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Chapter 3. Results 

3.1. rho-1 regulates epidermal elongation in C. elegans embryogenesis 

3.1.1 Zygotic rho-1 is required for elongation 

Elongation is driven by actin-myosin contraction in the seam cells, which changes 

their shape from cuboidal to cylindrical and causes a 4-fold increase in the length of the 

embryo (Chisholm and Hardin, 2005). These contractions are controlled by Rho 

kinase/LET-502, which is highly expressed in the seam cells and is required for 

nonmuscle light chain phosphorylation (Wissmann et al., 1997; Piekny et al., 2000; 

Piekny and Mains, 2002). In higher eukaryotes, Rho kinase is a downstream effector of 

active RhoA, and we hypothesize that C. elegans RhoA/RHO-1 also has a role in 

elongation.  In support of this, embryos mutant for rga-2, which encodes a GAP (GTPase 

activating protein) for RHO-1, show elongation phenotypes similar to mel-11 (myosin 

phosphatase regulatory subunit) mutants, where embryos rupture likely due to 

hypercontractility (Diogon et al., 2007). A function for rho-1 in elongation had not been 

determined due to its maternal requirement for cytokinesis and the lack of zygotic alleles. 

Recently, a deletion allele of rho-1, ok2418, was generated by the Knockout Consortium, 

and consists of a 2091bp deletion that removes aas 53-192. The remaining portion of the 

protein (1-52 amino acids) is considered null, as it would not be able to function 

biochemically (Dvorsky and Ahmadian, 2004). This allele was used to determine if rho-1 

is required for elongation and to ascertain rho-1’s placement in the pathway. 

First, we assessed the phenotype of rho-1 (ok2418) homozygous embryos. 

Embryos from hermaphrodites heterozygous for rho-1 (over a wild type chromosome or 

mutant for dpy-4) segregated 76% wt or Dpy worms and the homozygous rho-1 mutant 
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embryos were lethal (15.1%) or arrested as Lpy Dpy larvae (8.9%; Table 1).  Live 

imaging was performed with embryos from rho-1/dpy-4 heterozygous hermaphrodites to 

obtain a better assessment of their phenotypes. Approximately 20% of the progeny (rho-1 

homozygous embryos, n≥300) arrested at the 1.5-2-fold stage of elongation during 

embryogenesis (Figure 11). Some of these embryos hatched the next day and arrested as 

Lpy Dpy larvae. A 1.5-2-fold arrest is commonly observed with mutations in genes that 

regulate embryonic elongation, but can also arise from mutations in genes that form 

muscle or muscle attachments (e.g. pats – paralyzed at two-fold; Zhang and Labouesse, 

2010; Zhang et al., 2010).  

To better assess the rho-1 phenotype, mutant embryos were filmed using a marker 

for the adherens junctions of epidermal cells. A strain heterozygous for the rho-1 

(ok2418) allele and expressing AJM-1::GFP (adherens junction marker) was generated 

and embryos from these worms were imaged using fluorescence microscopy (performed 

by Y. Chen). AJM-1 is found at cell-cell junctions and serves as a good tool to observe 

cell shape changes as it outlines the epidermal cells. AJM-1 localization in homozygous 

rho-1 (ok2418) embryos resembled wild-type embryos during early stages of elongation 

(comma-1.5-fold stage), but the rho-1 homozygous embryos did not elongate past the 2-

fold stage and the shape of the seam cells did not fully change into long cylindrical 

shapes (by Y. Chen; Figure 12). This result suggests that the epidermal cells are born and 

adhere properly in rho-1 mutant embryos, but the lateral epidermal cells are not able to 

extend beyond a certain length. 

 

3.1.2. RHO-1 localizes to the boundaries of epidermal cells 
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Table 1. rho-1 may function in the pathway that controls embryonic elongation. 

 

Parental Genotype 
°C 

Temp 

% 

Hatching 

% 

Embryonic 

lethality* 

%  

Elongation 

Phenotype^ 

N2 (wt) 20 100 0 0 

rho-1(ok2418)/dpy-4(e1166) 20 84.9 15.1 8.9 

mlc-4(or253)/qC1 20 94.4 5.6 24.2 

mlc-4(or253)/+;rho-1(ok2418)/+ 20 82.7 17.3 20.8 

let-502(sb118ts) 20 95.2 4.8 0 

let-502(sb118ts)/+;rho-1(ok2418)/+ 20 82.2 17.8 7.8 

let-502(sb118ts);rho-1(ok2418)/+ 20 Sterile: low brood size 

mel-11(it26ts) 15 20 80 0 

mel-11(it26ts) 20 8.8 91.2 0 

mel-11(it26ts) 25 0 100 0 

mel-11(it26ts); 

rho-1(ok2418)/+ or rho-1(ok2418) 
15 31 69 2 

mel-11(it26ts); 

rho-1(ok2418)/+ or rho-1(ok2418) 
20 15.6 84.4 0 

mel-11(it26ts); 

rho-1(ok2418)/+ or rho-1(ok2418) 
25 Sterile: low brood size 

rhgf-2(sb100) 20 99.9 0.01 0 

rhgf-2(sb100)/+; rho-1(ok2481)/+ 20 75.7 24.3 6.7 

rhgf-2(sb100); rho-1(ok2481) 20 73 27 11 

 

n > 300 embryos and larva per cross except for rhgf-2(sb100); rho-1(ok2481), n = 167 

(performed with Y. Chen). 

* Embryonic lethality includes embryos arrested at different stages. 

 

^ Elongation phenotypes include Lpy Dpy 
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Figure 11. rho-1 is required for elongation. DIC images from time lapse movies of N2, 

rho-1 (ok2418), let-502 (sb118) and let-502(sb118); rho-1 (ok2418) embryos from 

comma stage (just after ventral enclosure has completed) to past the 3-fold stage of 

elongation. All imaging was done at room temperature (22°C). Scale bar is 10 μm. 
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Figure 12. rho-1 is required for epidermal cell shape changes during elongation. 

Fluorescent images from time lapse movies of AJM-1::GFP and rho-1 (ok2418);AJM-

1::GFP embryos from early elongation (1.2-fold stage) to just past the 3-fold stage of 

elongation are shown. Scale bar is 10 μm. Movies performed by Y. Chen. 
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If rho-1 is genetically required for elongation, then it should be enriched in the 

lateral epidermal cells. Unfortunately there are no anti-RHO-1 antibodies that work for 

immunofluroescence, nor is there a GFP::RHO-1 transgenic strain containing the rho-1 

promoter. However, there is a GFP::RHO-1 strain that is controlled by the maternal 

promoter for pie-1. The pie-1 gene is maternally expressed and is required for 

establishing cell fates in the early embryo (Curran et al. 2009). Although it is not well 

understood why, the pie-1 promoter permits germline expression, while many other 

promoters are repressed. Therefore, using the pie-1 promoter enables the visualization of 

proteins of interest. GFP::RHO-1 localized to the boundaries of all epidermal cells during 

dorsal intercalation, ventral enclosure, and elongation (Figure 13). This result suggests 

that maternal RHO-1 is very stable and persists through the early stages of elongation.  

 

3.1.3. rho-1 is part of the elongation pathway 

The phenotype of rho-1 homozygous embryos supports its requirement for 

elongation, likely as a regulator of myosin contractility. To place rho-1 in this pathway, 

crosses were performed with strains carrying mutations in genes of the elongation 

pathway, and hatching rates and/or % of larval Lpy Dpy phenotypes were determined. 

The interaction between two genes was considered to be enhanced if the observed 

lethality for the double mutant exceeded predicted additive lethality rates for each mutant 

on its own, as determined by the Chi-square analysis (p > 0.05). More specifically, the 

rho-1 allele, ok2418, was crossed with mutations in mlc-4 (nonmuscle myosin regulatory 

light chain), let-502 (Rho kinase), mel-11 (myosin phosphatase regulatory subunit) and 

rhgf-2 (GEF). Hermaphrodites heterozygous for both mlc-4 (or253; a zygotic null allele)  
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Figure 13. rho-1 localizes to epidermal cell boundaries. Fluorescent images from time 

lapse movies of GFP::RHO-1 embryos show GFP::RHO-1 localization at the boundaries 

of epidermal cells during dorsal intercalation, ventral enclosure and elongation as 

indicated. Scale bar is 10 μm. 
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and rho-1 (ok2418) segregated progeny with phenotypes that matched the predicted 

frequencies for each allele (Table 1). The lack of enhancement between the null alleles 

supports that mlc-4 (nonmuscle myosin regulatory light chain) and rho-1 (Rho kinase) 

function in the same pathway.  

Crosses were also performed to determine if rho-1 and let-502 genetically 

interact. The let-502 allele, sb118, is a hypomorphic temperature sensitive (ts) allele with 

high viability at 20°C (95%). Hermaphrodites heterozygous for both alleles segregated 

progeny with phenotypes that matched the predicted frequencies for each allele, 

suggesting that rho-1 and let-502 function in the same pathway (Table 1). Live imaging 

of let-502 (sb118); rho-1 (ok2418) embryos revealed elongation phenotypes similar to 

severe let-502 (sb118) embryos (Figure 11). Also, let-502 (sb118); rho-1 (ok2418)/+ 

hermaphrodites had low brood sizes (Table 1; performed together with Y. Chen). This 

enhancement could suggest that rho-1 has some haploinsufficiency, which is only 

revealed when it is in combination with a partial loss of maternal let-502.  

To further assess rho-1’s placement in the elongation pathway, the rho-1 mutant 

was crossed with a mutation in mel-11 (myosin phosphatase regulatory subunit). mel-11 

(it26) is a ts allele that shows embryonic lethal phenotypes at 15
 o
C (20% hatching) and 

20
 o
C (2% hatching), due to rupturing of the embryo during elongation likely because of 

increased contractility in the epidermal cells. Embryonic lethality of mel-11 (it26) was 

partially suppressed by rho-1 (ok2418) (or rho-1 (ok2418)/+) at 15
 o
C (31% hatching) 

and 20
 o
C (16% hatching; Table 1; performed together with Y. Chen). In addition, a small 

number of embryos displayed larval Lpy Dpy phenotypes and 2-fold arrest, similar to the 

rho-1 phenotype. Although the mel-11 allele is not null, this result suggests that rho-1 
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and mel-11 function antagonistically and rho-1 is epistatic to mel-11. As an upstream 

regulator of Rho kinase and myosin contractility, reducing rho-1 function could alleviate 

the hypercontractility caused by the removal of myosin phosphatase. 

Lastly, rho-1 was tested for genetic interactions with a hypomorphic allele of 

rhgf-2, which encodes a GEF for RHO-1 (Lin et al. 2012). The hatching rates were 

slightly lower for the double mutants in comparison to each mutant on its own, 

supporting weak enhancement between rho-1 and rhgf-2 (Table 1; performed with Y. 

Chen). It is not clear why there is some enhancement between rho-1 and rhgf-2, which 

could occur if RHGF-2 also functions in a parallel pathway. However, the potential 

overlapping requirement for both maternal and zygotic rho-1 during elongation could 

also explain the enhancement. Live imaging revealed that the elongation defects of the 

rhgf-2 (sb100); rho-1 (ok2481) embryos (data not shown) were similar to rho-1 (ok2418) 

embryos, as expected if rhgf-2 is an upstream activator of rho-1.  

Together, these data support a role for rho-1 in elongation. The two-fold arrest 

phenotype that arises from the zygotic null allele, coupled with its genetic interactions 

with various components of the elongation pathway indicates that RHO-1 is an upstream 

regulator of myosin contractility. 

 

3.2. ani-1 is non-autonomously required for ventral enclosure during C. elegans 

embryogenesis 

3.2.1 ani-1 is required throughout embryogenesis  

ANI-1 shares homology with human anillin, which has binding sites for both F-

actin and active myosin, and is hypothesized to organize actin-myosin contractility in the 
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early embryo (Maddox et al., 2007; Tse et al., 2011). Elongation also requires actin-

myosin contractility within the lateral epidermal cells to drive their shape change. In 

addition, other events in epidermal morphogenesis, including dorsal intercalation and 

ventral enclosure may also require actin-myosin contractility for cell migration and shape 

changes.  

To determine if ani-1 is required for epidermal morphogenetic events during 

embryogenesis, N2 hermaphrodites were treated with ani-1 RNAi. Depletion of ani-1 

gave 43% embryonic lethality and 13.4% larval Lpy Dpy phenotypes (Table 2). The Lpy 

Dpy phenotype signifies abnormal body morphology and presumably arises due to 

defects in epidermal morphogenesis. To better assess the embryonic phenotypes, ani-1 

RNAi embryos were imaged throughout development. A large percentage (51.6%, 

normalized from lethal embryos) of embryos displayed early phenotypes (amorphous ball 

of cells with no obvious structures), likely due to failed polar body extrusion or 

cytokinesis defects (Maddox et al., 2007; Dorn et al., 2010). However, the remaining 

embryos displayed defects later in development, including ventral enclosure and 

elongation (Figure 14). The range from early to late phenotypes supports that ani-1 is 

required throughout embryogenesis, and this data supports that it may regulate epidermal 

morphogenesis. 

 Since ani-1 is required maternally for polar body extrusion (Dorn et al., 2010) and 

cytokinesis (Maddox et al., 2005; Maddox et al., 2007), we wanted to bypass these early 

requirements and study the zygotic-specific function of ani-1. To test for this, rde-1 

(RNAi-resistant) hermaphrodites were treated with ani-1 RNAi and outcrossed to N2 

males. This permitted maternal ani-1 to be expressed due to RNAi resistance in the  
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Table 2. ani-1 is required during embryogenesis. 
 

 

 

Genotype 

 

RNAi 

 

% Hatching 

 

% Embryonic 

Lethality 

 

% Larval 

    Phenotypes 

N2 

N2 

 

L4440 

ani-1 

97.5 

57 

2.5 

43 

0 

13.4 

rde-1(ne219) X 

wt 

rde-1(ne219) X 

wt 

L4440 

ani-1 

100 

98.7 

0 

1.3 

0 

17.6 

 

 

Data was averaged from four experiments, with 4-9 hermaphrodites per experiment, and 

n > 300 for ani-1 RNAi and n > 100 embryos and larva for rde-1 treatments and crosses. 

Larval phenotypes include hatched Lpy Dpy embryos. 
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Figure 14. ani-1 is required throughout embryogenesis. DIC images from time lapse 

movies of N2 and ani-1 RNAi embryos are shown in the top two sets of panels as 

indicated. The movies start from ventral enclosure and continue past the 3-fold stage of 

elongation. rde-1 (ne219) hermaphrodites were treated with L4440 (vector alone control) 

or ani-1 RNAi and outcrossed to N2 males. DIC images from time lapse movies of 

embryos are shown in the bottom two sets of panels as indicated. Scale bar is 10 μm. 
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mother, but zygotically expressed ani-1 was susceptible to knockdown by RNAi. A range 

of 4 to 9 Lpy Dpy larva were observed on each of the mated plates, giving a total of 

17.6% Lpy Dpy larva (the average brood size per plate was ~35 embryos and only first 

broods were considered as the RNAi was titrated out in younger oocytes; Table 2). This 

percentage of Lpy Dpy larva is consistent with what was observed for ani-1 RNAi, and 

may reflect zygotic-specific requirements for ani-1 in epidermal morphogenesis. In 

support of this, embryos imaged by DIC displayed ventral enclosure and elongation 

phenotypes consistent with what was observed with ani-1 RNAi (Figure 14). These 

results indicate that ani-1 is required throughout embryogenesis, and is both maternally 

and zygotically required for epidermal morphogenesis. 

 

3.2.2. ani-1 is required for ventral enclosure 

Initial phenotyping of ani-1 RNAi embryos revealed defects in epidermal 

morphogenesis. To better characterize ani-1’s role in this process, live imaging was 

performed using embryos from AJM-1::GFP hermaphrodites treated with ani-1 RNAi. 

As described earlier, AJM-1 marks epidermal cell boundaries, permitting the 

visualization of all stages of epidermal morphogenesis. Of the ani-1 RNAi embryos that 

did not arrest early, 33% displayed ventral enclosure defects where the ventral cells failed 

to properly migrate and adhere at the ventral midline (vs. 3% of AJM-1::GFP on L4440, 

n = 79; Table 3 and Figure 15). For this data set, embryos were considered to have an 

‘early’ ventral enclosure phenotype if the leading edge cells and/or posterior pocket cells 

failed to meet at the ventral midline (ventral epidermal cells always migrated to some 

degree and were not truly ‘early’, which is when epidermal cells fail to migrate altogether 
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Table 3. ani-1 is required during ventral enclosure. 

 
Genotype % VE phenotypes % WT 

AJM-1::GFP; L4440 3 97 

AJM-1::GFP; ani-1 RNAi 33 67 

 

n > 79 

% phenotypes were normalized (e.g. early phenotypes not counted) to reflect the 

proportion of ventral enclosure (VE) phenotypes. 
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Figure 15.  ani-1 is required for ventral enclosure. Inverted fluorescent images from 

time lapse movies of control and AJM-1::GFP; ani-1 RNAi embryos showing the 

migration of ventral epidermal cells during ventral enclosure. Z-stack projections of 

planes from the ventral surface are shown. Scale bar is 10 μm. 
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and remain on the dorsal surface; Figure 15). A ‘late’ ventral enclosure phenotype was 

when the ventral epidermal cells met at the ventral midline (resembling wild-type 

embryos), but failed to properly seal causing internal contents to extrude later in 

development (data not shown). There was an equal ratio of embryos among the early and 

late ventral enclosure phenotypes, suggesting that ani-1 is required for the proper 

migration and/or adhesion of ventral epidermal cells (Table 4). This data also suggests 

that the larva Lpy Dpy phenotypes may reflect weak ventral enclosure phenotypes, 

similar to mutations in other genes that regulate cell adhesion such as hmr-1 (cadherin), 

hmp-1 (alpha-catenin) and hmp-2 (beta-catenin; Costa et al., 1998). To ascertain if the 

ventral enclosure defects were a consequence of earlier defects, dorsal intercalation was 

visualized in ani-1 RNAi embryos. Dorsal intercalation in ani-1 RNAi embryos was 

similar to control embryos, suggesting that ani-1 is not required for earlier morphogenetic 

events (Table 4).  

 

3.2.3 ani-1 functions in parallel to the rho-1 pathway 

ani-1 may be required for ventral enclosure, but it is not clear how ani-1 could 

regulate ventral epidermal cell migration or adhesion. Anillin is a regulator of actin-

myosin contractility, suggesting that active myosin also may contribute to ventral 

enclosure. To determine if the rho-1 pathway affects the lethality caused by ani-1 RNAi, 

strains carrying mutations in genes known to regulate myosin contractility (rho-1, mlc-4, 

let-502, mel-11, nmy-1, rhgf-2 and let-502; mel-11) were treated with ani-1 RNAi, and 

monitored for embryonic lethality. The interaction between two genes was considered to 

be enhanced if the observed lethality exceeded predicted additive lethality rates, as  
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Table 4. ani-1 is required for ventral enclosure. 

 
 

Genotype 

Dorsal  

Intercalation 

Defect 

‘Early’ Ventral 

Enclosure  

Defect 

‘Late’ Ventral 

Enclosure 

Defect 

AJM-1::GFP/HMR-

1::GFP; L4440 

(n=10)  

 

0 0 0 

AJM-1::GFP/HMR-

1::GFP; ani-1 RNAi 

(n=19) 

0 10 9 

 

‘Early’ defects are when the ventral epidermal cells fail to meet at the midline and fail to 

adhere. 

‘Late’ defects are when the ventral epidermal cells meet at the midline and appear to 

close, but show defects later in development (e.g. late rupture or larval Lpy Dpy; 

performed with D. Wernike).  
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determined by Chi-square analysis (p < 0.05). All of the mutant strains treated with ani-1 

RNAi showed enhanced embryonic lethality (Table 5 and Appendix 1). For example, 

rho-1 (ok2418)/dpy-4; ani-1 RNAi displayed hatching rates of 13.9% vs. 73.4% for rho-1 

(ok2418)/dpy-4; L4440 and 53.2% for ani-1 RNAi, and the expected additive hatching 

rates were 26.6% (combined lethality; same logic applies to the rest of the RNAi 

experiments; Table 5 and Appendix 1). 

Since ani-1 RNAi sensitizes the early embryo for cytokinesis defects in 

combination with depletion of myosin and/or its regulators (Maddox et al., 2007), this 

could explain the enhancement between ani-1 and rho-1 or mlc-4. However, 

enhancement also was observed between ani-1 RNAi and mutations in nmy-1 and rhgf-2, 

genes that are zygotically required for elongation (Table 5 and Appendix 1). Mutations in 

these genes do no cause cytokinesis defects and the enhanced lethality with ani-1 could 

arise from events during later stages of embryogenesis. Since let-502 and mel-11 are 

required both maternally for cytokinesis and maternally and zygotically for elongation, 

the enhanced lethality of let-502 and mel-11 could be due to increased cytokinetic defects 

or increased morphogenetic defects (Table 5 and Appendix 1). Enhancement of the 

double mutant, let-502 (sb118); mel-11 (it26ts), suggests that ani-1 functions in parallel 

to the let-502/mel-11 pathway for myosin contractility or ani-1 regulates a different 

process altogether (e.g. stabilizing F-actin; Table 5 and Appendix 1).  

 

3.2.4. ani-1 depletion does not cause cytokinetic defects in epidermal cells 

 Since ani-1 is maternally required for actin-myosin contractile events in the early 

embryo including cytokinesis, it is possible that ani-1’s ventral enclosure phenotypes  
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Table 5. ani-1 is enhanced by regulators of myosin contractility. 

 
 

Genotype 

T°C N2 on ani-1 

RNAi 

% Hatching 

Mutant on 

L4440 

% Hatching 

Mutant on 

ani-1 RNAi 

% Hatching 

 

Effect* 

rho-1(ok2418)/+ 20 53.2 

 

73.4 13.9 Enhancement 

 

mlc-4(or253)/qC1 20 60.8 

 

95.1 44 Enhancement 

 

nmy-1(sb115) 20 56.7 89.9 19.9 Enhancement 

 

let-502(sb118) 

 

20 

 

60 

 

97.5 

 

35 

 

Enhancement 

 25 63 0 0 Sterile 

 

mel-11(it26) 

 

 

let-502(sb118); 

mel-11(it26) 

 

rhgf-2(sb100) 

 

15 

25 

 

15 

 

 

15 

 

53.1 

54 

 

66 

 

 

76.3 

 

13.8 

0 

 

93.4 

 

 

98.8 

 

0.9 

0 

 

0 

 

 

53.3 

 

Enhancement 

Sterile 

 

Enhancement 

 

 

Enhancement 

 

n > 300 per cross 

* Significance tested by Chi-square analysis; rho-1 (p<0.05); mlc-4 (p<0.05); mel-11 

(p<0.05); nmy-1 (p<0.01); let-502 (p<0.05); rhgf-2 I (p<0.05); let-502;mel-11 (p<0.01). 

Data summarized from Appendix 1. 
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arise from cytokinesis defects in the epidermal cells. Interestingly, dorsal intercalation 

and ventral enclosure can still occur in embryos with fewer epidermal cells, although they 

show mild ventral enclosure phenotypes (Hardin et al., 2008). To determine if the ventral 

enclosure defects in ani-1 RNAi embryos are from cytokinetic defects, the number of 

epidermal cells was counted in control and ani-1 RNAi embryos. Control embryos should 

have 20 dorsal, 20 ventral and 20 seam cells. There were some difficulties in obtaining 

3D projections that perfectly outlined every cell, and an average of 16 dorsal, 19 ventral 

cells, and 20 seam cells were counted for control AJM-1::GFP embryos. AJM-1::GFP; 

ani-1 RNAi embryos that displayed ventral enclosure phenotypes had similar numbers of 

epidermal cells (19 dorsal, 19 ventral and 20 seam) vs. control embryos (performed with 

D. Wernike; Table 6). Therefore, the ventral enclosure phenotypes in ani-1 depleted 

embryos likely are not due to cytokinetic defects in the epidermal cells. 

 

3.2.5 ANI-1 is highly expressed in neuroblasts 

ANI-1’s localization was determined during mid-late embryogenesis to determine 

if it is consistent with its role in ventral enclosure. ANI-1::GFP (driven by the pie-1 

promoter), localizes to the contractile ring and cortex in the early embryo (Maddox et al., 

2007). ANI-1 continues to localize to the contractile ring and cortex of dividing cells 

through the first half of embryogenesis, tapering off before dorsal intercalation (data not 

shown). Since the maternally-driven ANI-1 construct does not show zygotic expression, 

embryos of various stages were fixed and stained with ANI-1 antibodies. Similar to the 

GFP probe, antibodies revealed strong ANI-1 localization at contractile rings and cell 

boundaries in the early embryo (Figure 16). However, unlike the GFP probe, ANI-1 was  
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Table 6. ani-1 depletion does not cause cytokinetic defects in epidermal cells. 

 
 

Genotype 

 

# Epidermal  

Dorsal Cells 

 

# Epidermal 

Ventral Cells 

 

# Epidermal 

Seam Cells 

AJM-1::GFP or HMR-

1::GFP 

 

16 ± 2 19 ± 1 20 ± 1  

AJM-1::GFP or HMR-

1::GFP; ani-1 RNAi 

 

19 ± 1 

 

19 ± 1 

 

20 ± 1 

 

Control (AJM-1::GFP or HMR-1::GFP) n = 21 for dorsal cells, n = 17 for ventral cells 

and n = 14 for seam cells 

ani-1 RNAi (AJM-1::GFP or HMR-1::GFP) n = 20 for dorsal cells, n = 17 for ventral 

cells and n = 10 for seam cells 

Embryos displaying ventral enclosure phenotypes (and not earlier) were counted 

(performed with D. Wernike). 
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Figure 16. ANI-1 localizes to cell boundaries and contractile rings of dividing cells 

during embryogenesis. Z-stack projections of fluorescent images of immunostained N2 

embryos showing ANI-1 localization at cleavage furrows and cell boundaries in an early 

embryo (panels on top). ANI-1 appears to localize in dividing neuroblasts during ventral 

enclosure. Shown are DIC, DAPI (for DNA), Tubulin and ANI-1 images. Merged images 

with Tubulin in red and ANI-1 in green are also shown. The arrow points to cell 

boundaries in cells near the ventral surface. Scale bar is 10 μm.  
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enriched in dividing cells underneath the epidermis, likely neuroblasts (Figure 16). 

Confocal images of AJM-1::GFP embryos co-stained for GFP and ANI-1 during ventral 

enclosure verified that ANI-1 does not localize within epidermal cells (based on z planes 

of 0.2 m thickness; Figure 17). Therefore, although ani-1 depletion causes ventral 

enclosure phenotypes, ANI-1 is not expressed in ventral epidermal cells suggesting that 

ani-1 functions in a non-autonomous manner. Other genes that function in neuroblasts, 

such as vab-1 and vab-2, are also required for ventral enclosure likely because the 

neuroblasts act as a substrate for epidermal cell migration (Chin-Sang et al., 1999; Chin-

Sang et al., 2002). 

 To determine if ANI-1 is expressed in specific subsets of neuroblast cells, 

attempts were made to co-stain ANI-1 with VAB-1 and VAB-2/EFN-1. VAB-1 is 

expressed in anterior neuroblasts, while EFN-1 is expressed in cells in the middle of the 

embryo. Strains over-expressing VAB-1 or VAB-2 were fixed and stained with 

antibodies against ANI-1 and VAB-1 or VAB-2 (Courtesy of I. Chin-Sang, Queen’s 

University). Since all antibodies were generated in rabbits, goat anti-rabbit Fab fragments 

were used to change the identity of one of the antisera (e.g. ANI-1 or VAB-1 or VAB-2) 

to goat. However, tests with control embryos revealed that the Fab fragments could not 

convert 100% of the ANI-1 antisera to goat, making it difficult to properly co-stain ANI-

1 with VAB-1 or VAB-2. Studies are currently underway to co-stain ANI-1 in embryos 

expressing other markers for neuroblast cells. 

 

3.2.6 Tissue specific knockdown of ani-1 
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Figure 17. ANI-1 is expressed in the neuroblasts underlying the ventral epidermal 

cells. Confocal images show the localization of ANI-1 and AJM-1 during late ventral 

enclosure in AJM-1::GFP-expressing, fixed embryos. ANI-1 (red) appears to localize to 

the underlying neuroblasts as opposed to the epidermal cells, which are outlined in green. 

Scale bar is 10 μm.  
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ani-1 may be required non-autonomously in the neuroblasts to regulate ventral enclosure. 

To test ani-1’s requirement in the epidermal cells, a mosaic analysis was performed using 

RNAi-resistant worms carrying rescue constructs under the control of an epidermal cell-

specific promoter or a muscle cell-specific promoter (as a control). The rde-1 (nr222) 

strain is ‘rescued’ with a wild-type allele in the epidermal cells, making only this tissue 

permeable to RNAi treatments. Therefore, any phenotypes that arise after RNAi support a 

requirement for that gene in epidermal cells. As a control, rde-1 (nr350) was used, which 

is ‘rescued’ with a wild-type allele in muscle tissue. Any gene that is required in the 

epidermal cells, but not in the muscle tissue should only show lethality with the nr222 

allele, but not with the nr350 allele after RNAi. To test the strains, both were treated with 

rho-1 RNAi, which is known to function in the epidermal cells, but not in the muscle. 

Typically, rho-1 RNAi is used a control for testing the efficacy of RNAi since it quickly 

depletes endogenous rho-1 in N2 embryos, and shows 100% lethality within 24 hours. 

Unfortunately, both strains showed 100% hatching, suggesting a problem with the nr222 

strain. Therefore, ani-1 was not tested using these strains. Current studies will attempt to 

perform rescue experiments by expressing ani-1 under the control of tissue-specific 

promoters (to be performed by D. Wernike).  

 

3.2.7 Myosin Contractility May Influence Ventral Enclosure 

ani-1 functions non-autonomously to regulate ventral enclosure, and is expressed 

in dividing neuroblasts. It is not clear how the neuroblasts regulate the migration of the 

overlying ventral epidermal cells. Previous studies suggest that ephrin and semaphorin 

signaling pathways could provide chemical guidance cues, but there are other pathways 
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and/or mechanisms that remain to be determined (Ghenea et al. 2005; Ikegami et al. 

2012). We hypothesize that ani-1 could be required for the division and/or stiffness of 

neuroblasts, which could alter their ability to regulate epidermal cell migration in a 

mechanical manner. To help test this, myosin contractility was altered in the epidermal 

cells to determine how they influence the ventral enclosure phenotypes caused by ani-1 

RNAi. Embryos with different contractile backgrounds (let-502 (sb118), mel-11 (it26) 

and nmy-1 (sb115)) were treated with ani-1 RNAi and imaged by time lapse. Embryos 

were placed into several categories based on their mutant phenotypes. ‘Early’ describes 

embryos that did not reach ventral enclosure, ‘early rupture’ are embryos that failed 

ventral enclosure and ruptured prior to undergoing extensive elongation (until the 1.5-

fold stage), ‘late rupture’ are embryos that ruptured during elongation (after the 1.5-fold 

stage) and ‘elongation’ phenotypes describe embryos that did not rupture, but failed to 

complete elongation (Table 7). The majority of ani-1 RNAi embryos arrested early 

(likely due to meiotic and cytokinesis defects), with a relatively even distribution of 

embryos in the remaining categories (Table 7). let-502 (sb118); ani-1 RNAi embryos had 

an increased number of early and elongation phenotypes and a decrease in the proportion 

of ventral enclosure defects vs. ani-1 RNAi (Table 7 and Figure 18). The enhanced 

percentage of early phenotypes likely reflects let-502’s maternal requirement for 

cytokinesis, while the enhanced elongation phenotypes reflects let-502’s maternal and 

zygotic requirement for elongation. The decrease in ventral enclosure phenotypes could 

be explained by weakened pressure on the embryo from decreased myosin contractility in 

the epidermal cells. Interestingly, nmy-1 (sb115); ani-1 RNAi embryos showed an  
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Table 7.  Myosin Contractility May Influence Ventral Enclosure 

 

 

Genotype Early 
Early VE 

Rupture* 

Late VE 

Rupture*  

Elongation 

Phenotypes 

** 

N2 (wt) 0 0 0 0 

ani-1 RNAi 51.6 22.6 9.7 16.1 

let-502(sb118ts) 52.2 - - 47.8 

let-502(sb118ts); ani-1 RNAi 65.9 7.3          -            26.8 

nmy-1(sb115)  10.1 - - 89.9 

nmy-1(sb115); ani-1 RNAi 38.7 11.5 38.7 11.5 

mel-11(it26ts)  8.3 8.3 83.3 - 

mel-11(it26ts); ani-1 RNAi 41.2 58.8 - - 

 

n ≥30 embryos, except for mel-11(it26ts); ani-1 RNAi where n=15 

*Early VE (ventral enclosure) rupture is defined as ventral enclosure rupture up to and 

including the 1.5-fold stage of elongation, and late VE rupture is defined as rupture after 

the 1.5-fold stage of elongation.  

**Elongation phenotypes include embryos arrested at different stages of elongation 

without rupture.  

 

 

 

 

 

 

 



65 
 

 
 

Figure 18. ani-1’s ventral enclosure phenotypes are enhanced or suppressed by 

regulators of myosin contractility. DIC images from time lapse movies of N2, ani-1 

RNAi, let-502 (sb118), let-502 (sb118); ani-1 RNAi, nmy-1 (sb115), nmy-1 (sb115); ani-

1 RNAi, mel-11 (it26) and mel-11 (it26); ani-1 RNAi from ventral enclosure to past the 

3-fold stage of elongation. All imaging was done at room temperature (22°C). Scale bar 

is 10 μm. 
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increase in late rupture phenotypes vs. ani-1 RNAi (Table 7 and Figure 18). Since nmy-1 

is partially redundant with nmy-2 for elongation (Piekny et al., 2003), these embryos 

likely have more contractility in their epidermal cells and thus more pressure may be 

exerted from these cells in comparison to let-502 mutants, but not as much as wild-type 

embryos. Lastly, mel-11 embryos tend to rupture during elongation, likely due to 

hypercontracting epidermal cells, which exert too much pressure on the internal contents 

of the embryo. The shift to early rupture phenotypes after ani-1 depletion suggests that 

these embryos are sensitized to pressure changes (Table 7 and Figure 18). These data 

support a mechanical role for ani-1 (and neuroblasts) in ventral enclosure. 
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Chapter 4. Discussion 

 The epidermis of the developing C. elegans embryo undergoes several 

morphogenetic events including ventral enclosure to enclose the embryo in a layer of 

epidermal tissue, and elongation to increase the length of the embryo up to 4-fold. 

Elongation occurs due to actomyosin-mediated cell shape changes, yet the upstream 

regulator RhoA had not been shown to be required for this event. Ventral enclosure also 

requires changes in the actin cytoskeleton to drive migration and cell adhesion. Migration 

of the ventral epidermal cells is non-autonomously regulated by neuroblasts, however, 

the mechanism(s) by which they do this is poorly understood. Identifying novel 

regulators of epidermal morphogenesis in C. elegans can shed light on how metazoan 

tissues form in vivo. My thesis confirms that C. elegans RhoA (rho-1) as an upstream 

regulator of elongation and describes a novel non-autonomous role for C. elegans anillin 

(ani-1) in ventral enclosure.  

 

4.1 rho-1 is required for elongation 

Elongation occurs due to the concerted activity of Rho-dependent kinase (LET-

502), which positively regulates nonmuscle myosin activity and myosin phosphatase 

regulatory subunit (MEL-11), which down regulates myosin activity via myosin 

phosphatase. High levels of LET-502 in the lateral epidermal cells drive elongation, 

while high levels of MEL-11 in the dorsal and ventral cells ensure they follow passively 

(Wissmann et al. 1997; Piekny et al., 2000). Since LET-502 is a predicted effector for 

RHO-1, it is likely that rho-1 also is required for elongation, yet until recently there were 

no rho-1 alleles (Wissmann et al. 1997; Piekny et al. 2000; Diogon et al., 2007). Using a 
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zygotic null allele created by the Knockout Consortium, I found that rho-1 is required for 

elongation. The rho-1 phenotype, two-fold arrest, is slightly later vs. strong let-502 

alleles, which cause arrest at the comma to1.5-fold stage. rho-1 may be required both 

maternally and zygotically, similar to let-502, and the shift to later phenotypes reflects 

the maternal vs. zygotic contribution of rho-1 to elongation. In support of this, RHO-

1::GFP, which is driven by the maternal promoter pie-1, localizes to epidermal cell 

boundaries throughout elongation. This suggests that maternal RHO-1 is very stable, and 

may be sufficient to drive early elongation, but the embryo needs a boost of zygotic 

expression to complete elongation.  

rho-1 functions in the elongation pathway based on its genetic interactions with 

components of the pathway that regulate nonmuscle myosin activity, including mlc-4 

(nonmuscle myosin regulatory light chain), let-502 (Rho kinase), mel-11 (myosin 

phosphatase regulatory subunit) and rhgf-2 (RhoGEF). There was no genetic interaction 

between zygotic null alleles for both rho-1 and mlc-4, suggesting that they function in the 

same pathway. However, embryos (or lack thereof) from let-502 (sb118); rho-1 /+ 

hermaphrodites showed enhancement, which could be due to the decreased levels of 

maternal rho-1 in these embryos. Elongation requires both maternal and zygotic let-502 

(Piekny et al., 2000) and similarly both maternal and zygotic rho-1 could be required for 

elongation (and other contractile events). This makes the interpretation of genetic crosses 

using hypomorphic let-502 alleles complicated. Moreover, ovulation and germ cell 

proliferation depend on let-502, so lowering its levels of could disrupt and/or sensitize 

these processes within the hermaphrodite. Further support for rho-1 in the elongation 

pathway is from the suppression of mel-11 embryonic lethality by the rho-1 mutant. 
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Mutations in let-502 and mel-11 dominantly suppress one another and an upstream 

regulator of let-502 should similarly suppress mel-11. Removal of MEL-11 (a negative 

regulator of nonmuscle myosin) causes epidermal cells to hypercontract, and removing 

RHO-1 (a positive regulator of contraction via LET-502) likely alleviates the 

hypercontraction. Furthermore, although the number was low, some embryos hatched and 

displayed rho-1 phenotypes (larval Lpy Dpy), which is expected if rho-1 is an essential 

gene. Therefore, unlike let-502, rho-1 is essential for elongation and could regulate 

additional proteins. 

RHGF-2 is the predicted RhoGEF and activator of RHO-1 during elongation (Lin 

et al. 2012). The weak enhancement observed between alleles of rhgf-2 and rho-1 

suggests that they function in separate pathways. However, strong enhancement between 

rhgf-2 and fem-2 (functions in a parallel pathway to let-502/mel-11) implies that rhgf-2 

and let-502 function in the same pathway (P.E. Mains, personal communication). 

Furthermore, the phenotype of the double mutant is the same as each on its own, 

supporting that they regulate the same process. Taking these findings into account, we 

hypothesize that rho-1 and rhgf-2 function in the same pathway. 

 

4.2 ani-1 is non-autonomously required for ventral enclosure during C. elegans 

embryonic development 

Anillin is a scaffold for actin and myosin, and helps organize actin-myosin 

contractility during cytokinesis and meiotic polar body extrusion (Maddox et al. 2005; 

Maddox et al. 2007; Dorn et al. 2010; Tse et al., 2011). Morphogenetic phenotypes were 

described for ani-1 RNAi in adult worms (Maddox et al. 2005), but additional embryonic 
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and/or larval phenotypes have not been reported. My data supports a role for ani-1 in 

ventral enclosure. Live imaging of AJM-1::GFP; ani-1 RNAi embryos revealed that 

although they appeared to have undergone dorsal intercalation properly, they displayed 

ventral enclosure phenotypes. Another regulator of cytokinesis, zen-4, causes 

morphogenetic defects, and these embryos had fewer epidermal cells vs. wt embryos. 

However, even with fewer cells, ventral epidermal cells migrated with similar dynamics 

to wt embryos, but adhesion was affected, likely due to uneven sealing at the midline 

(Hardin et al., 2008). This suggests that the ani-1 phenotypes are not simply a 

consequence of too few ventral epidermal cells. Indeed, co-staining fixed embryos 

undergoing ventral enclosure with ANI-1 antibodies and AJM-1 (adherens junction 

marker that outlines the boundary of epidermal cells) revealed that ANI-1 was not 

strongly expressed in the epidermal cells and confocal images imply that ANI-1 is 

expressed in the underlying neuroblast cells. Therefore, ani-1 may function non-

autonomously to regulate ventral enclosure. ANI-1 localized to cleavage furrows in the 

dividing neuroblasts, and remained at the boundaries of some cells, suggesting that ani-1 

could be required for their division, similar to cells in other metazoans (Piekny and 

Maddox, 2010). Since neuroblasts function as a substrate for the migrating ventral 

epidermal cells (George et al., 1998; Chin-Sang et al., 1999; Chin-Sang et al., 2002; 

Harrington et al., 2002), cytokinesis defects could alter their organization and stiffness, so 

that they no longer function as an effective substrate. 

Two categories of ventral enclosure phenotypes were observed in ani-1-depleted 

embryos. ‘Early’ describes the inability of ventral epidermal cells to reach the ventral 

midline, leaving a gap that ruptures by the comma stage. In embryos with the ‘late’ 
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phenotype, ventral epidermal cells reached the midline, but failed to adhere correctly and 

ruptured during elongation, or hatched, but displayed abnormal body morphologies (Lpy 

Dpy). As mentioned above, ANI-1 is zygotically expressed in dividing neuroblasts, 

suggesting that ani-1’s affect on ventral enclosure is non-autonomous. The relatively 

equal distribution of both early and late ventral enclosure phenotypes suggests that there 

could be different threshold requirements for ani-1 in neuroblasts. For example, strong 

depletion of ani-1 could cause neuroblast cytokinesis defects, and the decreased number 

of cells could impede the proper migration of ventral epidermal cells and cause the 

‘early’ phenotype. Weak depletion of ani-1 could still permit the appropriate number of 

neuroblasts to form, but could weaken their actin-myosin cytoskeleton and be less stiff of 

a substrate for the overlying epidermal cells. The migration of ventral epidermal cells 

could still occur, but may not adhere properly due to misalignment, causing the ‘late’ 

phenotype. Genes known to regulate adhesion, which include hmp-1 (alpha catenin), 

hmp-2 (beta catenin) and hmr-1 (e-cadherin), display abnormal body morphology 

phenotypes consistent with ‘late’ ani-1 phenotypes (Chisholm and Hardin, 2005). A 

recent study by Goldbach et al. (2010) showed that overexpression of E-cadherin in 

Drosophila spermatids suppresses cytokinesis defects in ani-1-depleted cells. A colleague 

of mine, Denise Wernike, investigated the potential genetic interactions between ani-1 

and adhesion genes and found that over-expression of α-catenin, hmp-1, can suppress the 

ani-1 phenotype and vice versa (i.e. over-expression of ani-1 can suppress loss of hmp-1). 

A possible explanation for this finding is that strengthening cell adhesion between 

neighboring cells at the ventral midline may make up for the loss of ani-1 and prevent 
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future rupturing. I propose a model where neuroblasts act as a substrate for the overlying 

ventral epidermal cells by providing mechanical support.   

Despite the observation that little ANI-1 was observed in the ventral epidermal 

cells by immunostaining, it is still possible that ani-1 is required in the ventral epidermal 

cells. Short, branched F-actin filaments mediate migration of the ventral cells via the 

activities of Rac (ced-10), Arp2/3 (arx-2/3), WAVE/SCAR regulators (gex-2 and gex-3) 

and WASP (wsp-1; Williams-Masson et al., 1997; Soto et al., 2002; Patel et al., 2008). 

However, there could be a role for long, unbranched F-actin and active myosin. In higher 

eukaryotes, migration often requires the combination of both systems, with the force- 

generating component coming from the contraction of stress fibres in the rear of the cell, 

which are adhered to underlying substrate. Another aspect of ventral enclosure is the 

closing of the ventral pocket, which is hypothesized to occur by a purse-string 

mechanism (Chisholm and Hardin, 2005). Presumably, this type of closure would require 

active myosin, and ani-1 could crosslink actin-myosin contractility to promote this event.  

 

4.3 Altering myosin contractility alters ventral enclosure defects in ani-1 RNAi 

embryos 

The non-autonomous regulation of epidermal tissue formation is not well 

understood. Previous studies showed that ephrin signaling is required for C. elegans 

ventral enclosure, and these components (e.g. VAB-1 and VAB-2) are expressed within 

neuroblasts (Chin-Sang et al. 1999). However, these studies also revealed that multiple 

mechanisms likely contribute to ventral enclosure, which are not known. My data 

revealed that ani-1, which encodes a scaffold for F-actin and active myosin, and regulates 
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actin-myosin contractility in the early embryo, is non-autonomously required for ventral 

enclosure. Since ANI-1 is expressed in the neuroblasts and could regulate their actin-

myosin cytoskeleton for cytokinesis or for cortical stiffness, I propose that neuroblasts 

could mechanically regulate the migration of overlying ventral epidermal cells. To help 

test this, we determined how changing cortical tension affected ani-1’s ventral enclosure 

phenotypes. Not surprisingly, enhancement of embryonic lethality was observed with all 

strains carrying mutations in components of the elongation pathway that regulate myosin 

contractility [rho-1, mlc-4, let-502, mel-11, rhgf-2 and nmy-1 (nonmuscle myosin heavy 

chain)]. Previous studies had shown that ani-1 RNAi sensitizes embryos to cytokinesis 

defects when combined with mutations in other contractile ring components including 

myosin (nmy-2 and mlc-4) and let-502 (Rho kinase; Maddox et al., 2005; Maddox et al., 

2007). However, imaging embryos that did not show these early phenotypes revealed 

shifts in ventral enclosure defects, depending on the elongation mutant. For example, 

mutations with decreased contractility e.g. in let-502, displayed a lower proportion of 

ventral enclosure defects after ani-1 RNAi. Mutations in nmy-1 display intermediate 

levels of contractility (it is partially redundant with nmy-2) and these embryos shifted to a 

higher proportion of late ventral enclosure defects after ani-1 RNAi. Mutations in mel-11 

likely cause hypercontractility and embryos shifted to a higher proportion of early ventral 

enclosure defects after ani-1 RNAi. These shifts in phenotypes reflect the roles of these 

genes in regulating myosin activity. Loss of LET-502 likely causes lower levels of 

myosin contractility and failed elongation due to lack of epidermal cell shape changes. 

This could decrease tension across cells and alleviate rupturing despite the inefficient 

migration or adhesion of ventral epidermal cells (Wissmann et al., 1997; Wissmann et al., 
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1999; Piekny et al., 2000; Piekny et al., 2003; Diogon et al., 2007; Gally et al., 2009). 

However, the suppression could indicate a unique requirement for myosin contractility in 

the ventral epidermal cells, and although the migratory defects of the ventral epidermal 

cells are rescued, it would be interesting to determine if they migrate with the same 

velocity as wt cells. Loss of MEL-11 causes higher levels of myosin contractility and 

rupture of the embryo likely due to hyper-contraction of the epidermal cells and increased 

tension across cells (Wissmann et al., 1997; Wissmann et al., 1999; Piekny et al., 2000; 

Piekny et al., 2003; Diogon et al., 2007; Gally et al., 2009).  

 

In conclusion, this work helps shed light on how tissues form in vivo. Cell shape 

changes and migration are regulated by the actin-myosin cytoskeleton, and are crucial for 

the development of all metazoans. Furthermore, similar events drive metastasis and the 

advancement of cancers. This thesis describes a novel role for C. elegans anillin (ani-1) 

in the non-autonomous regulation of ventral enclosure, which is a key step in the 

formation of epidermal tissue during C. elegans development. ANI-1 is highly expressed 

in dividing neuroblasts and since anillin regulates cytokinesis in other metazoans, ani-1 

depletion could decrease the number of neuroblasts and impede the migration of 

overlying ventral epidermal cells. My data supports a mechanical model for regulating 

cell migration in vivo, which could improve our understanding of metazoan tissue 

formation. Furthermore, anillin is over-expressed in cancerous tumors in comparison to 

healthy tissues (Hall et al. 2005). Although anillin is likely upregulated to maintain the 

high proliferation rate of cancer cells, it also may be increased to promote higher cell 

motility and increase the chances of metastasis. 



75 
 

Appendix 

Appendix 1 

 

 
 



76 
 

 
 

 
 

 



77 
 

 
 

 
 



78 
 

 

Figure 16. ani-1 RNAi embryonic lethality is enhanced by mutations in genes that 

regulate myosin contractility. Graphs shows the percent hatching for two sets of ani-1 

RNAi experiments for different mutant alleles of genes in the rho-1/elongation pathway. 

Chi-square tests were used to determine statistical significance. A) Shows hatching rates 

(blue) and Lpy Dpy larva (red) of rho-1 (ok2418)/+ with or without ani-1 RNAi, The 

asterix indicates p < 0.05. B) Shows hatching rates (blue), Lpy Dpy larva (red) and Mlc-4 

larva (green) of mlc-4 (or253)/qCI with or without ani-1 RNAi, The asterix indicates p < 

0.05.  C) Shows hatching rates (blue) and Lpy Dpy larva (red) of nmy-1 (sb115) with or 

without ani-1 RNAi, The asterix indicates p < 0.01. D) Shows hatching rates (blue) and 

Lpy Dpy larva (red) of rhgf-2 (sb100) with or without ani-1 RNAi, The asterix indicates 

p < 0.05. E) Shows hatching rates (blue) and Lpy Dpy larva (red) of let-502 (sb118) with 

or without ani-1 RNAi, The asterix indicates p < 0.05. F) Shows hatching rates (blue) and 

Lpy Dpy larva (red) of mel-11 (it26) with or without ani-1 RNAi, The asterix indicates p 

< 0.05 G) Shows hatching rates (blue) and Lpy Dpy larva (red) of let-502 (sb118); mel-

11 (it26) with or without ani-1 RNAi, The asterix indicates p < 0.01.   
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