assembled myosin, as cleavage stage embryos 

pulse treated with the other cytoskeletal inhibitors were able to reach the gastrula stage (Fig. 

9, data not shown). Embryos pulse treated with either latrunculin B, urethane, or blebbistatin 

underwent normal gastrulation, similar to controls (data not shown). Embryos pulse treated 

with H1152 still reached the blastula stage, although there was slight variation in 
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morphology as the epithelium appeared abnormal compared to the controls and these 

embryos did not undergo gastrulation (Fig. 9).

Actin localization is affected by myosin light chain kinase inhibition

The role of acto-myosin cortex in the localization of the PAR complex has been well 

documented (Cowan and Hyman, 2004; Munro et al., 2004; Munro, 2006) and has been 

further characterized here as playing a role in the PAR complex localization in the sea 

urchin embryo. We additionally wanted to assess the mechanism by which MLCK activity 

was affecting the localization of the PAR complex proteins and subsequent development of 

the sea urchin embryo. We first examined the effect of MLCK inhibition on myosin 

localization in order to determine if the cortex itself was being disrupted and this was 

leading to the cytoplasmic localization of the PAR complex. Interestingly, in 

immunofluoresence assays of 2 cell stage embryos treated with either ML-7 or H1152, 

myosin localization remained unperturbed (Fig. 10A).

Myosin motors along with actin filaments are the dominant structural proteins in the cellular 

cortex. Recent data demonstrates that assembled myosin forms clusters that act as network 

nucleators to organize and remodel the cortex (Ideses et al., 2013). Additional evidence 

suggests that inhibition of myosin can affect actin turnover because myosin motors are able 

to dissemble actin filaments (Murthy and Wadsworth, 2005; Haviv et al., 2008; Salbreux et 

al., 2012). The effects of ML-7 treatment on actin localization were thus studied in order to 

determine if assembled myosin regulated actin dynamics in cleavage stage sea urchin 

embryos and if this resulted in the cytoplasmic localization of the PAR complex. Treatment 

with ML-7 resulted in the formation of multiple F-actin puncta in the cytoplasm, which 

could be observed in both live embryos injected with Lifeact-GFP (Movie S1) and in fixed 

embryos stained with phalloidin (Fig. 10B). The F-actin puncta appear to be Arp2/3-actin 

comets, similar to those seen in mammalian cells infected with Listeria monocytogenes 

(Tilney and Portnoy, 1989). Z-stack timelapse images of Lifeact-GFP in live cell images 

show actin comets appearing to originate at the cell cortex (Movie S1). Comet formation 

seems to be specific to the activity of MLCK, as inhibition of myosin ATPase with 

blebbistatin did not show any signs of actin mislocalization (Fig. 10D). These data suggest 

MLCK inhibition leads to both an instability of the acto-myosin cortex and a resulting 

cytoplasmic localization of the PAR complex.

During infection by L. monocytogenes the proteins of the Arp2/3 complex are utilized for 

the polymerization of actin filaments leading to the formation of actin comets (Welch et al., 

1997). In order to assess if the Arp2/3 complex is responsible for the actin comet formation 

we observed under MLCK inhibition, we utilized the Arp2/3 inhibitor CK-666. Treatment of 

L. pictus embryos at the fertilized egg stage with CK-666 resulted in the formation of 

binucleate cells with normal F-actin localization at cell cortex (Fig. 10B). Embryos treated 

with ML-7 had an average of 61±4.7 actin comets per cell; however, those treated with both 

ML-7 and CK-666 had a significant decrease in the average number of actin comets per cell 

(2.6±0.6 comets per cell, Fig. 10C). These data suggest that the actin comets that are formed 

upon inhibition of MLCK are dependent on the nucleation of actin filaments by Arp2/3.
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Discussion

The development of an embryo is a tightly regulated process by which an entire organism is 

generated from a single fertilized egg. While the sea urchin embryo has long been used a 

model to study this process, little was known until recently about the development of early 

cell polarity during early cleavage stages. Here we find that the sea urchin embryo has a 

unique localization pattern of the PAR proteins, which despite its nontraditional localization 

pattern, is critical for proper development of the embryo. This suggests that like protostome 

embryos, deuterostomes polarize during early cleavages and that this polarity is required for 

normal development.

The PAR complex proteins, PAR6 and aPKC, as well as its upstream regulator, CDC42, 

colocalize to the apical cortex as early as the 2 cell stage of development in sea urchin 

embryos (Alford et al., 2009). We now find these proteins retain their apical localization in 

the cortex through the gastrula stage of development. While others have shown that aPKC is 

excluded from the vegetal pole at the 16 cell stage of development in the Hemicentrotus 

pulcherrimus species of sea urchin, we now find that the PAR complex retain its apical 

localization in both the micromere and macromeres of the vegetal pole (Pruliere et al., 

2011). However, they are significantly reduced in amount in the archenteron of the gastrula. 

The colocalization of PAR6, aPKC, and CDC42 mirrors the results seen in other model 

organisms (Nance and Zallen, 2011; McCaffrey and Macara, 2012). However, the 

colocalization of PAR1 with these proteins in the apical cortex appears to be unique to the 

sea urchin embryo. Despite having an asymmetric division at the 16 cell stage, forming tight 

junctions in an epithelium at the blastula stage, and undergoing convergent extension 

movements during gastrulation PAR1 remains localized to the apical surface along with the 

other PAR proteins. Given the distinctive localization pattern of PAR1 in the sea urchin 

embryo, determining the localization pattern of other traditionally posterior polarity 

regulators will be imperative to explore. Lethal giant larvae (LGL) is known to regulate 

polarity in C. elegans, function redundantly with PAR2 in Drosophila, and is a predicted 

protein based on the sequenced sea urchin genome (Cameron et al., 2009; Beatty et al., 

2010; Hoege et al., 2010; Prehoda and Bowerman, 2010; Beatty et al., 2013). In sea urchin 

embryos, it may be that other posterior polarity regulators, such as LGL, function to regulate 

polarity in areas of cell-cell contact.

Our results suggest that although the PAR proteins are polarized, the manner in which they 

polarize is distinct to the sea urchin embryo. Furthermore, the down regulation of the 

expression of these proteins in the archenteron may reflect a functional significance as they 

may be more actively involved in the formation and maintenance of the epithelium that is 

formed at the blastula stage. Recent data, however, has found the PAR6 regulates 

skeletogenesis and gut differentation in the Hemicentrotus pulcherrimus species of sea 

urchin (Shiomi et al., 2012). Inhibition of aPKC did not appear to effect archenteron 

ingression or spicule formation in the Paracentrotus lividus species of sea urchin (Pruliere et 

al., 2011). Future experiments could determine if there is a species specific or protein 

specific requirement for the PAR proteins during and post gastrulation.
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Here we find that PAR1 is in complex with aPKC at the 2 cell, 16 cell, and blastula stages of 

development, which is surprising given the traditionally antagonistic behavior of these 

proteins (Hurov et al., 2004). Because PAR1 is a substrate of aPKC, it is perhaps less 

surprising that they are associated with one another as opposed to PAR6 and PAR1, which 

are not known to interact in other systems. In other model organisms aPKC phosphorylates 

PAR1 and PAR1 phosphorylates PAR3 as a means to exclude each other from their 

respective domains (Benton and Johnston, 2003; Hurov and Piwnica-Worms, 2007). These 

typically transient phosphorylation events may be an indicator of why PAR1 and aPKC are 

found in the same complex in the sea urchin embryo.

The cleavage to the 16 cell stage is an imperative step in the development of the sea urchin 

embryo. It is the time of the first asymmetric division and it lays down some important 

foundational work for later development events. At this stage β-catenin becomes nuclear 

only in the micromeres of the vegetal pole, which is critical later during gastrulation for 

endomesoderm specification (Wikramanayake et al., 1998; Weitzel et al., 2004; 

Wikramanayake et al., 2004). These micromeres have also recently been found to be germ 

line precursors (Juliano et al., 2006; Yajima and Wessel, 2012). aPKC has been found to 

regulate a number of other asymmetric divisions and we were interested in determining its 

involvement in the sea urchin embryo (Suzuki et al., 2002; Chalmers et al., 2003; Durgan et 

al., 2011; Niessen et al., 2013). While prior research has shown that inhibition of aPKC at 

early cleavages stages resulted in several spindle defects (Alford et al., 2009), we find here 

that it does not appear to regulate the first asymmetric division in sea urchin embryos. Given 

these data it may be that other polarity proteins besides aPKC are involved in this particular 

asymmetric division. Candidates include LGL, Scribble, Pins, Crumbs, and CDC42 

(McCaffrey and Macara, 2012).

Previously, we have shown that MLCK activity is important in maintaining the stability of 

polarized plasma membrane domains in sea urchin embryos (Ng et al., 2005; Alford et al., 

2009; Gudejko et al., 2012). Here we have demonstrated the importance of MLCK activity 

in maintaining the localization of the PAR proteins at the apical cortex, as treatment with 

ML-7 or ML-9 resulted in the cytoplasmic pooling of these proteins. This disruption in 

localization by inhibition of myosin assembly is sustained through the next division. 

Additionally, assembled myosin was found to be required during these early cleavage stages 

in the embryo in order to reach the blastula stage. Pulse treatments with ML-7 or ML-9 

resulted in apoptosis of the embryos prior to becoming blastula. In contrast, treatment with 

other small molecule inhibitors of the actin or microtubule cytoskeleton did not perturb the 

localization of the PAR proteins nor did it alter the embryos’ ability to reach the gastrula 

stage of development. These data demonstrate the specificity of the MLCK activity and its 

necessity during early cleavage stages for normal development. These results also mirror our 

previous findings that demonstrated that aPKC activity was required in early cleavage stages 

for blastula formation (Alford et al., 2009). Collectively, these data suggest that both proper 

activity and cortical localization of the PAR complex in early development are necessary for 

blastula formation.

The reliance of calcium dependent adhesion to maintain the apical localization of PAR6, 

aPKC, CDC42 and PAR1 highlights the importance for these proteins to remain cortical, but 
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not necessarily apical for proper development. Driesch showed in his classic experiments 

that dissociated early blastomeres of sea urchin embryos could develop into normal, albeit 

smaller, adults (Driesch, 1892). However, here we have shown that the cortical 

reorganization of the PAR proteins after myosin filament disruption results in apoptosis 

prior to blastula formation.

How the PAR proteins, critical regulators of cell polarity, interact and influence embryonic 

regulators of polarity, such as dishevelled, remains an important question to address. 

Dishevelled has been documented to interact with PAR proteins in Xenopus, C. elegans, and 

in cultured cells (Sun et al., 2001; Wharton, 2003; Dollar et al., 2005; Ossipova et al., 2005; 

Schlessinger et al., 2007; Terabayashi et al., 2008). In sea urchins, dishevelled has been 

extensively studied because of its vital importance for β catenin signaling and 

endomesoderm specification. In canonical signaling, dishevelled first becomes active at the 

16 cell stage of development, which is when β catenin becomes nuclear in the micromeres of 

the vegetal pole (Kumburegama and Wikramanayake, 2007). The crosstalk between 

dishevelled and the PAR proteins may occur in early development in order to establish axis 

specification before individual blastomeres have committed to their respective cell fates. 

Others have examined the role of dishevelled in early cleavages stages in sea urchin 

embryos (Peng and Wikramanayake, 2013); however, how dishevelled and the PAR proteins 

collectively influence the polarity of the sea urchin embryo in early cleavage stages remains 

an area to explored.

Interestingly, we find that perturbations in MLCK activity during early cleavage stages do 

not disrupt myosin localization, but rather actin localization in the cortex of these embryos. 

These results support the idea that assembled myosin acts a molecular scaffold that can 

regulate cortical dynamics (Murthy and Wadsworth, 2005; Salbreux et al., 2012; Ideses et 

al., 2013). The formation of Arp 2/3 nucleated actin comets by treatment with ML-7 or 

ML-9 can be seen in both live and fixed embryos (Fig. 10, Movie S1). These changes in the 

structure of the cortex may be responsible for the cytoplasmic pooling of the PAR proteins 

that are observed with the same drug treatments and may indeed affect dishevelled vegetal 

cortical localization. These data connect the idea that myosin is a molecular scaffold that 

actively organizes the cortex and the participation of cortical actin in the PAR complex 

localization that is observed in other model systems.

These studies on the sea urchin embryo have explored how and when polarity is established 

and the impact of disturbing this polarity during stages of critical developmental decisions. 

From these data there is a clear role for the PAR proteins during the early development of 

the sea urchin embryo. The unconventional polarization of these proteins to the apical cortex 

during early cleavage stages is essential for blastula formation. These insights into the 

generation and maintenance of polarity are crucial to our understanding of how a cell or a 

developing embryo properly partitions components to ensure that the right function occurs 

in the correct location.
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Experimental Procedures

Sea Urchin Embryo Culture

Lytechinus pictus and Stronglyocentrotus pupuratus (Marinus Scientific, Long Beach, CA) 

and Paracentrotus lividus (Villefranche-sur-Mer, France) gametes were obtained by 

intracoelomic injection of 0.5M KCl. Eggs were shed into artificial seawater (ASW) and 

sperm was dry collected. Eggs were swirled twice to expand the jelly coat. Sperm was 

diluted 1:1000 in ASW prior to use and added to a culture of eggs in ASW for fertilization. 

Fertilization was monitored by the formation of the fertilization envelope. In order to 

remove the fertilization envelope, L. pictus eggs were cultured in 4 mM para-aminobenzoic 

acid (PABA) and run through a 118 μm nytex. Fertilized embryos were then cultured at 

15°C in either ASW, filtered seawater (FSW) or calcium-free seawater (CaFSW) as 

indicated. Embryos were treated with 100 μM ML-7 (Sigma-Aldrich), 120 μM ML-9 (Tocris 

Bioscience), 2.5 μM H1152 (Alexis-Biochemicals), 4 μM myristolated protein kinase c zeta 

peptide (PKCζ) inhibitor (Enzo Life Sciences), 25 nM latrunculin B (Sigma-Aldrich), 40 

mM urethane (Sigma-Aldrich), 30 μM blebbistatin (Sigma-Aldrich) or 100 μM CK666 

(Tocris Bioscience) at various cell stages as indicated. Embryos were stained with Hoechst 

(1:10,000; Life Technologies) as indicated and then were imaged using either a Nikon TE 

200 inverted microscope or a Nikon TE2000 inverted microscope with a Yokogawa 

spinning disk head, both controlled by Metamorph software.

Live Cell Fluorescent Labeling

For F-actin imaging in live cells, the actin binding probe Lifeact was utilized (Riedl et al., 

2008). Lifeact-mEGFP was isolated and amplified from the pEGFP-N1 mammalian 

expression vector and TOPO cloned into the bacterial expression vector pEXP5-CT (Life 

Technologies). Proper insertion of the fusion protein sequence was verified by restriction 

digestion and sequencing. Escherichia coli cells were then transformed with the pEXP5-CT-

Lifeact-GFP plasmid and expression was induced with 1 mM IPTG for 4 hours at 37°C. His-

tagged Lifeact-GFP was purified using affinity chromatography. Purified Lifeact-GFP was 

then diluted to 2 mg/ml in injection buffer (10 mM HEPES, 150 mM aspartic acid, pH 7.2). 

Lifeact-GFP was then microinjected into zygotes cultured in ASW using a Picospritzer III at 

40 psi with 10 msec injections and imaged on a Leica DM I 6000 inverted microscope 

equipped with the Leica TCSSP5 confocal system.

Phallusia mammillata PAR6 (NCBI GenBank AY987398.1 (Patalano et al., 2006)) was 

subcloned into pSPE3 to create a C-terminal fusion construct with Venus. Phallusia 

mammillata PAR6 protein shares 69% sequence identity with the Stronglyocentrotus 

pupuratus PAR6 protein and both share the conserved PB1 and PDZ domains that are 

typical of PAR6 proteins. mRNA of PmPAR6::Venus was prepared using mMessage 

mMachine T3 transcription kit following the manusfacturers protocol. mRNA encoding 

PAR6::Ven (100–200 ng/μl) was microinjected at 1% volume into unfertilized 

Paracentrotus eggs and the fluorescence from embryos collected using an SP2 Leica 

confocal microscope.
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PAR1 Antibody Generation

The GLEAN prediction Sp-Mark3 amino acid sequence of Strongylocentrotus purpuratus 

was utilized to generate a specific antibody against the PAR1 protein (Cameron et al., 2009). 

KFSRRSLVMAEPPSEYVKPR was used as the antigenic sequence for antibody 

production. Antibody generation in rabbits and purification was performed by Covance and 

then verified through both Western blot and immunofluoresence analysis (Fig. 2, 3).

Fixation and Immunofluorescence

Lytechinus pictus embryos were treated with inhibitors as indicated and then incubated in 

fixation buffer (3.2% formaldehyde, 0.125% glutaraldehyde, 0.2 M NaH2PO4H2O, 0.136 M 

NaCl) for 45 minutes. Following fixation, embryos were permeabilized in fixation buffer 

with 0.1% NP-40 for an additional 20 minutes and treated with 50 mM glycine for 15 

minutes. Embryos were washed three times with phosphate buffered saline (PBS). Primary 

antibody, polyclonal goat anti-PARD6A (1:100; Santa Cruz, sc-14405), polyclonal goat 

anti-Cdc42 (1:50; Santa Cruz, sc-87), polyclonal rabbit anti-PKCζ (1:100; Santa Cruz, 

sc-216), polyclonal rabbit anti-S. purpuratus PAR1 (1:100) or polyclonal rabbit-anti-S. 

purpuratus egg myosin II (1:250) antibody were added in PBS+0.1% Trion (PBT) overnight 

at 4°C (Alford, et al. 2009; Gudejko, et al. 2012). Fixed embryos were then washed three 

times with PBT for 20 min. Secondary antibody, Alexa 488-conjugated donkey anti-goat 

(1:1000) (for anti-PAR6 and Cdc42 primary antibodies) or Alexa 647 or 555-conjugated 

donkey anti-rabbit (1:1000) (for anti-PKCζ, myosin II and PAR1 primary antibodies) were 

added in PBT and incubated for 3 hours at room temperature (Life Technologies). For some 

fixations, Alexa 546 conjugated phalloidin (1:500) and Hoechst (1:10,000) were added 

simultaneously with the secondary antibodies (Life Technologies). Fixed embryos were 

again washed three times with PBT for 20 min and mounted in mounting media (1:1 

glycerol:PBS) and imaged on a Leica DM I 6000 inverted microscope equipped with the 

Leica TCSSP5 confocal system.

For immunofluoresence assays of gastrula stage embryos, a region of interest (ROI) of 6.488 

× 26.199 μm2 was utilized to analyze the pixel intensity of three regions using the Leica 

LAS AF software: the apical tuft, the archenteron, and the epithelium. These data were 

analyzed in Microsoft Excel and GraphPad Prism. Statistical significance between each ROI 

was then determined using an unpaired t-test and a P-value of ≤ 0.05 was considered 

significant.

Similarly, for immunofluoresence assays examining actin comet formation, the number of 

comets were quantified using the Leica LAS AF software and then analyzed using Microsoft 

Excel and GraphPad Prism. Statistical significance was then determined using an unpaired t-

test and a P-value of ≤ 0.05 was considered significant.

Co-immunoprecipitation

Co-immunoprecipitation assays were performed using the Dynabeads Co-

immunoprecipitation Kit (Life Technologies). Polyclonal rabbit anti-S. purpuratus PAR1, 

polyclonal goat anti-PARD6A, and polyclonal rabbit anti-PKCζ antibodies were coupled to 

the Dynabeads per manufacture’s instructions. Each antibody was coupled to the Dynabeads 
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at a final concentration of 10 μg/ml. S. purpuratus embryos were raised to developmental 

stages as indicated, pelleted, washed once with PBS, and then lysed in extraction buffer B 

(100 mM MgCl, 1X IP buffer, 150 mM NaCl, 1 mM DTT, and 500 μM PMSF) for 15 

minutes on ice. The embryo lysis suspension was centrifuged at 2600 × g for 5 minutes at 

4°C. 1.5 mg of antibody-coupled beads were washed with extraction buffer B, resuspended 

in the embryo lysate, and rotated for 30 minutes at 4°C. Beads were then washed 3 times 

with extraction buffer B and once with the last wash buffer for 5 minutes (1x LWB +0.02% 

Tween 20) at room temperature. Lastly, the beads were incubated with the elution buffer for 

5 minutes at room temperature. The eluted supernatant was analyzed by Western blot.

Western Blot Analysis

L. pictus embryos were lysed in Laemmli’s SDS-Sample Buffer (250 mM Tris-HCl, pH 6.8, 

8% SDS, 40% glycerol, 8% βME, and 0.02% Bromophenol) for polyclonal rabbit anti-PAR1 

verification Western blots. These lysates or the co-immunoprecipitation samples were run 

on a 12% SDS-PAGE and then were transferred to an Immobilon-P membrane (Millipore) 

for Western blot analysis. Blots were blocked in 5% nonfat dry milk in Tris-buffered saline 

(TBS) with 0.1% Tween-20 (TBS-T) for 1 hour at room temperature. Blots were then 

incubated with polyclonal rabbit anti-S. purpuratus PAR1 (1:10,000), polyclonal goat anti-

PARD6A (1:200), or polyclonal rabbit anti-PKCζ (1:200) in 5% milk in TBS-T overnight at 

4°C. Blots were washed 3 times with TBS-T and then incubated in a 1:10,000 dilution of 

horseradish peroxidase(HRP) conjugated donkey-anti-rabbit or donkey-anti-goat 

(Amersham Bioscience) in 5% milk in TBS-T for 1 hour at room temperature. Secondary 

antibodies were preincubated with a cold acetone extraction of S. purpuratus eggs prior to 

use in order to minimize cross-reactivity. Blots were washed with TBS-T three times before 

the addition of the HRP substrate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• PAR6, aPKC, CDC42, and PAR1 remain apical through the gastrula stage.

• aPKC is in complex with PAR6 and PAR1 and does not regulate micromere 

formation.

• The PAR complex is anchored in the cortex by myosin assembly.

• Disruption of early polarity impeded blastula formation.

• Inhibition of myosin light chain kinase affects actin localization and is mediated 

by Arp 2/3 nucleation.
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Figure 1. 
PAR6 localizes to the apical cell surface in live blastula and gastrula stage embryos. P. 

lividus embryos were injected with PAR6-Ven mRNA prior to fertilization and PAR6-Ven 

protein expression and localization was analyzed at blastula and gastrula stages of 

development by confocal microscopy. PAR6-Ven was found at the apical cell surface at 

both stages of development (A). In addition, PAR6-Ven was diminished in amount in the 

archenteron of gastrula stage embryos (A). PAR6-Ven expression can be clearly seen in 

junctions in zoomed in images of gastrula stage embryos (B) and in z slices from the top of 

gastrula stage embryos (C). Additionally, arrows highlight PAR6-Ven localization to the 

apical junctional complex that encircles the epithelium at the apical surface (C).
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Figure 2. 
Anti-PAR1 Antibody Design and Verification. A) The GLEAN prediction Sp-Mark3 amino 

acid sequence of Strongylocentrotus purpuratus. The antigen sequence is highlighted. This 

antigenic region was chosen because it was found specifically outside of the three conserved 

domains of the PAR1 protein: the kinase domain, the kinase associated domain, and the 

ubiquitin associated domain (Cameron et al., 2009). Commercial antibodies against these 

domains were found to be nonspecific. This region was additionally selected because it was 

conserved between both S. purpuratus and H. pulcherrimus (Cameron et al., 2009; Shiomi et 

al., 2008). B) Western blot of L. pictus extracts with the purified polyclonal rabbit anti-S. 

purpuratus PAR1 antibody.
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Figure 3. 
PAR1 colocalizes with the PAR complex in the apical cortex through the blastula stage. L. 

pictus embryos were fixed and then stained for endogenous PAR6 and aPKC (A and C) or 

CDC42 and PAR1 (B and D). PAR6, aPKC, and CDC42 maintain the apical localization 

pattern initially seen at the 2 cell stage through the 16 cell stage (A and B). At these early 

cleavage divisions PAR1 also colocalizes with these known apical markers (B). This unique 

colocalization at the apical surface is further retained at the blastula stage after an epithelium 

has formed and junctions are present (C and D).
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Figure 4. 
The PAR complex along with PAR1 remain enriched in the apical epithelium of the 

ectoderm and are down regulated in the archenteron at the gastrula stage. L. pictus embryos 

were raised to the gastrula stage and then fixed and stained for endogenous PAR6, aPKC, 

CDC42, and PAR1 (A). These endogenous proteins were all found to have a significant 

decrease in expression in the archenteron (ROI 2) as compared to both the apical tuft (ROI 

1) similar to what was seen for expression of PAR6-Ven in living embryos (Fig. 1) (**p≤ 

0.001) and the surrounding epithelium (ROI 3) (*p≤ 0.05) (B). The fluorescence intensity 

(pixel sum in arbitrary units (AU)) of PAR6 was 197360.4±54422.1 in the apical tuft, 

86450.5±34162.4 in the archenteron, and 146407.6±64839.5 in the epithelium (n=10 

embryos, mean±SD). The fluorescence intensity of aPKC was 157470.9±38619.6 in the 

apical tuft, 81117.3±25727.6 in the archenteron, and 135381.9±67839.2 in the epithelium 

(n=10 embryos, mean±SD). The fluorescence intensity of CDC42 was 225433.3±75871.2 in 

the apical tuft, 88369.8±24944.3 in the archenteron, and 173483.6±58318.1 in the 

epithelium (n=10 embryos, mean±SD). The fluorescence intensity of PAR1 was 

198961.5±79431.1 in the apical tuft, 83908.9±27518.6 in the archenteron, and 

160788.5±78914.1 in the epithelium (n=10 embryos, mean±SD).
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Figure 5. 
aPKC is in complex with PAR6 and PAR1 at the 2 cell, 16 cell and blastula stages of 

development. S. purpuratus embryos were grown to the stages indicated: 2 cell (B), 16 

cell(C), and Blastula (D), then lysed and a co-immunoprecipitation assay was performed 

using the Dynabeads kit (Invitrogen). Western blots were run and samples were probed for 

PAR6, aPKC, and PAR1 as specified. aPKC was found to be in complex with both PAR6 

and PAR1 at the 2 cell, 16 cell, and blastula stages of development. However, PAR6 and 

PAR1 did not associate with each other at any of the examined stages.
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Figure 6. 
aPKC does not regulate the first asymmetric division in the sea urchin embryo. 4 μM PKCζ 

peptide inhibitor was added at the 8 cell stage of development in intact and dissociated 

embryos (A). Fertilization envelopes were retained in intact embryos as the PKCζ peptide 

inhibitor is able to penetrate the envelope (Alford et al., 2009), but had to be removed in 

dissociated embryos in order to manually dissociate the blastomeres. No effect was observed 

on the formation of micromeres, macromeres, or mesomeres compared to controls in trials 

of 100 embryos each (n=6). Normal 16 cell embryo formation is quantified (B) in controls 

(92.5±5.4) and treated groups (88.8±5.7) (mean ± SD). No significant difference was found 

between control and treated groups (p = 0.28).
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Figure 7. 
Myosin assembly is required for maintaining the cortical localization of the PAR complex 

proteins. A). L. pictus embryos were fixed at the 2 cell stage after treatment with the various 

inhibitors for 15 minutes. Fixed embryos were stained for endogenous PAR6, aPKC, and 

CDC42. PAR6, aPKC, and CDC42 are apically localized in the cortex of the sea urchin 

embryo at the 2 cell stage of development. Inhibition of myosin light chain kinase (MLCK) 

by ML-7 resulted in cytoplasmic pooling of these cell polarity regulators. To a lesser extent 

this same effect was observed with ML-9, a less specific MLCK inhibitor. Treatment with a 

general Rho kinase inhibitor, H1152, an actin polymerization inhibitor, latrunculin B, an 

astral microtubule inhibitor, urethane, or a myosin ATPase inhibitor, blebbistatin did not 

affect the cortical localization of these proteins. B). L. pictus embryos were fixed and then 

stained for PAR6. Brightness and contrast were enhanced for visualization. PAR6 localizes 

to the cortex and apical cortex at the fertilized egg and 2 cell stages (i and iii). Treatment 

with ML-7 for 15 minutes at both the fertilized egg and 2 cell stages resulted in cytoplasmic 

pooling of PAR6 (ii and iv). Pulse treatment with ML-7 for 15 minutes at the fertilized egg 

and analysis of PAR6 localization at the next cleavage (2 cell) revealed PAR6 remained 

cytoplasmic (v).
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Figure 8. 
PAR6, aPKC, CDC42, and PAR1 are reliant upon calcium dependent cell adhesion for 

apical localization. L. pictus embryos were fixed and stained for endogenous PAR6 and 

aPKC (A) or CDC42 and PAR1 (B) in both intact and dissociated 2 cell embryos. All 

proteins were found to have a uniform distribution in the cortex upon dissociation.
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Figure 9. 
Assembled myosin is required during early cleavage stages for blastula formation. 100 

embryos were treated with 100 μM ML-7 (A) (n=12), or 120 μM ML-9 (C) (n=6), or 2.5μM 

H1152(E) (n=6), pulse for 15 minutes at various cell stages as indicated and allowed to 

develop until the control embryos had reached the gastrula stage (≥90% of controls reached 

gastrulation). Results are quantified (B,D, and F) (mean±SD). Embryos treated with the 

MLCK inhibitors, ML7 and ML-9, failed to reach the hatched blastula stage. Embryos 

treated with the Rho kinase inhibitor (H1152) reached the blastula with an abnormal 

morphology.
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Figure 10. 
Actin, but not myosin, localization is disrupted by myosin light chain kinase inhibition. A) 

L. pictus embryos were fixed and stained for endogenous myosin. Treatment with either 

ML-7 or H1152 did not affect the localization of myosin. B) L. pictus embryos were fixed 

and stained for endogenous actin. Brightness and contrast were enhanced for visualization. 

Treatment with ML-7 resulted in the appearance of actin comets (61±4.7 actin comets per 

cell) (mean ±SD). Inhibition of Arp2/3 by CK-666 in ML-7 treated zygotes decreased the 

number of comets observed (2.6±0.6 comets per cell) (mean±SD). C) Quantification of the 

number of comets observed per embryo. Inhibition of Arp2/3 in ML-7 treated zygotes leads 

to a significant decrease in the number of actin comets formed (****p<0.0001). D) 

Inhibition of MLCK, not myosin ATPase activity, causes the formation of actin comets. L. 

pictus embryos were treated 20 minutes post-fertilization with ML-7 or blebbistatin and 

were fixed when control embryos reached the 2 cell and stained for actin. Actin comets are 

seen in ML-7 treated, but not blebbistatin treated embryos.

Moorhouse et al. Page 31

Dev Dyn. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


