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The Actin Cytoskeleton in Morphology and Adhesion 
 

Michael D’Ambrosio 
 

Abstract 

I have taken two approaches to study the actin cytoskeleton in Drosophila S2 cells.  In 

the first approach, I employed a high throughput RNAi screen to identify gene-depletions 

which caused a defect in cell spreading, and developed new algorithms to quantitatively 

asses these defects in a high throughput manner.  In the second approach, I induced S2 

cells to transiently polarize and become dynamic with the transfection of the integrin 

ps2m8 gene.  I also showed that these cells form focal-adhesion like structures.   
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Chapter 1 

 

Introduction 

The regulation of cell shape and morphogenesis is critical to plant and animal 

development.  Morphogenesis occurs through the response of cells to signaling cues in 

the organism, resulting in complex cellular processes such as division, growth, migration, 

and changing shape (Lecuit, 2007).  The basic signaling pathways involved are largely 

conserved from single cell yeast up to higher vertebrates. Because these pathways are 

intrinsic to most, if not all, cell types, the deregulation of these processes results in many 

medical disorders, i such as cancer and chronic inflammation, among many others.  By 

understanding the mechanisms by which these processes go awry, we can both seek to 

repair states of deregulation in the organism, and harness these processes for next-

generation therapies.  Understanding, at a molecular level, the networks that regulate and 

allow a cell to produce mechanical force are critical to realizing our above goal.   

 

Cell Morphology 

Cell morphology refers to the physical shape of the cell.  Cells can adopt a wide range of 

morphologies, from round lymphocytes to highly branched neurons, and these 

morphologies are critically important for the functions of these cells.  The shape of the 

cell is determined by its internal structure, called the cytoskeleton, and the interaction of 

the cell with the extra-cellular matrix (ECM) (Weitzman, 2003).  The cytoskeleton is 

made up of networks of actin filaments and microtubules, and cells are able to control 
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their morphologies through the precise regulation of these components.  Many regulatory 

components of the actin cytoskeleton have been identified and extensively characterized 

(Weitzman 2003).  However, the gene networks that govern its activity are complex, and 

different regulatory components participate in the formation of morphology in different 

cell types.  Understanding the groups of components that control cellular morphology in 

different situations is a key question in cell biology.  In particular, RNAi screening 

techniques are well positioned to address this question of system-wide regulation of the 

actin-cytoskeleton. 

 

RNAi 

RNAi is an important tool for biological research, whereby the role of each gene in a 

process can be analyzed independently to understand how it fits into larger, complex 

pathways.  While RNAi has historically been used to mainly study single or small groups 

of genes, the scaling of RNAi studies to the whole-genome level makes is a particularly 

powerful application of the technique.  Several characteristics of Drosophila 

melanogaster cell culture systems make them a natural choice for pairing with high-

throughput, whole genome RNAi.  First, a high quality sequence of the Drosophila 

genome has been determined (Adams 2000), which greatly aids the design of dsRNAs 

and research into the assembly of gene networks within the organism (Kiger 2003).  

Second, the basic components involved in regulation of the cytoskeleton are conserved in 

all higher organisms, including Drosophila, allowing for the investigation of broadly 

applicable biological principles in this model organism. (Kiger 2003).  Third, the 

Drosophila genome contains 60% of human disease genes, while possessing a lower 
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degree of gene redundancy than vertebrates, facilitating loss-of-function studies in 

potentially clinically relevant genes (Rubin, 2000).  Despite its vast potential, limited 

studies have made use of large-scale RNAi to study cell morphology.  In 2003, Kiger et. 

al performed a study of Drosophila cell morphology, using RNAi to deplete 994 genes 

combined with flow cytometry for analysis of the resulting loss-of-function phenotypes.  

Also in 2003, Rogers et al performed a visual screen of 96 potential regulatory factors of 

the cytoskeleton, a study also performed in Drosophila cells.  Finally, in 2009, Liu et al 

screened the Drosophila kinome for genes that regulate cell morphology.  While these 

pioneering studies all provided valuable contributions to the field, they did not examine 

the whole genome, and lacked sophisticated means to quantify the data they produced.  

As the size of RNAi studies increased, it became increasing clear the limiting factor was 

no longer the rate of acquisition, but rather, the analysis of data.   

 

Computational Analysis 

When paired with computational analysis, researchers can realize the full potential of 

RNAi for comprehensively and quantitatively identifying all genes that are involved in a 

given process.  While the payoff is high, the implementation of a system capable of 

extracting information from image data is challenging, and thus there have been limited 

studies applying these techniques to morphology screens.  In 2007, Bakal et al used 

neural networks to classify cellular phenotypes in an RNAi screen of 249 genes predicted 

to play a role in cell morphology.  In 2008, Sepp et al performed a whole-genome screen 

with computational analysis to identify genes that regulate neurite outgrowth.  While 

using strong analysis methods, neither of these screens examined the morphology of a 
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non-neuronal cell type in a full genome manner. As neuronal cell morphology is very 

specialized, and hence relies on a different set of signaling factors than many other types 

of cells, there remained a large knowledge gap in the systematic analysis of gene function 

in cell morphology. To address this gap, we performed a whole genome RNAi screen for 

uniform spreading of Drosophila S2 cells on Con A-coated surfaces, and developed three 

different computational approaches to analyze the image data. The results of this research 

are described in Chapter 2.   

 

Cell Motility 

Cell morphology and cell motility are highly related processes, and thus the 

understanding of one can illuminate key aspects of the other.  Actin plays a key role in 

both processes, serving as the principal force-generating component in the cell (Hu 

2007).  Cells move by initiating the cell migration cycle (Sheetz 1999), which is a 

coordinated process of actin polymerization and cellular adhesion.  The same 

rearrangement of the cytoskeleton that powers a change in cell morphology also serves as 

the first step in the cell migration cycle, as actin polymerization results in a protrusion of 

the cell membrane.  This polymerization occurs in response to a cue, which can include 

growth factors, mechanical stimulation, or ECM proteins (Geiger 2009; Pulkin-Faucher 

2009; Vincente-Manzanares 2009; Small 2002).  The cycle continues as this new 

protrusion adheres to the ECM via integrin-mediated adhesion.  The formation of these 

new adhesions activates new actin polymerization, and old adhesions in the rear of the 

cell are disassembled.  As a resut of this repetitive process, the cell undergoes directional 

motion (Parsons 2010; Ridley 2003). 
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The dynamic formation and disassembly of integrin adhesions is a particularly intriguing 

aspect of cell motility, which expands the machinery required for this activity beyond that 

used in the establishment of morphology.  Integrin is the most studied cell surface 

adhesion receptor (Hynes 2002), and has proven to be exquisitely regulated.  The integrin 

complex consists of a heterodimer of alpha and beta subunits, and is regulated by both 

signals inside and outside the cell.  The binding of integrin to ECM induces a 

conformational shift that exposes its cytoplasmic tail, allowing for the formation of a 

multisubunit complex that connects integrin to the cytoskeleton (Parsons 2010).  This 

multi-subuint complex, called the adhesome, is composed of 180 proteins with at least 

742 direct protein-protein interactions (Zaidel-Bar 2010).  Two key components of the 

adhesome are talin and vinculin, which both help to the link integrins to the actin 

cytoskeleton (Campell 2004; Ziegler 2006).  Other components of the adhesome, such as 

FAK, paxillin, and p130CAS, recruit Rho family GTPases, such as Rac, Rho, and 

CDC42, which promote remodeling of the actin cytoskeleton (Parsons 2003; Totsukawa 

2000; Tsubouchi 2002; Kavaerina 2002).   

 

While the processing of dynamic integrin adhesion and cell motility have been studied 

extensively in mammals, the subcellular dynamics of adhesion are less well understood in 

Drosophila.  As Drosophila is a genetically tractable system with reduced genetic 

diversity, and in some cases simplified gene function, it is desirable to develop a platform 

in Drosophila in which we can study these processes.  While adhesion and motility have 

been studied in the whole fly (Aman 2010; Brown 2004; Bunch 1992; Kunwar 2006; 
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Montell 1999) there previously existed no Drosophila cell culture system to study these 

dynamic processes in high resolution.  We sought to create such a cell culture system, the 

results of which we present in Chapter 3.   

 

Conclusion 

Understanding the composition of the gene-networks that regulate cell morphology and 

motility is one of the great challenges of modern cell biology.  High-throughput RNAi, 

combined with computational analysis and the tractable Drosophila cell culture system, 

provides an excellent tool to deconstruct and understand these networks.  The power of 

this system is limited only by the availability of a process to deconstruct, thus making the 

creating of a Drosophila model to study dynamic adhesion a signification milestone.  

Gaining a complete picture of the control of the actin cytoskeleton and integrin adhesion 

will place another piece in the puzzle that is the natural world, and pave the way to novel 

cures for devastating human diseases.   
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A whole genome RNAi screen of Drosophila S2 cell spreading 
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Abstract 

 

Recent technological advances in microscopy have enabled cell-based whole genome 

screens, but the analysis of the vast amount of image data generated by such screens 

usually proves to be rate-limiting.  Here, we have performed a whole genome RNAi 

screen to uncover genes that affect spreading of Drosophila S2 cells using several 

computational methods for analyzing the image data in an automated manner.  Expected 

genes in the Scar-Arp2/3 actin nucleation pathway were identified as well as casein 

kinase I, which had a similar morphological RNAi signature.  A distinct non-spreading 

morphological phenotype was identified for genes involved in membrane secretion or 

synthesis.  In this group, we have identified a new secretory peptide and investigated the 

functions of two poorly characterized endoplasmic reticulum proteins tahat have roles in 

secretion.  Thus, this genome-wide screen succeeded in identifying known and 

unexpected proteins that are important for cell spreading, and the computational tools 

developed here should prove useful for other types of automated whole genome screens.   
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Introduction 

 

Cells can adopt a wide range of morphologies, from round lymphocytes to highly 

branched Purkinjee neurons.  Major challenges of modern cell biology are to identify the 

proteins that are involved in cell shape determination and understand how these proteins 

are regulated by external and internal signals.  Many of the best-studied proteins involved 

in cell shape determination are components or direct regulators of the actin cytoskeleton 

(Faix and Rottner, 2006), although many other proteins appear to play roles as well 

(Randazzo et al., 2007).  Not surprisingly, different sets of proteins contribute to the 

determination of morphology in different cell types (Liu et al., 2009). 

 

RNAi screens provide powerful approaches for identifying proteins involved in cell 

biological activities.  However, only a limited number of screens have been performed on  

cell shape.  Initial screens by Kiger et al. (2003) and Rogers et al. (2003) examined the 

effect of knocking down a limited set of genes (994 and 96 genes, respectively) on cell 

shape in Drosophila tissue culture cells.  At that time, the acquisition of image data was 

performed manually on the microscope and the image data were analyzed by laborious 

visual inspection. Since that time, technological advances in robotic microscopy have 

allowed fully automated image acquisition, making it possible to obtain images from a 

whole genome RNAi screen in only a few weeks.  As a result, the image analysis has 

become the rate-limiting step and, in most cases, the amount of image data for a whole 

genome screen exceeds what can be reasonably and reliably analyzed through visual 

inspection.  Complex visual data, such as cell shape, are also best compared 
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quantitatively, rather than by qualitative assessment. Thus, developing new approaches 

for automated quantitative image analysis has now become a greater challenge than 

collecting the primary image data.  An important step in automated, computational 

analysis was taken by Bakal et al. (2007) who used computational methods and neural 

networks to classify phenotypes in a screen with 249 genes predicted to play a role in cell 

morphology.  More recently, Sepp et al. (2008) performed an automated whole genome 

screen of Drosophila primary neuron cells for genes that regulate neurite outgrowth using 

algorithms designed to analyze neurite formation, and Liu et al. (2009) screened the 

kinome and looked for kinases that influenced cell morphology.   

 

Here, we performed a whole genome RNAi screens for the uniform spreading of 

Drosophila S2 cells on Concanavalin A–coated surfaces (Rogers et al., 2002) and used 

three different computational approaches to analyze the image data.  In addition to the 

expected actin nucleating proteins, the screen also uncovered a set of genes involved in 

membrane secretion, supporting a link between membrane dynamics and cell spreading.  
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Results and Discussion 

 

 Computational strategies for a whole genome RNAi screen for cell morphology in 

Drosophila S2 cells 

 

The goal of a whole genome RNAi screen is generate a “hit list” (e.g. 20-200) genes 

which can be subjected to further, more labor intensive characterization.  In this study, 

we sought to perform a whole genome RNAi screen and identify a hit list of genes 

involved in the spreading of round Drosophila S2 cells into a “pancake” shape after they 

are plated on a Concanavalin A (Con A) surface (Rogers et al., 2002).   Con A likely 

crosslinks together several cell surface receptors that signal to activate the actin 

cytoskeleton and form a large and symmetric lamella.  Since S2 cells are thought to be 

similar to hemocytes, this Con A response may be similar to a phagocytic response in 

which the cell is attempting to engulf a large particle.   

 

To perform the RNAi screen, S2 cells were treated with dsRNA corresponding to a 

unique gene sequence for 5 days using a previously described full-genome, Drosophila 

RNAi library (Goshima et al., 2007) (Fig. 1).  To test protein knockdown under our 

screening conditions, we performed immunoblot analysis of 7 different proteins; the 

reductions of these proteins ranged from 75%-99%, (mean of 92%; Suppl. Fig. 1).  After 

dsRNA treatment, cells were placed on Con A-coated glass-bottom 96-well plates for 3 

hr, fixed and stained for DNA, a-tubulin, and actin, and then imaged by automated 

microscopy (Fig 1).   
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Due to the very large amount of image data from this screen, the major challenge was 

analyzing cell morphology in an automated manner.  The first computational challenge is 

to reliably outline the cell boundaries (known as segmentation (Fig. 1)).  We found that 

the microtubule images provided the most accurate means of segmenting cells due to a 

gap in signal intensity between adjacent cells, compared to actin staining (a more obvious 

cell boundary marker, but one that gave rise to more errors since the fluorescence was 

often continuous between adjacent cells). From the segmented cells, we extracted ~70 

quantitative features (such as cell area, actin staining intensity, etc.), which were then 

utilized for the classification of phenotypes via multi-feature machine learning or single 

feature sorting (Materials and Methods).  For machine learning, we chose to use decision 

trees instead of neural networks, since they are relatively easy to construct, provide 

reliable results, and allow for easy visualization of the most salient parameters.  In this 

method, a training set consisting of normal and phenotype-of-interest is selected, and the 

associated set of extracted image features are compiled to create the training set.  A 

decision tree classifier is then constructed to separate the normal and phenotype-of-

interest cells in the training set, and then is applied across the genome.  

 

We also optimized or developed new single parameter methods to identify phenotypes 

(see Materials and Methods).  Based upon morphological RNAi phenotypes characterized 

by Rogers et al. (2003), we sought to identify: 1) stellate morphology (star burst 

projections instead of the normally round, symmetrical shape, which is seen after RNAi 

to subunits of Arp2/3 and SCAR and more mildly in knockdowns of Rac1 and Rac2); 2) 
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failure to spread, as is seen with RNAi to Cofilin (an actin depolymerzing protein), 

Profilin (involved in actin monomer binding and nucleotide exchange), and Capulet 

(cyclase-associated protein, involved in actin monomer binding); and 3) increased 

membrane ruffling and peripheral actin accumulation, which is seen with RNAi to 

Capping Protein b (a barbed end actin capping protein).   

 

For stellate cells (e.g. Arp2/3 or Scar knockdown), we tested two methods.  First, we used 

adaptive corner detection (He and Yung, 2004), which is well-suited to analyze features 

of curvature. We found that this algorithm detects few corners (i.e. sharp curvature of the 

plasma membrane) in wild-type S2 cells (Fig. 2C, E) but many points of curvature in a 

Scar-depleted cell (Fig. 2D, E).  Second, we developed a new method for analyzing the 

topology of the cell perimeter using power spectral analysis (Fig. 2F, G, H, Suppl. Fig. 1, 

Materials and Methods).  We also developed additional single feature sorting algorithms 

to identify cells with very bright actin staining along the cell boundary (which is observed 

after Capping Protein a depletion due to uninhibited actin filament elongation) (Suppl. 

Fig. 2) or very low peripheral boundary staining (e.g. after profilin RNAi which inhibits 

actin polymerization) (Suppl. Fig. 2).   Measuring cell area also allowed us to identify 

cells that fail to spread on Con A-treated surfaces, which is an actin- and membrane-

dependent phenomenon (Rogers et al., 2003).  This parameter in conjunction with actin 

staining intensity was a good discriminator of the RNAi phenotype of actin 

depolymerizing proteins (e.g. Cofilin and Capulet) which yielded bright actin filament 

staining combined with a small cell footprint (Suppl. Fig. 2). We validated that cells 
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displaying all of the above phenotypes as recognized by visual inspection also scored 

highly by the automated computational (Suppl. Table 3). 

 

The automated screen successfully assigned high ranks to actin-associated proteins that 

were previously shown to produce phenotypes in S2 cells.  Notably, many subunits of 

Arp2/3, the Wave/Scar complex, two Rac GTPases and capping protein b were identified 

(Table 1) (Rogers et al., 2003).  As exceptions, the automated screen failed to identify 

Cdc42, actin-interacting protein 1 (Aip1), and Slingshot (a phosphatase that regulates 

cofilin), which were reported to yield morphology phenotypes by Rogers et al. (2003) in 

S2I cells.  However, when we tested these genes in multiple, single RNAi trials and 

examined the cells visually and by automated analysis, we did not see phenotypes for 

these gene knockdowns in S2U cells.  Thus, the failure to identify phenotypes for these 

genes did not reside in the automated screen, but rather most likely reflects differences 

between the S2U cells used here and the S2I cells used by Rogers et al. (2003).  While 

our screen was very effective in identifying subunits in the Rac/Scar/Arp2/3-mediated 

pathway, did not find signaling molecules further upstream. This may be due to the fact 

that Con A activates many redundant signaling pathways that feed into Rac GTPase.  

However, the screen did identify casein kinase 1 alpha as producing a phenotype similar 

to Scar and Arp2/3 as is subsequently described in more detail . 

 

Casein kinase 1 alpha 
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In addition to the Arp2/3 and Scar complexes, all three computational approaches 

identified the casein kinase 1 alpha gene (CG2028, CK1a) as producing a stellate 

phenotype after RNAi knockdown (Table 1).  Representative fields of CK1a-depeleted, 

Scar-depleted, and normal cells are shown in Figure 3A-C.  Casein kinase 1 has not been 

directly linked to an actin phenotype in the literature, although it has been identified in a 

previous screen as influencing cell morphology (Liu et al., 2009).  dsRNAs directed to 

non-overlapping regions of the CK1a  gene that were not present in the dsRNA used in 

the genomic screen yielded the same phenotypes (see Materials and Methods).  

 

To better understand the CK1a knockdown phenotype, we performed live cell imaging in 

a GFP-actin cell line.  Wild-type cells displayed robust retrograde flow of actin from the 

periphery towards the interior, as monitored by speckle analysis (Iwasa and Mullins, 

2007).  Wave/Scar depletion dramatically reduced actin retrograde flow.  Similarly, 

CK1a knockdown substantially reduced actin retrograde flow (Fig.  3D, p = 2.4 x 10-13).  

The reduction in actin retrograde flow may explain the stellate phenotype of these 

knockdown cells.  Actin retrograde flow has been shown to “push back” microtubules, 

impeding their invasion towards the leading edge (Waterman-Storer and Salmon, 1997).  

In an extreme case of total actin depolymerization with latrunculin, microtubules push 

out long and thin processes in Drosophila S2 cells (Kural et al., 2005).  The stellate 

phenotype may represent an intermediate phenotype where reduced actin retrograde flow 

weakens the barrier to microtubule growth.  

 

Membrane associated proteins  
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In addition to the expected actin-related genes, another major group of genes that 

emerged from the screen were ones related to membrane function.  These genes were 

identified computationally as having a high filamentous actin intensity divided by area 

(Actin/Area) (Table 2), which reflect their normal actin levels but a small footprint from 

a failure to spread on the Con A surface.  RNAi knockdown of several genes involved in 

ER function or vesicle trafficking scored as highly defective for cell spreading, including 

several COP proteins, SNARE and SNARE-interacting proteins (Syx5 and Sly1), and the 

GTPase Sar1  (Table 2, Suppl. Fig. 2).   

 

Depletions of two proteins involved in the regulation of lipid biosynthesis unexpectedly 

gave non-spreading phenotypes: Sterol Regulatory Element Binding Protein (SREBP), 

termed HLH106 in Drosophila, and Acetyl CoA carboxylase (ACC) (Table 2, Suppl. 

Table 2, Suppl. Fig 2).  SREBP regulates several genes involved in fatty acid production 

(Seegmiller et al., 2002), including the rate-limiting enzyme ACC.  Secondary 

rescreening confirmed that SREBP and ACC were the only two genes in the SREBP 

pathway that gave the non-spreading phenotype (Suppl. Table 2).  As Drosophila is a 

cholesterol auxotroph and has little cholesterol in its plasma membrane (Karlson, 1970), 

the role of SREBP in cell spreading is unlikely to involve cholesterol, and it is thought 

that the primary role of SREBP is to enhance the transcription of genes involved in fatty 

acid synthesis (Seegmiller et al., 2002).   
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A cell spreading defect from RNAi depletion of membrane proteins might result from 

general toxicity (many result in lower cell numbers ranging from 15-100% of normal; 

Table 2). However, the RNAi phenotype for this gene set (non-spreading yet showing 

normal to high levels of actin filament formation) appears to be quite specific and was 

not observed with RNAi of other genes that produced a low cell number, (e.g. 

knockdown of ribosomal, proteosome, RNA polymerase II, and ATP-synthetase subunits 

(Suppl. Fig 2)).  The actin/area ranks for these “essential” genes are generally >14,000, in 

contrast to many of the trafficking genes which ranked in the top 100 (Table 2). 

Additionally, knockdown of vesicle trafficking genes did not substantially activate 

Caspase 3, indicating that this non-spreading phenotype is not linked to apoptosis (Suppl. 

Fig. 3).  One exception is the ER-associated protein CG8465 , which showed moderate 

activation of Caspase 3 after its knockdown.  A specific link between membrane 

trafficking and cell spreading has not been previously shown in the literature to our 

knowledge, although it is not surprising that reduction in the flux of membrane or critical 

proteins to the cell surface might interfere with ability of the actin network to extend the 

lamella. 

 

We found three uncharacterized genes (CG8465, CG9175, and CG15231) that when 

exhibited non-spreading RNAi phenotypes (Table 2).  CG8465, a 128 kDa protein that 

with two ankyrin repeats, is potentially homologous to human ANKLE2, and ankyrin 

repeat containing protein, although it seemingly lacks a LEM domain.  CG9175, a 49 

kDa protein that contains two WD40 repeats, has been previously hypothesized to be the 

Sec12 homolog in insects, although sequence homology is low and no functional data has 
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been presented (Weissman et al., 2001).  CG15231 is small, unconserved peptide with a 

predicted signal sequence, which was also named Drosophila Immune Induced Molecule 

4 (DIM4), based on its presence in the hemolymph of bacterially-challenged flies 

(Uttenweiler-Joseph et al., 1998).  CG15231 does not have an obvious ortholog outside of 

insects.  

 

To learn more about these genes, we tagged the proteins with GFP at both the N- and C-

termini.  Both N- and C-terminally GFP-tagged CG8465 and CG9175 localized to a 

tubular network that co-localized with the endoplasmic reticulum (ER) marker Sar1 (Fig. 

4C and D); at higher expression levels CG8465 localizes throughout the cytoplasm (not 

shown).  CG15231-GFP localized to small puncta, possibly membrane vesicles, that 

moved rapidly in the cytoplasm (Figure 4E).  Interestingly, these GFP-containing puncta 

occasionally fused with the plasma membrane producing a burst of GFP-CG15231 into 

the solution (Suppl. Movie 1).  Fusion events were not observed when GFP was fused to 

the N-terminus, where the putative signal sequence resides.  Thus, the three 

uncharacterized genes associated with a non-spreading RNAi phenotype are all 

associated with membrane compartments. 

 

We further characterized the dynamics of GFP-tagged CG8465 and CG9175 using 

fluorescence recovery after photobleaching (Fig. 4G) (see Material and Methods).  

CG9175-GFP showed a slightly slower rate of photobleaching recovery (estimated 

diffusion coefficient (D) of 0.27 mm2/sec) than Sar1-mCh (D of 0.56 mm2/sec) and the 

KDEL receptor-GFP (D of 0.38 mm2/sec), two well characterized ER proteins.  Our 
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estimated diffusion coefficient for the KDELR is in good agreement with a published 

value of 0.41 mm2/sec (White and Stelzer, 1999).  In contrast, GFP-CG8465 showed a 

significantly faster recovery (D=0.82 mm2/sec), which might be explained by the 

presence of a quickly recovering cytoplasmic population. 

  

Next, we tested whether CG8465 and CG9175 play a role in protein secretion.  Since we 

visualized GFP-tagged CG15231 being secreted from the cell, we measured the amount 

of GFP-CG15231 that accumulated in the medium as a secretion assay (see Materials and 

Methods).  Depletions of known secretory proteins Sar1, Syx5, and COP (CG5484, a 

COPII protein) resulted in an expected 5-10 fold decrease in secretion compared to the 

control.  RNAi of CG9175 also resulted in a strong secretion defect, on par with other 

known genes in the secretory pathway. On the other hand, RNAi of CG8465 exhibited 

only moderate decrease, suggesting that it may influence but is not an essential 

component of the secretory pathway (Figure 4F).  We also examined ER and Golgi 

morphologies for these depletions, but found no obvious defect (Suppl. Fig. 3). 

 

CG9175 was previously identified in an RNAi screen for secretion (Bard et al., 2006) but 

was thought, based on its sequence, to be involved in translation and discounted.  

Although not annotated as such in FlyGene, CG9175 was previously postulated to be the 

Drosophila version of yeast Sec12, although the sequence identity is weak (~7%) 

(Chardin and Callebaut, 2002).  Our finding of ER localization and strong secretion 

defect after RNAi all support the notion that CG9175 is the Drosophila homologue of 

Sec12.  Sec12 in S. cerevisiae is a guanine nucleotide exchange factor that activates Sar1, 
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a key GTPase involved in assembling COPII coats (Weissman et al., 2001).  While 

metazoan Sec12 has not been studied in vivo, biochemical studies suggest that 

mammalian Sec12 is important for recruiting Sar1 to the ER (Weissman et al., 2001). 

However, our results show that Sar1-mCh still localized to ER tubules after 

CG9175/Sec12 depletion (Suppl. Fig. 3).  Thus, our results are most consistent with 

CG9175/Sec12 being necessary for Sar1 activation but not essential for its recruitment to 

the ER. 

 

In summary, we performed the first completely automated whole genome RNAi screen 

for cell morphology of a non-neuronal cell type.  The methods of analyses that we 

employed here can be used for other RNAi-based screens of shape as well as in other 

quantitative analyses of cell morphology, such as the formation of filopodia, neuronal 

dendrites, or other cellular extensions. Perhaps somewhat surprisingly, the screen 

identified more uncharacterized genes associated with membrane systems than the actin 

cytoskeleton and signaling.  The reason may be that the most important actin associated 

proteins have been already identified and that Con A stimulates several redundant 

upstream signaling systems that feed into actin nucleation.  The mechanism by which 

knockdown of proteins involved in membrane synthesis and secretion produces a specific 

cell spreading defect is probably complex, but is likely to involve a depletion of key 

membrane proteins and insufficient lipids for cell expansion.  The screen also led to the 

discovery of three uncharacterized proteins, two of which are part of the endoplasmic 

reticulum, as well as a novel secreted protein.  
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Materials and Methods 

 

Cell Culture and Genome-Wide RNAi 

Drosophila S2U cells were grown and dsRNA treatment was performed as described in 

Goshima et al. (2007).  For RNAi, we used the V2 RNAi library described in Goshima et 

al. (2007), which is now available commercially at OpenBioSystems, Inc. 

(www.openbiosystems.com).  After 5 days, cells were resuspended and transferred to  

Con A-coated glass bottom plates (Matrical).   Con A treatment was performed by drying 

70 μl of a 0.05 mg/ml Con A solution onto the bottom of each well.  Cells were fixed in 

6.4% formaldehyde, and incubated overnight with an anti-tubulin antibody (YL [Serotec] 

at 1:1000) in the presence of phosphate buffered saline containing 0.1% (v/v) Triton X-

100 and 3% (w/v) BSA.  The cells were then incubated with 1 mg/ml DAPI (Sigma), 

1:250 Donkey anti-Rat antibody FITC-conjugated antibody (Sigma F2658), and 66 nM 

TRITC-phalloidin (Sigma) for 1 hr.  High-throughput images were acquired using an 

ImageXpress Micro, with a Nikon 40X, 0.95 NA lens.  15-36 images per well were 

obtained so that 100-200 cells were imaged per well.   Linear contrast adjustments were 

performed on all images. 

 

Phenotypes for CG2028, CG8465, CG9175, and the non-spreading genes were verified 

by visually confirming the depletion phenotype using non-overlapping RNA directed 

toward a different part of the gene, as described in Goshima et al. (2007).  In order to be 

considered confirmed, a gene had to have a score that would have placed in the top 2% of 

its identifying category in the original screen in at least half of all rescreens.  Rescreen 
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number varied from one to twelve per gene.  CG2028 repeated 2/4 times visually, 2/4 

times by FFT analysis, but only 1/4 times by corner detection.  CG15231 is too small to 

design a non-overlapping dsRNA.  There are two computationally predicted off target 

genes, CG13159 and CG9771, that show one 16 bp segment of overlap with the dsRNA 

for CG15231.  However, RNAi of these two genes did not produce a phenotype.  This 

makes it unlikely that the observed phenotype for CG15231 is due to an off target effect, 

although the possibility cannot be excluded.  All other genes indicated in Suppl. Table 1 

were subjected to visual confirmation.   

 

Images were taken on an IX Micro automated microscope with a 40x, 0.9 NA objective, 

using MetaMorph software.  Plates were images in DAKO mounting media at 20 degrees 

Celsius.  Linear contrast adjustments were performed on all images 

 

GFP Tagging, Live Cell Imaging and Analysis 

cDNAs for cloning were obtained by PCR from Drosophila S2 cell cDNA.  CG8465 was 

cloned from a cDNA obtained from OpenBioSysteems (openbiosystems.com).  CG9175 

cloned from our S2U cells had several mutations (mostly non-coding) compared to the 

Flybase sequence.  Vectors were cloned into pMT-GFP (Invitrogen) or pMT-Cherry 

vectors (as described in Goshima et al. (2007)) using the Gateway system (Invitrogen).  

GFP was imaged after induction of gene expression with 50 mM CuSO4 overnight.  

Time-lapse imaging was performed using a Nikon TE2000 microscope with a 100X, 1.49 

N.A. objective, using mManager microscopy software (Stuurman et al., 2007).  Cells 

were images in growth media at 20 degrees Celsius with an Andor iXonEM+ camera.  
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Linear contrast adjustments were performed on all images.  For measuring actin 

retrograde flow in actin-GFP expressing cells, kymographs were constructed by selecting 

lines of pixels perpendicular to the edge of the lamella in an image stack.  Kymographs 

were analyzed for at least 10 cells, with at least 4 measurements taken per cell using at 

least 2 different areas of the lamella.  For CK1a- and Scar-depleted cells, actin velocities 

in the protrusions were measured, as flow does not occur in the regions between 

protrusions.   

 

Secretion Assays 

Secretion assays were performed using our CG15231-GFP cell line expressed from a 

metalothionine promoter.  On the beginning of day 4 of the RNAi treatment, the cells 

were induced with 500 mM copper sulfate.  After 12 hrs, the media from the cells was 

removed and resuspended in 2x sample buffer and immunoblotted for GFP, and the cells 

were lysed in 4X sample buffer and immunoblotted for tubulin.  Immunoblots were 

developed using ECL, and scanned.  The ratio of intensity of GFP band to the tubulin 

band (to normalize for cellular protein) for each condition was quantitated by measuring 

total pixel intensity in the band of interest corrected for background intensity. 

   

Caspase Assays 

Caspase assays were performed as previously described (Wei et al., 2002).  In brief, cells 

were lysed and total protein concentrations were normalized to 0.74 mg/ml.  DEVD.pna 

(California Peptide Research) cleavage was measured initially and at 6 hr as OD 410 on a 

plate reader.  Experiments were performed in quadruplicate.    
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Quantitative FRAP 

Experiments were performed on a Zeiss 510 confocal microscope with a 30 mW 488 

laser.  A 2.6 micron slice was bleached through the entire cell width and much of the cell 

depth (100% laser power, 100% transmission), and recovery of fluorescence was 

observed every 1.5 seconds after photobleaching (100% laser power, 0.75% 

transmission).  No significant photobleaching was observed in control experiments.  To 

obtain diffusion coefficients, the first 65% of the recovery toward the asymptote was fit 

as previously described (Ellenberg et al., 1997). 

 

Computational Analysis 

 

Segmentation 

We sought to develop image analysis routines that are capable of analyzing the 

phenotypes described in the Rogers et al. (2003) screen.  The first step in such analysis is 

to distinguish individual cells and outline the boundary between cells, referred to as 

segmentation (Fig. 1).  A common approach for performing this is through the watershed 

method, which we performed using the images of DNA and tubulin staining.  Actin 

staining proved to be difficult to use for segmentation, because the actin structures of 

adjacent cells often “touch,” making groups of more than two cells very difficult to 

segment accurately.  However, with the tubulin signal, there was a gap in signal intensity 

between adjacent cells, and watershed lines closely followed the true cell edges when 

segmenting through groups of cells (Fig. 1).   We found that the most robust means of 
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detecting cell edges was by using a simple threshold after the watershed operation, which 

accurately divided the image into regions containing single cells.  From these individual 

cells, we then extracted upwards of 70 features, such as cell area, actin staining intensity, 

etc., which were then utilized for the classification of phenotypes via multiple feature 

machine learning or single feature sorting.   

 

All image analysis was done in Matlab, using the Image Processing Toolbox.  After 

loading images into Matlab, appropriate contrast stretching operations were then 

performed on all images.  Groups of pixels smaller than 300 and 200 pixels were 

excluded from the tubulin image and DAPI image, respectively.  A composite image of 

the tubulin and DAPI channels was created by adding the DAPI image to the tubulin 

image and then dividing by 1.5.  This image was inverted and slightly blurred using a 

convolution filtering technique with a 2-pixel diameter disc filter.  The extended minima 

was calculated (using the imextendedmin function), and these minima were imposed onto 

the image (using the imimposemin function).  The purpose of the blurring and minima 

imposition was to prevent the common problem of over-segmentation via the watershed 

transform.  A watershed segmentation was then performed on this image.  The goal of 

this operation was not to identify cell borders, but to isolate one cell in each watershed 

segment.  Any cell edges touching the border of this segment were blurred with a 

convolution operation with a disc-shaped filter of a diameter of 10.  This blurring ensures 

that measurements were not skewed by an artificially created jagged edge of the 

watershed line.  The actin, tubulin, and DAPI images contained within this segment were 

then threshholded.  If this new image only contained one group of DAPI pixels, and the 
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DAPI, tubulin, and actin signals overlapped after all objects under 400 pixels were 

excluded, it was fed through the rest of the analysis. 

 

Feature Extraction and Machine Learning 

Corner detection is described in Fig. 2.  The code for corner detection is available (He, 

2005).  FFT analysis is described in Fig. 2F-H and Suppl, Fig. 1.  A total of 70 extracted 

features were used for machine learning.  Below is a description of each of these 

parameters.  1-6) Actin distribution analysis- The cell is divided into 6 concentric rings 

by repeated erosion with a circular structural element.  The amount of actin in each ring 

is summed and reported independently  (6 measurements).  7) Actin, total intensity- The 

summed intensity of the actin staining in the cell.  8) Actin perimeter analysis- The 

intensity of the actin signal up to 6 pixels deep into the lamella is calculated and divided 

by the intensity in the rest of the cell.  9) Area- The area of the threshholded cell. 10) 

Area, Convex hull- The area of the convex hull of the threshholded cell.  11) Cells per 

image- The mean number of analyzable cells per image. 12) Corner detection- See Fig. 2.  

13) DAPI fragments- The number of DAPI fragments in the cell.  14) DAPI fragment 

distance- The mean distance separating DAPI fragments.  15) Difference of Gaussian 

filter- The area of resulting image after the difference between the original image filtered 

with Gaussians of two different kernels (Yi and Coppolino, 2006).  16) Elongation- The 

length of the major axis of the cell divided by the minor axis.  17-45) FFT perimeter 

analysis- See Fig. 2 F-H, Suppl. Fig 1.  46) Perimeter- The number of pixels that 

compose the perimeter of the threshholded cell.  47) Perimeter, smoothed- The number of 

pixels that compose the perimeter of the threshholded cell after a blurring operation.  48-
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58) Polynomial perimeter analysis- The distance from the centroid to each perimeter 

pixel was calculated as in FFT analysis.  The resulting plot is then fit to an 11th order 

polynomial, and the coefficients are recorded (11 measurements).  59) Texture, contrast- 

Matlab built-in function for assessing contrast of images. 60) Texture, correlation- 

Matlab built-in function for assessing correlation of images.  61) Texture, energy- Matlab 

built-in function for assessing energy of images.  62) Texture, homogeneity- Matlab 

built-in function for assessing homogeneity of images.  63) Texture, range- Matlab built-

in function that calculates that maximum difference in every 3-by-3 neighborhood.  64-

69) Tubulin extension analysis- The cell was divided into 6 concentric rings by repeated 

erosion with a circular structural element.  The amount of tubulin in each ring was 

summed and reported independently (6 measurements).  70) Tubulin, total intensity- The 

summed intensity of the tubulin staining in cell. 

 

For machine learning, training sets of at least 100 cells were selecting based on the 

images of the cells.  Alternating decision trees were then constructed using Weka (Witten 

and Frank, 2005) on all of the features extracted  for each selected cell.  Due to the small 

training set size, 2-fold cross validation was performed to roughly assess the performance 

of the tree, but no cross validation was performed when training to evaluate the entire 

data set.  To calculate a rankable score, the number of cells classified as having the 

phenotype-of-interest was divided by the number of cells classified as normal for each 

knockdown. 

 



 32

The analysis code and primary image data is available at:  

http://www.cellmigration.org/resource/discovery/vale/dambrosio2010_rnai.cgi 

 

Online Supplemental Material 

 

Supplemental Figure 1 

Supplemental Figure 2 

Supplemental Figure 3 

Supplemental Table 1 

Supplemental Table 2 

Supplemental Table 3 

Supplemental Movie 1 
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Tables 

Table 1 

 

  Gene Name CG 
Number 

of 
Corners 

Fast 
Fourier 
Trans 

Decision 
Tree 

Cell 
Number 

Arp2/3 
complex 

p16-ARC 9881 1 5 1 0.87 
Sop2 8978 3 1 2 1.39 
Arp14D 9901 4 4 4 0.87 
Arp66B 7558 15 7 9 1.95 
Arc-p34 10954 2 8 3 0.55 
Arc-p20 5972 7 6 8 1.59 

WAVE 
complex 

Abi 9749 14 9 18 1.17 
Sra1 4931 6 3 7 0.97 
Scar 4636 5 2 5 0.61 
Hem1 5837 23 14 20 1.25 

Other Rac1 2248 24 51 44 0.35 
Rac2 8556 561 37 143 1.69 
CK1a 2028 11 10 12 0.45 
Capping b 17158 28 168 119 0.45 

 

Table 1- Results from the whole genome RNAi screen for the stellate phenotype, 

analyzed by corner detection and FFT analysis (Fig. 2) and by decision tree machine 

learning (Supplemental Methods).  The decision tree was trained using features from a set 

of Scar and Arp2/3-RNAi cells.  Ranking reflects the position of the phenotype out of the 

entire list of ~14,000 genes.  Gray shading indicates a rank below 100.  CG refers to 

Gene ID in FlyBase.  Cell number indicates normalized number of cells present after 

RNAi treatment, where 1.00 is the plate average.   Depletions resulting in a normalized 

cell number below 0.25 were excluded.  Data is from the initial screen, and does not 

include rescreen data.  CK1a scored positive in rescreening analysis by both visual and 
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computational analysis   See  Materials and Methods for description of analysis and 

rescreening methods. 
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Table 2 

 

Gene Name CG 

Actin Perimeter 
Intensity Cell Spreading 

Cell 
Number 

Low High Actin/Area Decision 
Tree 

Profilin 9553 7 15376 855 13903 0.14 
Capping a 10540 15382 1 352 7375 0.86 
Cofilin 4254 183 15203 1 1 0.28 
Capulet 5061 234 15149 15 2 0.48 
Unknown 9175 599 14786 5 10 0.76 
DIM4 15231 2773 12584 18 9 1.04 
Unknown 8465 190 15191 50 397 0.76 
Unknown 10882 313 15069 12 19 0.72 
HLH106 8522 703 14689 13 1478 0.68 
ACC 11198 1627 13766 86 11118 1.36 
Sar1 7073 239 15147 6 20 0.72 
Sly1 3539 3336 12071 7 17 0.57 
Cen1ba 6742 101 15282 9 16 0.65 
COP 5484 1957 13427 2 8 0.94 
Alpha-COP 7961 133 15249 17 1640 0.31 
Beta-COP 6223 9 15375 24 6897 0.22 
Syx5 4214 754 14634 35 2760 0.26 
Garz 8487 2083 13304 40 480 0.86 

 

Table 2- Genes identified in the whole genome RNAi screen that show high or low actin 

perimeter intensity staining, or a failure to spread (shown by a high ratio of actin to area, 

and rankings from the Cofilin/Capulet-trained decision tree).  A high actin to area ratio 

indicates that a cell has a normal amount of actin, but a small surface area, indicating a 

lack of cell spreading.  Discrepancies between Actin/Area and decision tree rankings 

result from the decision tree using a different set of discriminating features, including 

actin distribution in the cell.  Ranking reflects the position of the phenotype out of the 

entire list of ~14,000 genes.  Gray shading indicates a rank below 100.  CG refers to 
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Gene ID in FlyBase.  Cell number indicates normalized number of cells present after 

RNAi treatment, where 1.00 is the plate average.  Depletions resulting in a normalized 

cell number below 0.1 were excluded.  Data is from the initial screen, and does not 

include rescreen data.  All genes in this table except Profilin, Capping Protein a, Cofilin, 

and Capulet were rescreened, with non-overlapping RNAs where possible, and all 

phenotypes repeated by visual inspection and computational analysis.  See Materials 

Methods for description of analysis and rescreening methods. 

 

   



Figures 

 

Figure 1 

 

 

Figure 1- Work flow for performing and analyzing a whole genome RNAi screen for 

the spreading of Drosophila S2 cells on Con A-coated surfaces.  RNAi treatment was 

preformed in 96-well format (top left), with one unique dsRNA corresponding to one 

Drosophila gene per well.  After 5 days of treatment, cells were plated on Con A and 

stained for actin, tubulin, DNA and subjected to high-throughput imaging (top right).  

Following acquisition of the image data set, images were segmented by a watershed 

transform to identify individual cells (bottom right).  A multitude of parameters were then 
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extracted from the individual cells (bottom left).  Scale bar, 10 mm.  For details, see 

Materials and Methods.  

  



Figure 2 
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Figure 2- Computational methods for identifying cells with a stellate morphology- 

adaptive corner detection and a Fourier analysis. (A and B) Selected images of S2 

cells displaying normal and stellate (Wave/Scar-depleted) phenotypes.  (C and D) An 

adaptive corner detection algorithm (X. C. He 2004) applied to the same images as in A 

and B, where cell area was identified by thresholding.  Detected corners are depicted by 

red boxes.  (E) Quantification of the number of corners detected on the specific cells in C 

and D (blue bars) and means for Wave/Scar-depleted stellate cells and wild-type cells 

(red bars, n=144 Wave/Scar-depleted; n=150 wild-type).  Mean and S.D. are shown.  (F 

and G) A new method for analyzing the topology of the cell perimeter using power 

spectral analysis.  The technique first traces the cell perimeter to create a matrix of all 

perimeter pixels, and measures the distance from the cell centroid to each of these pixels.  

The insets are the distance from centroid values for the 140 perimeter pixels between the 

lines labeled D1 and D140.  The Wave/Scar cell has been resized (not shown) so that the 
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perimeters of the two cells are both equal to ~500.  These values are Fourier-transformed, 

and the complex modulus calculated to yield the power spectrum for the perimeter of the 

cell.  This power spectrum can then be binned into discrete frequency ranges, and used to 

compare the membrane topology of cells by analyzing which frequencies are enriched in 

each phenotype.  (H) Quantification of the integrated value of the power spectrum from 

frequencies 12-16 (see Suppl. Fig. 1) on the specific cells in F and G (blue bars) and 

means per plate well for Wave/Scar-depleted stellate cells and wild-type cells (red bars).   

Mean and S.D. are shown. 



Figure 3 

 

Figure 3- CK1a knockdown produces a stellate phenotype.  Images of representative 

fields of cells with no treatment (A), Scar RNAi (B), and CK1a RNAi (C).  Scale bar, 20 

mm. (D) Quantification of actin retrograde flow rates in GFP-actin cells with the 

indicated gene depleted.  Retrograde flow rates were calculated from kymograph analysis 

of time-lapse TIRF images (mean and S.E.M.; n = 45 measurements for each condition).  
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Figure 4 

 

Figure 4- Gene knockdowns that impair cell spreading.  (A) Domains schematics of 

CG9175 (Dm Sec12), CG8465, and CG15231.  (B) Representative fields of cells with the 
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indicated gene knockdowns.  This phenotype can be detected quantitatively by 

calculating the total actin staining intensity divided by the total surface area of the cell 

(Table 2).  The inset is a wild-type cell.  Scale bar, 20 μm.  (C) CG8465-GFP (left) and 

Sar1-mCherry (an ER resident protein, middle) being expressed in the same cell. Right, 

merged image.  Scale bar, 5 μm.  (D) GFP-CG9175 (left) and Sar1-mCherry (middle) 

being expressed in the same cell. Right, merged image.  Scale bar, 5 μm.  (E) Selected 

frames from a time-lapse movie of CG15231-GFP.  The arrow follows the position of a 

punctum that can be tracked over time.  At 3 sec, the punctum disappears, and a radial 

burst of fluorescence (within dashed line) is seen, likely reflecting plasma membrane 

fusion and secretion into the medium (Supplemental Movie 1).  Scale bar, 5 μm.  (F) 

Secretion of 15231-GFP into the media under the listed RNAi conditions (see Materials 

and Methods).  Secretion was measured by immunoblot analysis 12 hr after induction and 

compared ratiometrically with tubulin levels (as a control for total protein) (Suppl. Figure 

1). Error bars indicate S.D.  (G) Quantitative rates of fluorescence recovery after 

photobleaching.  Curves are means for at least 10 cells. 
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Supplemental Tables 

 

Supplemental Table 1 

 

Supplemental Table 1- The Top/Bottom 40 ranked genes for each indicated sorting 

method.  Rankings are calculated in regard to all ~14,000 genes in the genome.  

Superscript “r” indicated that the gene was rescreened with a non-overlapping RNA and 

the phenotype repeated by visual analysis.  Superscript “nr” indicates that the phenotype 

did not repeat.  Superscript “ro” indicates that the phenotype repeated by visual analysis, 

but an overlapping RNA was used.   

 

FFT Top 40 FFT Bottom 40 
cg sym cg sym 

8978  Sop2r 10367  Hmgcrnr 
4636  SCARr 5484  CG5484r 
4931  Sra-1r 7961  alphaCopr 
9901  Arp14Dr 10778  CG10778nr 
9881  p16-ARCr 12444  CG12444 
5972  CG5972 9175  CG9175r 
7558  Arp66Br 3539  Slhr 

10954  Arc-p34 4214  Syx5r 
9749 Ablr 10882  CG10882r 
2028  CkIalphar 8522  HLH106r 
2048  dconr 11098  CG11098 

12066  Pka-C2nr 7073  sar1r 
10067 Actin 57B 6699 betaCopr 
5837  Hemr 1681  CG1681 
7597  CG7597nr 3911  CG3911 
2577  CG2577nr 10305  RpS26 
9749 Ablr 11294  CG11294 
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9169  FucTDnr 1671  CG1671 
8211  CG8211nr 4320  CG4320 
4897  RpL7 12002  CG17494 
3097  CG3097 7392  Cka 
4760  bol 11526  CG11526 
1810 mRNA-capping-enzyme 16793  CG16793 
4904  Pros35 3326  CG3326 
2993  CG2993 11008  CG11008 
7560  CG7560nr 8487r  garz 

12051 Actin 42A 1244  CG1244 
1740  Ntf-2 14084  CG14084 
7382  CG7382 6671 Argonaute 1 
7773  fidipidine 2678  CG2678 
4761  knrl 4254 cofilin 
8465  CG8465r 3539 slhr 
6008  NP15.6nr 5161  CG5161 

10816  Dro 1140  CG1140 
30498  boca 31992  CG31992 
10798 dm 14813 deltaCopr 
8556  Rac2nr 8908  CG8908 

13779  CG13779 31802  CG17493 
9633  RpA-70 2956 twist 
7769  DDB1 8722  nup44Anr 

Number of Corners Top 40 Number of Corners Bottom 40 
cg sym cg  sym 

9881  p16-ARCr 10367  Hmgcr 
10954  Arc-p34r 7961  alphaCopr 
8978  Sop2r 5484  CG5484r 
9901  Arp14Dr 3539  Slhr 
4636  SCARr 4214  Syx5r 
4931  Sra-1r 9175  CG9175r 
5972  CG5972 6699 betaCopr 
9169  FucTDnr 8522  HLH106r 
7597  CG7597nr 10778  CG10778nr 
9646  CG9646 10882  CG10882nr 
2028  CkIalphar 12444  CG12444 

32104  CG32104 31893  Peritrophin-15b 
9633  RpA-70 1671  CG1671 
9749 Ablr 11098  CG11098 
7558  Arp66Br 6671 Argonaute 1 
4761  knrl 16793  CG16793 
4897  RpL7 8722  nup44Anr 
2577  CG2577nr 31897  CG31897 
8211  CG8211nr 7073  sar1r 
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13849  Nop56 1681  CG1681 
12066  Pka-C2nr 18789  CG18789 
7560  CG7560nr 3911  CG3911 
5837  Hemnr 14813 deltaCopr 
2248  Rac1nr 2956 twist 

13041  CG13041 10305  RpS26 
1782 Uba1nr 17610  grk 
1810  mRNA-capping-enzyme 1081  Rheb 

17158  cpbr 6177  ldlCpr 
9667  CG9667 7392  Cka 

18009  Trf2 4320  CG4320 
9749 Ablr 3539 slhr 
2048  dconr 31992  CG31992 
6194  CG6194 7118  CG7118 
7773  fidipidine 5161  CG5161 
3097  CG3097 11526  CG11526 
1591  REG 9755 pum 
4760  bol 15304  CG15304 
9853  CG9853 10883  CG10883 
4904  Pros35 12002  CG17494 
8219  CG8219 9497  CG9497 

Actin Perimeter-1 Top 40 Actin Perimeter-1 Bottom 40 
cg sym cg sym 

12852 CG12852 10540  CG10540r 
8322 ATPCL 9481  Ugt37b1 
4722  bibr CG8345 Cyp6w1 
8264  Bx42r  CG8349 CG8349 
1528 gammaCopr 8881  skpB 
9108  RSG7nr 9867  CG9867 
9553  chic 31880  CG31880 
1379  CG1379 8312 CG8312 
6223  betaCopr 31640  CG31640 

12072 wartsnr 4036  CG4036 
30497  CG30497nr 10053  CG10053 
13189  CG13189 9866  CG9866 
1864  Hr38nr 6293  CG6293 

18174  Rpn11 16901 sqd 
10278  GATAe 9809  CG9809 
7065  CG7065 10855  CG10855 

12403 CG12403nr 15247  CG15247 
11676  CG11676 9250  Mpp6 
8264 BX42r 12217  PpV 

10084  CG10084 8850  CG8850 
17054  Cap-G 11552  CG11552 
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2331  TER94r 31798  CG31798 
1799  rasnr 10930  PpY-55A 

18789  CG18789 9652  DopR 
14952  CG14952 30019  CG30019 
32132  CG32132 10997  CG10997 
5785  thr 12317  JhI-21 
7923  Fad2 12424  CG12424 

32688  Hk 10189  CG10189 
10370  Tbp-1r 12682 CG12862 
32241  CG32241 8817 lilli 
11856  CG11856 6933  CG6933 
15006  CG15006 9868  CG9868 
10571  arar 13278  CG13278 
12051 Actin 42a 9984  TH1 
9412  rin 32224  CG32224 

31775  CG31775 2909  CG2909 
7638  CG7638nr 14234  CG14234 

15365  CG15365nr 9521  CG9521 
32296  CG32296 9786  hb 

Actin Perimeter Top 40 Actin Perimeter Bottom 40 
cg sym cg sym 

10540  CG10540r 12852 CG12852 
9481  Ugt37b1 8322 ATPCL 

CG8345 Cyp6w1 4722  bibr 
 CG8349 CG8349 8264  Bx42r 

9867  CG9867 1528 gammaCopr 
8881  skpB 9108  RSG7nr 

31880  CG31880 9553  chicnr 
31640  CG31640 6223  betaCopr 
8312 CG8312 1379  CG1379 
9866  CG9866 12072 wartsnr 

10053  CG10053 30497  CG30497nr 
4036  CG4036 13189  CG13189 
6293  CG6293 1864  Hr38nr 

16901 sqd 18174  Rpn11ro 
9809  CG9809 10278  GATAe 

10855  CG10855 7065  CG7065 
15247  CG15247 11676  CG11676nr 
9250  Mpp6 12403 CG12403nr 

12217  PpV 8264 BX42r 
31798  CG31798 10084  CG10084 
11552  CG11552 17054  Cap-G 
8850  CG8850 1799  rasnr 

10930  PpY-55A 2331  TER94r 
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30019  CG30019 18789  CG18789nr 
9652  DopR 14952  CG14952 

12317  JhI-21 5785  thr 
10997  CG10997 32132  CG32132 
12424  CG12424 7923  Fad2nr 
12682 CG12862 32688  Hk 
10189  CG10189 10370  Tbp-1r 
6933  CG6933 32241  CG32241 
8817 lilli 11856  CG11856 
9868  CG9868 15006  CG15006 

13278  CG13278 10571  aranr 
14234  CG14234 12051 Actin 42a 
2909  CG2909 9412  rin 

32224  CG32224 31775  CG31775 
9984  TH1 7638  CG7638nr 

10751  robl 32296  CG32296 
10234  Hs2st 15365  CG15365nr 

Actin/Area Top 40 Actin/Area Bottom 40 
cg sym cg sym 

4254 Cofilinro 3751  CG3751 
5484  CG5484r 4464  RpS19 

32241  CG32241 17820  fit 
10367  Hmgcrnr 3927  CG3927 
9175  CG9175r 31897  CG31897 
7073  sar1r 8108  CG8108 
3539  Slhr 3983  CG3983 
6437  CG6437nr 4153  eIF-2beta 
6742  cenB1Ar 3938  CycE 

14813 deltaCopr 15719  CG15719 
14813  deltaCopr 4087  RpP2 
10882  CG10882r 3283  SdhB 
8522  HLH106r 2248  Rac1 

32105  CG32105nr 3849  CG3849 
5061  captr 13674  CG13674 
7961  alphaCopr 4111  CG4111 

15231  IM4ro 3314  RpL7A 
8556  Rac2nr 11085  CG11085 
6699 betaCopr 3284  RpII15 
1528 gammaCopr 31884  Trx-2 
6177  ldlCpr 14944  CG14944 
3403  CG3403nr 4236  Caf1 
6223  betaCopr 3180  RpII140 
7578  BG:DS00797.7 3542  CG3542 
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10778  CG10778 10537  Rdl 
18789  CG18789nr 3422  Pros28.1 
1740  Ntf-2 3731  CG3731 

13738  CG13738nr 2168  RpS3A 
4162  lacenr 32662  CG32662 
6944  Lamnr 33123  CG33123 

11098  CG11098 3889  CSN1b 
10571  aranr 14387  CG14387 
7923  Fad2nr 4008  Rad21nr 
4214  Syx5r 4043 CG4043 

31775  CG31775 12075  CG12075 
14630  EG:BACR7A4.9 15456  CG15456 
3726 CG3726 4035  eIF-4E 

31534  CG31534nr 3691  Pof 
8487  garzr 14792 sta 
5161  CG5161 4027 Actin 5cr 
Decision Tree- Arp/Scar Top 40 Decision Tree- Cofilin/CAP Top 40 

cg sym cg sym 

9881 p16-ARCr 4254 cofilinro 
8978 Sop2r 5061 captr 

10954 Arc-p34r 31534 CG31534nr 
9901 Arp14Dr 10367 Hmgcrnr 
4636 SCARr 33106 masknr 

10067 Actin 57B 12014 CG12014nr 
4931 Sra-1r 5481 lea 
5972 CG5972ro 5484 CG5484r 
7558 Arp66Br 15231 IM4ro 

32241 CG32241 9175 CG9175r 
9749 Ablr 4454 Bor 
2028 CkIalphar 9753 AdoR 
5481 lea 32105 CG32105nr 
7597 CG7597nr 6603 Hsc70Cb 
4897 RpL7 1030 Scr 
2577 CG2577nr 6742 cenB1Ar 
9646 CG9646 3539 Slhr 
9749 Ablr 6177 ldlCpr 
3097 CG3097 10882 CG10882r 
5837 Hemr 7073 sar1r 
7560 CG7560nr 14496 CG14496 
2048 dconr 6932 CSN6nr 
4761 knrl 5161 CG5161 
1810 mRNA-capping-enzyme 32132 CG32132 
4759 CG4759 3714 CG3714 
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4760 bol 12444 CG12444 
9169 FucTDnr 7487 RecQ4 

12050 CG12050nr 18389 Eip93F 
1517 nanr 6437 CG6437nr 
1782 Uba1nr 11824 CG11824 

12051 Actin 42a 10491 CG10491 
9633 RpA-70 11202 org-1 

15771 CG15771 33352 CG9469 
5178 Actin 88Fr 6667 dl 

30349 CG30349 14813 deltaCOPr 
13849 Nop56nr 15793 Dsor1 
12066 Pka-C2nr 33106 mask 
4904 Pros35 3853 Glut3 

13041 CG13041nr 5064 CG5064 
8465 CG8465r 13738 CG13738nr 
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Supplemental Table 2 

 

Supplemental Table 2- Analysis of toxicity and the not-spreading phenotype in the 

depletion of SREBP-pathway genes.  Table shows the cell number and actin/area ratio for 

the phenotype resulting from the depletion of the SREBP-pathway member indicated.   

Depletions were performed in a separate mini-screen after the whole-genome screen.  

Cell number represents normalized number of cells present after RNAi treatment, where 

1.00 represents the average of untreated cells.  Gray shading indicates either 0.25 of max 

cell number or actin/area > 2, which would correspond to the top 1% of values in the 

whole-genome screen. 

Gene Name Cell 
Number 

Actin/ 
Area 

Actin 5c 0.28 0.54 
Acetyl CoA Synthase probe 1 1.14 1.83 
Acetyl CoA Synthase probe 2 0.63 1.15 
Acetyl CoA Carboxylase 1.18 3.54 
Fatty Acid Synthase 2.26 1.90 
Fatty Acyl CoA Synthase 1.99 1.35 
SREBP 0.87 5.29 
ATP Citrate Lyase Probe 1 0.52 0.80 
ATP Citrate Lyase Probe 2 0.92 1.85 
Farnesyl Pyrophosphate Synthase 2.29 1.95 
Dihydroxyacetone Phosphate 
Acyltransferase 

1.58 1.34 

HMGCR 0.15 1.15 
Malic Enzyme 0.86 1.42 
6-Phosphogluconate Dehydrogenase 1.94 1.77 
Pyruvate Dehydrogenase 0.99 1.69 
Scap 2.87 1.54 
S1p 0.58 0.78 
S2p 1.24 1.32 
Fatty Acid Desaturase 0.063 0.57 
Farnesyl Transferase 1.65 1.58 
Rab Escort Protein 0.72 1.18 
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Supplemental Table 3 

Manually Annotated 
Phenotype 

Number 
of Cells 

Computation 
Parameter 

Induction 
Over Plate 

Average 

Std. 
Dev. 

Stellate 131 Corner Detection 5.24 2.11 

Stellate 131 FFT 2.39 0.76 
Actin Enrichment at 
Perimeter 96 Actin Perimeter 

Intensity 1.8 0.37 

Non-spreading 131 Actin/Area 3.61 1.84 

 

Supplemental Table 3- Validation of quantitative parameters.  In this analysis, cells were 

selected by visual inspection as having the indicated phenotype (stellate, enriched actin or 

non-spreading).  This collection of cells was then analyzed by the computational methods 

indicated; the score of this analysis was compared to the average score of cells derived 

from the entire plate in the RNAi screen (induction reflects the score of the cells with 

selected phenotype divided by the average cell score across the plate).  This analysis 

shows that visually recognizable phenotypes are scored highly by the automated 

computational analyses.  

 



Supplemental Figures 

 

Supplemental Figure 1 
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Supplemental Figure 1- (A) FFT power spectral analysis.  To generate the complex 

modulus, first the distance to each perimeter pixel is calculated, as depicted in Figure 2.  

Then, these values are Fourier transformed, and the complex modulus is taken to yield 

the power spectrum.  The power spectrum is shown for the WT (blue) and Scar RNAi  

(red) cell shown in Figure 2.  Plot area between black lines indicates the integrated area 

shown in Figure 2H.  (B) Imunoblots showing the protein depletion after RNAi treatment 

to the relevant gene but not with RNAi to an unrelated gene.  Unequal protein levels were 

corrected for in quantitation.  (C) Sample western blot data used to generate Figure 3F. 

Arrow indicates band that was quantified ratiometrically in 3F. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 2 

Supplemental Figure 2- RNAi  phenotypes.  Images of the RNAi of the indicated gene.  
Red is actin, green is tubulin, and blue is DNA.  Scale bar, 10 µm. 
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Supplemental Figure 3 

Supplemental Figure 3- (A) Golgi (first row) and ER (second row) morphology in the 

indicated knockdowns.  (B) DEVD cleavage activity, represented as a fraction of control, 

6 hrs after cell lysis. 
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Supplemental Movies 

Supplemental Movie 1 

Time lapse TIRF microscopy of CG15231-GFP expressed in S2U cells.  Imaged on a 

Nikon TE2000, 1 image per second, displayed at 10 frames per second, with mManager 

microscopy software (see Materials and Methods).   

 

 

 

 

 



 62

Chapter 3 

Introduction 

Cell motility is essential for a number of processes, including neural development, wound 

healing, and immune system function. The first step in cell motility occurs when a 

polarization signal results in local actin polymerization, creating a protrusion on one side 

of the cell. The actin in this new protrusion then attaches to the extra-cellular matrix 

(ECM) via integrin adhesion, and these same attachments weaken in the back of the cell.  

Contractile activity of the actin cytoskeleton then results in the translocation of the cell 

body toward the new adhesion.  This process repeats itself to generate robust movement, 

and is known as the cell migration cycle (Sheetz 1999). 

 

Actin polymerization is a powerful force-generating activity within the cell, and as 

described above, is vital for driving cell motility. In order to move, the cell must be able 

couple the force produced by actin polymerization to the ECM.  The component that 

actually links the cell to the ECM is an integrin complex consisting of one alpha and one 

beta subunit which spans the plasma membrane.  Upon integrin binding to the ECM, two 

intracellular proteins, Talin and FAK, then bind to the beta subunit of this complex 

(Burridge 1996).  Talin provides a direct link to the actin cytoskeleton, and also recruits 

vinculin, which forms a force-sensitive link with actin fibers (Grashoff 2010) and 

transiently interacts with the Arp2/3 complex (DeMali 2002).  FAK also interacts with 

Arp2/3 (Serrels 2007), and its binding allows the recruitment of src kinases and 

p130CAS, and other downstream factors, resulting in the recruitment and activation of 
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Rac and the activation of local actin polymerization (Sharma 2008). Through the 

concerted activity of all of these factors and many others that are recruited (Zaidel-Bar 

2007), an adhesion complex is generated which allows for the generation of traction 

forces and force feedback, between the cell and the ECM (Craig 2003).          

 

The process described above has been characterized in mammals.  In Drosophila, the 

subcellular dynamics of adhesions are less well understood.  Understanding the signaling 

networks that govern the formation and disassembly of adhesions in the fly is of great 

interest to allow for the development of tools and screening techniques in this more 

genetically malleable model system.  While cell motility and adhesion, especially 

concerning sites of muscle attachment (Aman 2010; Brown 2004; Bunch 1992; Kunwar 

2006; Montell 1999) have been studied in the whole fly, the development of a cell culture 

system to study these processes is highly desirable in order to probe this process in high 

resolution.  Here we report the creation of a partially motile Drosophila S2 cell system 

that exhibits dynamic focal adhesion formation with a similar architecture to that of 

mammalian systems. 

 

Results and Discussion 

Drosophila S2U cells were transfected with a plasmid coding for the alpha integrin PS2-

m8 gene.  The m8 variant of this integrin subunit has a truncation in the metal binding 

domain, which is thought to deregulate its specificity to ECM (Bunch 2007).  As 

previously described by Bunch et al, we observed that a substantial population of these 

cells is able to spread on the ECM molecule vitronectin (Table 1, Bunch 1992).   
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As focal adhesions are often hallmarks of integrin-dependent spreading and migration in 

mammalian systems, we sought to determine whether our integrin-expressing cells 

formed focal adhesions. Previous studies have shown that, Drospohila homologs of core 

members of the mammalian focal adhesion complex colocalize in the lamella of 

Drosophila S2R+ cells (Jani 2007), but these areas of colocalization did not resemble 

mammalian focal adhesions (Ezratty 2005, for example). Additionally, the lack of 

dependence on ECM molecules for spreading in S2R+ cells casts doubt on the similarity 

of spreading mechanisms in this cell line to mammalian systems. We hypothesized that 

our system may better mimic the development of mammalian focal adhesions. In order to 

determine if our integrin-expressing cells formed classic focal adhesion structures, we 

transfected them with a construct coding for Drosophila Talin with an internal GFP tag 

(Ellis 2011).  We observed that these transfected cells do in fact form focal adhesions 

when plated on vitronectin, with a gross morphology and distribution similar to those 

seen in mammalian systems (Figure 1A).  When cells expressing only Talin-GFP were 

plated on Con A (to make them amenable to TIRF microscopy), we observed very few 

focal adhesions (Table 1).  When cells expressing integrin PS2-m8 and Talin-GFP were 

plated on Con A, focal adhesions could be observed, but they appeared much less distinct 

than when plated on vitrotectin and were seen in fewer cells (Figure 1B, Table 1).   This 

is not entirely unexpected, as the m8 isoform is thought to be somewhat de-regulated and 

may have some basal activity without vitronectin.  It is difficult to make comparisons to 

cells expressing integrin alphaPS2-m8 and/or Talin-GFP on glass with no ECM, as very 

few of these cells spread.   
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We next sought to determine if the architecture of these adhesions is similar to that of 

their mammalian counterparts.  We first examined the colocalization of talin-GFP and 

vinculin-mCh (Figure 2A), and found that, as seen in mammalian systems, the two 

Drosophila proteins colocalized to focal adhesion-like structures.  Next, we transfected 

cells with p130CAS-GFP and either paxillin-mCh (Figure 2B) or vinculin-mCh (Figure 

2C), and found similar colocalization, indicating that all of these constructs localize to the 

same structure, assuming their respective expressions did not recruit the co-localizing 

construct.  The colocalization of vinculin is of note, as, in contrast to many other 

organisms, vinculin is dispensible for growth and development of Drosophila (Alatortsev 

1997).   

 

Upon timelapse imaging of these focal adhesions, we observed that they were highly 

dynamic.  Adhesions formed in the periphery of the cell and underwent the classic 

adhesion life cycle of formation, elongation or growth, and disassembly (Figure 3A).  In 

addition, we observed movement of the cell body in the direction of the appearance of 

new adhesions (Figure 3A).  Upon closer examination of these adhesions, we observed 

what appeared to be periodic waves of adhesion propagating in the cell, with dynamic 

formation of do novo adhesions coupled with dissolution of existing adhesions.  To 

quantify this phenomenon, we calculated the displacement of the grayscale-weighted 

centroid of the talin signal in these cells.  From this analysis it is clear that these cells are 

trapped in some sort of oscillatory state (Figure 3B). Another population of cells 

exhibited fluctuations in the intensity of existing adhesions in a seemingly periodic 
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manner (Figure 4A).  To quantify this, we analyzed the average intensity of talin-GFP in 

opposite regions of the cell.  Again, we observed a highly periodic signal, which is 

anticorrelated with the opposite side of the cell (Figure 4B).  The differences observed in 

frequency of oscillation indicate that this periodic activity is not being dictated by 

physical properties of the cytoskeleton, and instead by emergent properties of feedback 

networks that are active in these cells.  

 

In rare cases (~3%, table 1) these cells can maintain polarization and become migratory 

(Figure 5).  The cell depicted is moving at approximately 0.62 μ/min.  We speculate that 

rather than being a discrete class of cells, these migratory cells can be thought of as 

dynamic outliers, possessing a very high oscillation time.    

 

It is striking that the restoration of a single protein to Drosophila S2 cells enables them to 

form focal adhesions, polarize (even transiently), and move.  Furthermore, their highly 

oscillatory behavior indicates that there is likely some sort of stable interaction of 

multiple signaling pathways activated by integrin adhesion.  These oscillating cells may 

form the basis for future studies examining feedback in adhesion dynamics, furthering 

our knowledge of the regulation of the highly complex activity of cell migration. 

 

Conclusion 

We have provided the first high resolution, live cell images of dynamic focal adhesions in 

a Drosophila cell line.  Focal adhesions in Drosophila share many characteristics with 

their mammalian counterparts, including possessing similar architecture and dynamics.  
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Furthermore, we have demonstrated the Drosophila S2 cells are much closer to their 

hemocyte origins than once believed, lacking only one protein to become capable of 

highly dynamic activity.  This system will now allow for new experimentation to further 

clarify the role and architecture of focal adhesions in Drosophila.     
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Materials and Methods 

 

Cell Culture 

Drosophila S2U cells were grown and as described in Goshima et al. (2007).  Vitronectin 

treatment was performed by incubating 70 μl of a 0.05 mg/ml vitronectin solution onto 

the bottom of each well in a 96-well plate for 1 hour at 37 degrees celcius, and then 

washing with twice with culture medium.  

 

GFP Tagging, Live Cell Imaging and Analysis 

PCR using Drosophila cDNA as a template was used to generate DNA for cloning.  The 

Gateway system (Invitrogen) was used for cloning, and pMT-GFP and pMT Cherry 

vectors were used (as described in Goshima et al. (2007)).  pMT contructs were induced 

with 50 mM CuSO4 overnight before imaging. Genes driven off the heat shock promoter 

(integrin ps2m8) where induced by incubation at 37 degrees Celsius for 35 minutes after 

plating.  A Nikon TE2000 microscope with a 100X, 1.49 N.A., or 60X X N.A. objective 

and an Andor iXonEM+ camera was used for imaging.  mManager microscopy software 

(Edelstein, 2010) was used to acquire all images and timelapses.   Images were 

manipulated only by cropping and linear contrast adjustments 

 

Computational Analysis 
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Grayscale-weighted centroid tracking was performed in ImageJ after a rolling ball (radius 

50 pixels) background subtraction.  Pixel intensity averages were also calculated in 

ImageJ, after boxes were manually drawn in opposing regions of the cell. 
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Tables 

Table 1: Quantification of Cell Spreading 

 ECM 
% 
Spread 

% With 
Adhesions 

% 
Dynamic 

% 
Wave % Motile 

ps2m8 vitronectin ~50% ND ND ND ND 
ps2m8/ 
talin-GFP vitronectin ND 100% 82% 25% 2.70% 
ps2m8/ 
talin-GFP Con A ND 60% ND ND ND 
talin-GFP Con A ND 11% ND ND ND 

ND, not determined 

 

Table 1: Quantification of spreading dynamics of integrin ps2m8-expressing S2 cells.  

For quantifications of ps2M8/talin-GFP and talin-GFP lines, acquisition was intentionally 

skewed toward GFP-positive, spread cells, and thus spreading percentage could not be 

calculated.  Dynamic activity is depicted in Figure 3.  Wave activity is depicted in Figure 

4.  Motility is depicted in Figure 5.  Percentages were calculated based on qualitative 

analysis of timelapses of spread cells only.   



Figures 

 

Figure 1 

 

 

 

Figure 1- Talin-GFP localization in cells expressing integrin ps2m8.  Cells were 

plated on 0.05 mg/ml vitronectin, heat-shocked, and allowed to spread for 4 hours on 

vitronectin (A) or Con A (B).  Left, talin-GFP; middle, transmitted light; right, merge.  

Scale bar, 10 µm. 
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Figure 2 
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Figure 2- Drosophila focal adhesion architecture.   Cells were transfected with integrin 

ps2m8 and potental focal adhesion components and allowed to spread on vitronectin for 

at least 4 hours.  A) Left, p130CAS-GFP; middle, paxillin-mCh; right, merge.  B) ) Left, 

p130CAS-GFP; middle, vinculin-mCh; right, merge.  C) Left, Talin-GFP; middle, 

vinculin-mCh; right, merge. Scale bar, 10 µm.



Figure 3 

 

 

Figure 3- Focal adhesion dynamics in an oscillating cell.  Cells where transfected with 

integrin ps2m8 and talin-GFP, and observed via time-lapse microscopy.  A) Time series 
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of an oscillating cell.  Arrow indicated the assembly and disassembly of a focal adhesion.  

B) Quantification of the oscillating behavior of the cell in (A) Quantification was 

performed by tracking the position of the grayscale weighted centroid of the talin-GFP 

signal.  Scale bar, 10 µm. 



Figure 4 

 

 

Figure 4- Oscillating focal adhesion intensity in a stationary cell. Cells were 

transfected with integrin ps2m8 and talin-GFP, and observed via time-lapse microscopy. 

A) Time series of an oscillating cell.  The green box indicates an area of high talin-GFP 

intensity, whereas the blue box indicated a region of low talin-GFP intensity. B) 

Quantification of the oscillating behavior of the cell in (A).  Quantification was 

performed by calculating the mean pixel intensity of the image over time in the regions 

shown in (A).  The signal from the bottom right was normalized such that its mean was 

equal to the mean of the signal from the top left.  Scale bar, 10 µm. 

 75



Figure 5 

 

 

 

 

 

Figure 5- Time-lapse of a motile cell. Cells where transfected with integrin ps2m8 and 

observed via time-lapse microscopy.  Arrow indicates the position of a migrating cell.  

Scale bar, 10 µm. 
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Chapter 4 

Conclusion 

Through the research described here, we have provided significant new information on 

the mechanisms through which Drosophila S2 cells use their cytoskeletons to undergo 

morphological rearrangements.  Utilizing a high-throughput whole genome RNAi screen, 

the first to examine cell morphology in a non-neuronal cell type, we identified specific 

and general classes of genes that are necessary for the spreading of S2 cells on Con A.   

To make these advances possible, we pushed the boundaries of quantitative image 

analysis by designing and implementing new high-throughput algorithms, and applied 

these algorithms to images of millions of cells.  This research proved the power of 

machine-based analysis and learning for evaluating volumes of data that would otherwise 

exceed the analysis-capacity of a human researcher.   This study will provide the basis for 

future experiments examining the specific role of casein kinase 1 in the regulation of the 

cytoskeleton, and the role of trafficking proteins in enabling morphological 

rearrangements. 

 

In more recent work, we created a new Drosophila cell culture system to study dynamic 

adhesion in a subcellular manner. Drosophila S2 cells were first isolated from embryos 

and have proven useful in elucidating aspects of cell biology due to their tractability in 

cell culture. However, little is known about their original function within the organism.  It 

has been speculated that they come from an embryonic hemocyte line, but unlike true 

hemocytes, they lack the ability to rearrange their cytoskeleton in response to 
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physiological stimuli, such as ECM or growth signals.  Strikingly, we found that 

expression of just integrin allows Drosophila S2 cells to be capable of highly dynamic 

behavior, suggesting that S2 cells are much closer to a hemocyte cell line that once 

believed. It is possible that S2 cells have lost the capacity to form adhesions over time in 

the lab; perhaps the additional adhesion confers a growth disadvantage in a cell culture 

environment, resulting in loss of integrin expression in this extensively passaged cell line.  

Another possibility is that this cell line may still possess the capacity to upregulate 

integrin expression and adhere to ECM, in response to the proper developmental signal in 

the fly.  

 

While limited evidence suggested that focal adhesions form in Drosophila cells, we 

provide the first images of such adhesion formation.  Interestingly, we found that focal 

adhesions in Drosophila are quite similar to those of mammals, with similar architecture 

and dynamics.  As with mammalian focal adhesions, those in Drosophila contain key 

components such as talin, vinculin, paxilin, and p130CAS, and go through a 

characteristic dynamic cycle of formation, growth and elongation, and disassembly.  Our 

research demonstrates that the core focal adhesion structure is conserved in metazoans 

and provides an exciting model for studying adhesions in this genetically tractable S2 cell 

system. 
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Future Directions 

As is often the case in science, the number of questions that these studies answer is small 

compared to the number of questions that are raised.  In particular, the S2 cell system that 

we created to study adhesion provides a means to conduct several high-value 

experiments. 

 

Microtubules and Migration in Drosophila 

In mammalian cell types, microtubules have been show to play a role in polarization and 

motility (Gunderson 1998).  As microtubule organization is substantially different in 

Drosophila (for instance, S2 cells lack centrosomes), it would be interesting to see if 

microtubule stabilization plays a role in polarization in Drosophila.  The integrin-

expressing S2 cell system would be ideal to test this, as these cells are highly dynamic 

but seem unable to maintain polarization, resulting in oscillatory behavior. By stabilizing 

microtubules in one area in these cells using either taxol-coated beads (Gunderson 1998) 

or photoactivatable taxol (Witte 2008), the role of microtubule stabilization in polarity 

establishment in Drosophila could be elucidated.  An RNAi screen to identify 

components necessary for this polarity could also be fruitful. 

 

On a related role, microtubules repeatedly target focal adhesions, eventually leading to 

their disassembly.  In a mammalian system, it has been shown that microtubule regrowth 

after depolymerization results in the disassembly of all focal adhesions in the cell in a 

dynamin- and FAK-dependent manner (Ezratty 2005).  For the same reasons as stated 

above, it would be interesting to determine if microtubules are capable of this activity in 
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Drosophila.  A negative result would be interesting as this would point to a different role 

for microtubules in Drosophila with regard to adhesion, whereas a positive result could 

for the basis for an RNAi screen to identify other components necessary for this 

microtubule-focal adhesion interaction.   Very preliminary results do indicate that 

microtubule regrowth does result in the disassembly of focal adhesions in this system.   

 

Focal Adhesion Architecture in Drosophila 

While I have established that Drosophila and mammals share some core focal adhesion 

components, there is significant evidence that differences exist between the two systems. 

Vinculin has been shown to be dispensable for the viability of the whole fly (Alatortsev 

1997), in contrast to many other organisms (including C. elegans).  In addition, no role 

for FAK, a central regulator of focal adhesion dynamics, has been identified in 

Drosophila (Grabbe 2004).  FAK has multiple roles in mammalian cells, both 

antagaonizing and promoting focal adhesion formation.  If FAK in Drosophila acts in a 

similar, although simpler manner, it may provide an opportunity to examine aspects of 

FAK function which are obscured in the more complicated mammalian system. FAK 

High-resolution microscopy of FAK and vinculin, and of focal adhesions and actin 

dynamics when FAK and vinculin have been targeted with RNAi, could allow for the 

establishment of their role in Drosophila.  Additionally, while most of the Drosophila 

homolog of talin is extremely well conserved to mammalian talin, Drosophila talin 

contains 283 amino acids at its C-terminus that are not present in any other organism 

(Brown 2002).  It is possible that this extra region provides activity that is redundant to 

FAK or vinculin, thus explaining the above peculiarity of the dispensability of vinculin 
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and FAK in Drosophila.  Studies replacing full-length talin with truncated versions (using 

RNAi targeted to the UTRs of talin), perhaps in combination with FAK or vinculin 

RNAi, could help elucidate the role of this region.   

 

Manipulation of the System 

While a very small percentage of the integrin-expressing S2 cells are capable of 

maintaining polarity and migrating, most of them appear stuck in an oscillatory state.  I 

have explored a number of means to increase the motile fraction, include selecting highly 

adherent cells in culture, bath application of fMLP, co-culture with cells expressing pvf1, 

CG15231 or apoptotic cells, squishing the cells with centrifugation or another coverslip, 

modulating vitronectin concentration, and plating cells on the ECM tiggrin, none of 

which have been successful.  A number of additional experiments could be performed to 

probe the nature of this state, including; 1) attempting to guide the cells with gradients or 

patterns of vitronectin, or using spatial restriction; 2) attempting to mechanically 

stimulate the cells either by poking or sheer flow; or 3) modulating tension in the cell, 

either by plating on a more compliant surface or by the ablation of focal adhesions.  

These experiments would give insight into whether the cell lacks a persistent polarization 

signal or whether this signal is merely overpowered by the development of cytoskeletal 

tension. 

 

After some basic understanding of the signaling and feedback that occurs in these cells 

has been reached, it would be interesting to attempt to change the parameters of these 

networks within the cell.  I can only broadly speculate at this point, but it seems as 
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though multiple programs must be activated when polarity is established, and that the 

manipulation of these networks could result in the ability to tune the oscillation frequency 

of the cells.  This would be quite an achievement.   

 

These integrin-expressing S2 cells provide an excellent means to study the dynamic 

regulation of adhesion and polarity in Drosophila.  With its tractable genetics, lack of 

genetic redundancy, and in some cases simplicity of gene function, Drosophila provides a 

powerful system to further our knowledge of the complex process of cell migration. 
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Abstract  

Asymmetric cell divisions can produce two different sized daughter cells that have 

distinct fates. A well-established means of generating unequal daughters involves 

asymmetric positioning of the mitotic spindle prior to cytokinesis. Here, we describe an 

asymmetric division in the C. elegans Q neuroblast lineage that begins with a centered 

spindle but proceeds to generate different sized daughters, the smaller (anterior) of 

which undergoes apoptosis. During division, more myosin II accumulates on the anterior 

side, suggesting that asymmetric contractile forces might produce different sized 

daughters. Consistent with this idea, partial inactivation of anterior myosin using 

chromophore-assisted laser inactivation creates a more symmetric division and permits 

the survival and differentiation of the anterior daughter. Thus, the balance of myosin 

activity on the two sides of a dividing cell can govern the size and fate of the daughters. 
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Asymmetric cell divisions are used to specify different lineages of daughters 

during development and by stem cells to produce a differentiated daughter as well as 

another stem cell precursor. In metazoans, asymmetric cell fate specification in the 

dividing cell is thought to arise from intrinsic asymmetry, or external polarity cues or a 

niche-derived signal (1, 2). The asymmetry is manifest in two cellular events during cell 

division. First, the spindle orients so that it adopts the proper axis for the ensuing 

division, either by fixing the position of the mother and moving the daughter centrosome 

(3) or by rotating both centrosomes (4-6). This orientation mechanism involves 

asymmetrically localized polarity/signaling proteins (e.g. PAR proteins, heteromeric G 

proteins, atypical protein kinase C (5-7)), which ultimately manifest their actions by 

selectively localizing dynein motors on the cortex, which pull on astral microtubules and 

swing the mitotic spindle into a defined axis (4, 8). As a second step, cytokinesis then 

divides the cell into two unequal halves, unlike most somatic cells divisions that equally 

partition the cytoplasm as well as the chromosomes. 

During the first embryonic cell division in C. elegans, unequal dynein-mediated 

pulling forces in the anterior-posterior axis displace the spindle towards the posterior 

pole (9, 10). The cleavage furrow then forms in the middle of the elongating anaphase 

spindle, but because the spindle is displaced, the cell is divided into unequal size 

daughters (5, 6). However, in Drosophila neuroblasts, asymmetric cell division begins 

with the spindle aligned in the middle of the cell (6, 11, 12). As anaphase progresses, 

the spindle elongates asymmetrically and the cytokinetic furrow shifts towards one side 

of the cell. However, the cellular mechanism responsible for this type of asymmetric 

cytokinesis is unknown. 
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Here, we developed fluorescence markers and live imaging methodologies to 

study asymmetric divisions in the C. elegans Q neuroblast lineage. Q neuroblasts undergo 

three rounds of division to make three distinct neurons and two apoptotic cells (Fig. 1A). 

In the second round, asymmetric divisions give rise to a large cell that continues to divide 

and differentiate and a small cell (half the size of the big cell, Fig. 3C) that undergoes 

apoptosis (Fig. 1A)(13). 

We first examined the spindle positioning of the QR.p and QR.a cells at metaphase 

by measuring the distances from each centrosome (marked by γ-tubulin-GFP) to the center 

of the cell. In QR.p, we found that the metaphase spindle was displaced toward the 

posterior; the distance from the anterior centrosome to the cell center was 0.4-fold as long as 

the posterior centrosome to the cell center (Fig. 1B-C and Movie S1). At anaphase, the 

cleavage furrow formed equidistant between the two centrosomes. As the spindle elongated, 

the distances of the anterior and posterior centrosomes to the furrow increased in a similar 

manner (Fig. 1D-E, Fig. S1 and Movie S1), and as the spindle was displaced prior to 

anaphase, a large and a small daughter cell were produced when the cytokinetic furrow 

bisected the spindle. The QL.p division showed a similar behavior to QR.p (Fig. S2A-B). 

Thus, this asymmetric division appears to be similar to the first cell division in C. elegans 

embryogenesis (5). 

The asymmetric division of the QR.a cell, however, revealed a behavior that was 

more similar to that described for Drosophila neuroblasts. In the QR.a cell, anaphase began 

with the two centrosomes positioned equidistant to the center (imaged with GFP-γ-tubulin, 

Fig. 1B-C and Movie S2; or imaged with GFP-a-tubulin, Fig. S3 and Movie S3). As 

anaphase progressed, the distance of the anterior centrosome to the ingressing cleavage 
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furrow remained constant, while the posterior centrosome-to-furrow distance increased 

(Fig. 1D-E, Fig. S1 and Movie S2). This result shows a progressively developing 

asymmetry of the furrow position with respect to the underlying spindle during anaphase.  

We next examined the dynamics of GFP-labeled non-muscle myosin-II in the 

contractile ring during cytokinesis. In the QR.p cell (posterior-displaced spindle), myosin II 

(NMY-2 in C. elegans) was equally distributed on the anterior and posterior sides of the 

ingressing furrow throughout cytokinesis (Fig. 2A-B, Fig. S4A and Movie S4). Myosin was 

depleted at both the anterior and posterior poles of the telophase QR.p cell, as is true for 

somatic cell division (14). However, in the QR.a cell, where the cleavage furrow is initiated 

at the cell center, we observed that the distribution of myosin became asymmetric during 

anaphase. More cortical myosin was found at the anterior than the posterior side of the 

furrow, particularly at early stages of anaphase, and cortical myosin was often found at the 

anterior pole of the QR.a cell, which was rarely seen in the QR.p cell (Fig. 2A-B, Movie S5; 

more examples in Fig. S4). We also observed a similar myosin II asymmetry during the 

asymmetric cell division in QL.a but not the QL.p lineage (Fig. S2C-D). 

 An asymmetric distribution of myosin in the QR.a cells might create a “tense” 

anterior cortex that resists deformation and a “relaxed” posterior cortex that can deform and 

expand. To explore this idea, we examined the shape of the plasma membrane (using a 

mCherry-tagged plasma membrane marker) in the anterior and posterior halves of the 

dividing cell. For the QR.p cell, its anterior pole is the leading edge of cell migration prior to 

and after cell division (QR.pa cell continues to migrate in the anterior direction). When 

we examined the shape of the plasma membrane, we found that the anterior membrane 

of the QR.p cell was more dynamic and more ruffled than the posterior portion; this 
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difference was maintained throughout cytokinesis (Fig. 2C and Movie S6 and more 

examples in Fig. S6B). As the spindle elongated in anaphase, the centrosome to cell 

pole distances decreased equally in the anterior and posterior (Fig. 1D-E and Movie 

S1), and the size of the anterior half was constantly ~2.2 times larger than the posterior 

throughout cytokinesis (Fig. S5). However, a very different behavior was observed for 

the QR.a cell. Like the QR.p cell, the anterior half was the leading edge of migration 

prior to division, and it is more dynamic and forms more protrusions than the posterior 

portion through metaphase (Fig. 2C and Movie S7 and more examples in Fig. S6A). 

However, unlike the QR.p cell, the anterior membrane became less dynamic and 

protrusive at anaphase and shrunk inward, resulting in a gradual decrease of the anterior 

pole to centrosome distance and also the size of the anterior daughter (Fig. 1D-E, Fig. 

S1, S5 and Movie S2 and S7). Furthermore, the membrane in the posterior pole 

expanded outward and changed shape during anaphase, resulting in a gradual increase 

in the posterior pole to centrosome distance as well as the overall size of the posterior 

daughter (Fig. 2C and S1, S5 and Movie S7). These changes in membrane dynamics are 

consistent with the notion that higher levels of cortical tension and contractile forces 

may drive the membrane towards the centrosome in the anterior half and lower cortical 

tension allow the expansion of the membrane away from the centrosome in the 

posterior half of the QR.a cell. 

To further explore whether myosin II asymmetry is involved in generating the 

QR.a daughter cell size asymmetry, we examined GFP-myosin II in the in the pig�1 

(gm344) mutant (PIG-1 is a MELK-like kinase), which was previously shown to generate 
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identical-sized Q daughter cells and produce additional neurons in the adult (15). In the 

pig-1 mutant, GFPmyosin II was distributed symmetrically on the anterior and posterior 

sides of the furrow during QR.a division (Fig. 2A-B; Fig. S4; Movie S8), which is 

consistent with a role of this motor protein in the asymmetric cell division of the QR.a 

cell. However, since the pig-1 mutant also affects the asymmetric division of the QR.p 

cell, which occurs by spindle displacement rather than asymmetric myosin, this 

correlation does not definitively link the asymmetry of myosin II with asymmetric cell 

division. To obtain more direct evidence, we sought to inactivate myosin II activity using 

chromophore-assisted laser inactivation (CALI) in the anterior of QR.a cell at the onset 

of cytokinesis in live C. elegans L1 larva and determine if this changes the sizes of QR.a 

daughter cells. CALI utilizes an intense laser irradiation of a fluorophore, including GFP, 

to damage proteins within —4 nm through the generation of highly reactive hydroxyl 

radicals (16 18). GFP-based CALI of the myosin II regulatory light chain has been shown 

to specifically block furrow ingression during cytokinesis in Drosophila epithelial cells 

(19). To perform CALI of GFPmyosin in the QR.a neuroblast, we modified our 

microscope so that it could rapidly switch between intense laser illumination (—1 μm 

diameter spot) for CALI and wide field spinning disk confocal illumination for imaging 

the Q neuroblasts (See Supplemental Methods). To validate that CALI specifically 

inhibits GFP-myosin heavy chain activity in C. elegans Q cells, we first tested whether it 

can block the ingression of the cleavage furrow in the first round division of the QR cell. 

Applying one 300 msec pulse of CALI illumination of GFP myosin II to just one side of 

the furrow caused the ingression to pause while the other, non-illuminated side continued 
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to pinch (Fig. S7B, 73%, n=11). Thus, CALI can inhibit the myosin II activity during 

cytokinesis in the Q cell as was found in Drosophila epithelial cells (19). 

We applied CALI (3 x 300 msec pluses over 15 sec) to the anterior half of QR.a cell, 

which has higher GFP-myosin II and presumably higher myosin activity, and then measured 

the subsequent cell sizes of the daughters. After CALI, the anterior daughter cell QR.aa was 

enlarged compared to the QR.aa cell after normal QR.a division (the CALI-ed cell had 

QR.aa/QR.ap size ratio of 0.83 ± 0.18 (mean, SD; n=39) compared with the size ratio for the 

wild type cell of 0.52 ± 0.08 (mean, SD; n=35) (Fig. 3A and C)). Furthermore, as shown in 

the histogram in Fig. 3C, the QR.aa cell was sometimes larger than the QR.ap cell after 

CALI treatment, which was never observed in the wild-type. To establish that these results 

were due to inactivation of myosin and not non-specific effects of illumination, we 

performed a similar CALI treatment of the GFP tagged membrane protein MIG-2, a small 

GTPase involved in Q cell migration but not cytokinesis (20, 21). Performing CALI of 

MIG-2::GFP in the anterior of the QR.a cell at anaphase did not change the size ratio of the 

QR.aa and QR.ap cells (size ratio= 0.56 ± 0.07 (mean, SD; n=21); Fig 3E and F). We also 

tested the effects of performing CALI of GFPmyosin II in the posterior half of QR.p cell, 

whose cell division appears to involve an asymmetrically positioned spindle rather than 

asymmetric myosin (Figs. 1 and 2). In this case, CALI did not change the daughter cell sizes 

(normal QR.pp/QR.pa size ratio = 0.42 ± 0.06 (mean, SD), n=24; CALI, 0.47 ± 0.05 (mean, 

SD), n=21; Fig. 3B and D). Thus, we conclude that CALI of GFP tagged myosin II 

specifically affects the daughter cell sizes of the QR.a division. 

We next followed the fate of the QR.aa cell after CALI by long term (>160 min) 

time lapse imaging. During normal development, the QR.aa cell quickly rounds up and 
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is engulfed and digested by neighboring cells within 150 min (Fig. 3G-H and Movie S9) 

(13). In contrast, the enlarged daughter QR.aa cell derived from the CALI-ed QR.a cell 

sometimes escaped programmed cell death (21%, N=19) and some of these 

differentiated into a neuronal-like cell that extended a long process (11%, N=19, Fig. 

3G-H and Movie S10). In the multiple trials, the larger QR.aa cells that formed after 

CALI had a higher chance of survival (Fig. S7C). This result also supports the notion 

that our CALI treatment does not produce effects through non-specific cell damage but 

rather through a specific inactivation of myosin II that can often result in cell survival. 

In summary, our work suggests that asymmetric cortical tension, produced by an 

unequal distribution of myosin and very likely other cortical proteins as well, produces 

two different size QR.a daughter cells during the process of cytokinesis. We propose that 

a stiffer and inward contracting anterior pole pushes cytoplasm through the furrow 

towards the less contractile posterior pole, which responds by expanding like a balloon 

(Fig. 4). We also demonstrate a direct connection between cell size and cell fate in C. 

elegans development by showing that increasing cell size by CALI of myosin II can 

result in rescue from apoptosis and differentiation into a neuronal-like cell. To our 

knowledge, such a connection between cell size and fate has not been previously made 

by such non-genetic manipulation. 

Many previous studies on asymmetric cell division have revealed asymmetric 

distributions of cortical proteins during metaphase and anaphase (reviewed in (5, 10, 

22)).  However, the key downstream “output” of these asymmetric cortical signaling 

molecules has been thought to be the mitotic spindle, best exemplified by the 

displacement of the entire mitotic spindle in the C. elegans embryo (5, 10). Similarly, 
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asymmetric divisions of Drosophila neuroblasts (which start anaphase with a symmetric, 

centrally positioned spindle) have been postulated to arise from the greater elongation of 

microtubules on one side of the spindle midzone versus the other (6, 11, 12). We also 

observed asymmetric spindle elongation in the QR.a cell (Fig. 1C-D), but we propose that 

this behavior arises from differential cortical tension that allows the cell and spindle to 

expand at one pole but not the other, rather than differential spindle elongation acting as a 

primary driver of asymmetric cell division. In support of this idea, studies by Hickson 

and O’Farrell (23) show that increasing cortical tension at the cell poles (through RNAi 

treatments of Drosophila S2 cells) prevents spindle elongation as well as extension of the 

cell (23). 

A future challenge remains to understand the detailed pathway of how differential 

cortical tension at the poles during asymmetric cell division is achieved. The canonical 

PAR3/PAR-6 polarity pathway that controls the early asymmetric cell divisions in the C. 

elegans embryo (5, 10), is not required for Q neuroblast asymmetric divisions, and these 

proteins are not differentially distributed in the anterior/posterior halves of these cells (Ou 

and Vale unpublished data). Conversely, PIG-1 kinase controls asymmetry in Q 

neuroblast divisions but not in the embryo (15). Thus, even a simple organism like C. 

elegans (where 807 out of its 949 somatic cell divisions are asymmetric (24)) appears to 

use multiple signaling pathways to generate cell division asymmetries. While the 

molecular details may differ in different cells and between organisms, we suggest that 

differential cortical tension may serve as one general class of mechanisms that can 

produce different sized daughters and cell fates during asymmetric cell divisions. 



Figures 

Figure 1 
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Figure 1. C. elegans Q neuroblast lineages and spindle positioning in asymmetric 

cell division. 

A) The lineage of C. elegans Q neuroblasts. Three rounds of asymmetric cell divisions 

make three different neurons (name labeled below) and two apoptotic cells (in black). 

These divisions are the same for lineages on the right (QR) and left (QL) sides of the 

animal. B) Spindle positioning in the second round asymmetric cell division with 

centrosomes (gamma-tubulin, TBG-1::GFP) in green and plasma membrane (mCherry 

with a myristoylation signal) and histone (his-24::mcherry) in red. Anterior of the 

cell is left. Bar = 2.5 µm.  Right corners show schematic summary of the results– the 

spindle is displaced posteriorly in the QR.p cell but is centered in the QR.a cell. C) 

Centrosome-to-cell center distance ratio (anterior centrosome distance divided by 

posterior centrosome distance). Error bars indicate mean ± SD (n=12). Cell center is 

defined as the midpoint between the two cell poles. D) Still images from time-lapse 

movies of QR.a (left) and QR.p (right) spindles during anaphase and cytokinesis. The cell 

anterior is left. Bar = 2.5 µm. E) The distance of the centrosome to the cleavage furrow 

(Ca, anterior; Cp, posterior) or to the cell pole (Pa; Pp). The distance is quantified from 

10 movies and is normalized compared to the initial distances for each centrosome at the 

start of anaphase. Raw data is shown in Fig. S1. 



Figure 2 

 

Figure 2. Myosin II and membrane dynamics in Q neuroblasts during cytokinesis. 

A) Still images of myosin II-GFP dynamics during cytokineses from time-lapse movies 

of QR.a (left) in WT or QR.a in pig-1 mutant (middle) and QR.p (right) animals. B) 

Myosin II-GFP fluorescence intensities ratio between the anterior and posterior parts of 

QR.a or QR.p cells in WT or pig-1 (gm344) mutant (*, 

p<0.001, n=9-11).  Error bars indicate mean ± SD. C) Four still images on the left show 

membrane  
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dynamics of QR.a (upper) or QR.p (lower) during cytokinesis. The plasma membrane is 

imaged by mCherry with a myristoylation signal (see methods). Green dots are the 

positions of fiduciary markers from autofluorescent spots in the C. elegans body 

visualized by 488 nm laser excitation (original image not shown). Right panels show the 

alignment of QR.a (upper) and QR.p (lower) cell peripheries based on fiduciary markers 

revealing the contraction and expansion of the two sides of the cell. Red and green are the 

cell boundary at 0 and 300 sec respectively. Asters show neighboring Q cells. More 

examples are shown in Fig. S6. Anterior of the cell is left. Bar = 2.5 µm. 



Figure 3 

Figure 3. Chromophore assisted laser inactivation (CALI) of Myosin II in Q 

neuroblasts during cytokinesis. 
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A) CALI inactivation of myosin II in the anterior of QR.a enlarges the anterior daughter 

cell size. Still images in the upper panel show the chromosome and plasma membrane 

labeled with mcherry and lower images show GFP tagged myosin II. Arrows indicate the 

region was illuminated by lasers directly focused on the sample at late anaphase (see 

methods). B) CALI inactivation of myosin II in the posterior of QR.p does not change 

sizes of daughter cells. C) and D) are quantifications of daughter cell sizes ratio in QR.a 

(QR.aa/QR.ap in C) and QR.p (QR.pp/QR.pa in D) in normal condition (red) or after 

CALI (blue) of the anterior in QR.a or the posterior in QR.p. E) and F) show that CALI 

of MIG-2::GFP in QR.a (E, quantification in F, green) does not change the ratio of QR.aa 

and QR.ap. G) shows the cell fate of QR.aa 

cell. Frames in the left show that QR.aa cells normally undergo programmed cell death. 

QR.aa becomes round (60min), and is engulfed and digested by neighboring cell (99min) 

and finally disappears (126min). Right frames show that after CALI, QR.aa cell survives. 

QR.aa fails to round, migrates (82min, using non-motile QR.pp as a fiduciary maker) and 

forms neurite (189 & 497 min). The contrast in 497 min frame was adjusted differently 

from others to show the fine processes. H) is quantifications of QR.aa cell fates in WT  

(upper) and after CALI (lower). Anterior of the cell is left. Bar = 5 µm. 



Figure 4 

 

Figure 4. Proposed mechanism of QR.a asymmetric cell division. Myosin II localizes 

evenly in QR.a cell at metaphase but accumulates and distributes asymmetrically during 

anaphase. More myosin II at the anterior than posterior may generate larger cortical 

tension (big arrows), pushing cellular contents and resulting in a small cell in the anterior 

that undergoes apoptosis and a large cell in the posterior that survives and ultimately 

differentiates to neurons. Myosin II is in green, plasma membrane and chromosomes are 

in red, and the centrosome is in blue. 
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Methods 

Strains 

C. elegans strains were raised on NGM plate seeded with the Escherichia coli strain 

OP50 at 20°C using standard methods. Wild-type animals were of Bristol variety N2 

strain. Strains bearing mutations or transgenic arrays obtained from Caenorhabditis 

Genetics Center are the following. JJ1473; unc-119(ed3) III; zuIs45[nmy-2::NMY-

2::GFP + unc-119(+)] V. NG4370; zdIs5[mec-4::GFP + lin-15(+)] I; pig-1(gm344) 

IV. TH27; unc-119(ed3) III; ddIs6[tbg-1::GFP + unc-119(+)]. CF693; unc-31(e169) 

IV; him-5(e1490) V; muIs28[mig-2::GFP + unc-31(+)]. Strains made in this study 

are the following: RDV55; rdvIs1[Pegl17::mcherry::his-24+Pegl-17::myristoylated 

mcherry + Pegl-17::mig-10::yfp+ pRF4]. RDV53; rdvEx53[Pegl-17::myristoylated 

mCherry + Pegl-17::EBP-2::gfp+ pRF4]. RDV70; rdvEx70[Pegl17::myristoylated 

mCherry + Pegl-17::mcherry::his-24+Pegl-17::TBA-2::gfp+ pRF4]. RDV83 

(rdvIs1; zuIs45 V) was made by crossing RDV55 males with JJ1473 hermaphrodite. 

RDV84 (rdvIs1; ddIs6) was made by crossing RDV55 males with TH27 

hermaphrodite. RDV200 (zdIs5 I; rdvIs1; pig-1(gm344) IV; zuIs45 V) was made by 

crossing RDV83 males with NG4370. 

Molecular Biology and Transgenesis 

PCR fusion techniques were used to generate mCherry reporters of Q cell plasma 

membrane and chromosomes. We used the egl-17 promoter to drive coding regions for 
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Q cell specification expression. All fusions were performed by either Phusion DNA 

polymerase (New England Biolabs) or the AccuPrime Pfx SuperMix (Invitrogen). 

PCR templates and primers are listed Table S1.  Transgenic C. elegans were created 

by germline transformation. PCR products were co-injected into N2 hermaphrodites at 

5 ng/µl with 50 ng/µl pRF4, except that Pegl-17::MYR-mecherry was injected at 15 

ng/µl to make RDV53. RDV55 was spontaneously integrated into the genome. 

Although MIG-10::YFP was co-injected, it only shows fluorescence at the birth of 

QR.a/p cells and is not visible during their divisions. The NMY-2::GFP construct was 

transformed using microparticle bombardment (Nance et al., Development, 2003), 

which always results in the low copy integration and low protein expression close to 

the endogenous level. The NMY-2::GFP strain used in our work has been widely used 

in studying various cell biological questions in C. elegans embryos and germ line, and 

protein over expression always causes silencing in the C. elegans germline, suggesting 

that NMY-2::GFP cannot be over expressed. Moreover, NMY-2::GFP can rescue the 

sterile phenotype in a nmy�2 deletion mutant (personal communication with Drs. 

Nance and Priess). 

Q Cell Imaging 

Microscopy methodology for visualizing Q neuroblast asymmetric cell division was 

modified from our recent technique of studying Q cell migration (20). In brief, C. 

elegans L1 larva were anesthetized with 0.1 mM levamisole in M9 buffer, mounted on 

2% agar pads, and maintained at 22°C. Our imaging system includes an Axiovert 

200M microscope (Carl ZeissMicroImaging, Inc.) equipped with a 100X, 1.45 N.A. 

objective, an EM CCD camera (Hamamatsu model, C9100-13), and the 488 nm and 
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568nm lines of an Argon and Krypton laser attached to a spinning disk confocal scan 

head (Yokogawa CSU10 obtained from Solamere Inc.). Time-lapse images were 

acquired with exposure time of 300 msec at every 20 sec by µManager (www.micro-

manager.org) software. To image membrane dynamics by MYR-mcherry in strain 

RDV53, the exposure time was 500 msec and images were taken at every 5 sec. 

Chromophore-assisted laser inactivation 

We modified the optics in the Zeiss Axiovert 200m microscope to allow both CALI 

and spinning disk confocal acquisition. For chromophore-assisted laser inactivation 

(CALI), we focused the 488 nm line of an argon laser (Model, 35-LAP-431-208R, 

Melles Griot, Carlsbad, CA ) in a diffraction limited spot in the sample by using a 

second optical fiber that coupled the laser light to a Zeiss TIRF slider installed in the 

slot for the field diaphragm of the epi-illumination path. Light output was switched 

between the two fibers using a polarizing beam splitter and insertion of a half wave 

plate controlled by the µManager software using a servo. The light was focused on the 

sample rather than the back-focal plane of the objective by inserting a biconcave lens 

(Optosigma 017-0275, D=25.40, focal length of 89.7 mm) into the reflector cube at 

the position of the emission filter along with either a 488nm reflecting long pass 

mirror or a 100% reflecting mirror in the cube. The laser spot was focused using the 

focus control on the TIRF slider while observing a coverslip coated with the lipophilic 

carbocyanine dye DiL. Spot size was estimated to be 1 µm in diameter, causing an 

excitation power of 2 mW (power measured at the end of the fiber) to result in a 

power density of about 250 kW cm-2 at the sample. Switching time between CALI and 



 108

spinning disk modalities was only limited by reflector turret movement and was on the 

order of 300 msec. 

To maximize the efficiency of finding mitotic QR.a or QR.p cells for CALI, we 

synchronized C. elegans by allowing ~100 adults to lay eggs for 1-2 hr, removing the 

adults, and then incubating the eggs at 22°C for16 hr to obtain L1 larvae. We then 

recorded multiple (~5) migrating QR.a and QR.p cells from different larvae using multi-

position acquisition with images in each field acquired at 90 sec intervals. When we 

identified a cell that enters mitosis, we stopped multi-position acquisition and imaged 

the mitotic cell every 5 sec. If a mitotic QR.a or QR.p cells was not identified within 2 

hr, the sample was discarded. During the acquisition of a mitotic cell, we frequently 

paused to adjust the focus and moved the anterior portion of QR.a cell (or the posterior 

of QR.p cell in control experiments) into the focus of the CALI illumination (~ 1 μm, as 

described above). CALI was performed at the onset of cytokinesis, as identified by the 

separation of the mCherry-histone fluorescence (sister chromatid separation). The 488 

nm CALI illumination was applied one time for 300 msec on one side of QR cell (Fig. 

S7B), or the anterior of QR.a cell and the posterior of QR.p cell three times for 300 

msec at 5 sec intervals (Fig. 3). After CALI, we switched to acquiring images of the 

ensuing Q cell division every 5 sec. To follow the cell fate of QR.aa cell, we imaged 

them at about 3 hr after division or took time-lapse movies by imaging every 90 sec for 

about 3 hr, occasionally adjusting the position and focus of the stage to keep the cell in 

view. The survival cells are those do not have sphere morphology and extend processes. 

Fluorescence Quantifications 
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We used ImageJ software (http://rsbweb.nih.gov/ij/) and Adobe Photoshopare CS3 to 

process images. Fluorescence quantifications were performed by ImageJ software. To 

calculate the ratio of anterior/posterior centrosome to cell center distances in Fig. 1B, 

we used ImageJ to measure the distance between gamma-tubulin (TBG-1::GFP) to the 

middle of cell (MYR-mCherry). Representative frames at the metaphase and anaphase 

transition of QR.a or QR.p division are presented in Fig. 1B and Fig. S3, and those for 

QL.a or QL.p cells are in Fig. S2A. 

We used mCherry-labeled plasma membrane and histone markers to determine the 

position of furrow. In time-lapse movies, after chromosomes are segregated at late 

anaphase, the furrow is defined as the line connecting the points where the membrane is 

invaginating to an apex on either side of the cell. The accumulation of GFP tagged 

myosin II along this line confirms this to be the position of the furrow. 

We used two independent approaches to determine if there is any asymmetric 

distribution of myosin II (NMY-2::GFP) in WT QR.a and QR.p or WT QL.a and QL.p 

or pig�1(gm344) mutant QR.a cells during cytokinesis. The first approach calculated 

the myosin II distribution ratio between anterior and posterior part of the cell (Fig. 2B 

and Fig. S2C-D). Plasma membrane marker (MYR-mCherry) was used to find the 

cleavage plane, and ImageJ was used to circumscribe the fluorescence field and 

measure the sizes of area with GFP fluorescence in the anterior or posterior part of the 

contractile ring. Over two independent measurements of the same set of images by 

different individuals without knowing cell types and genetic backgrounds were 

averaged and presented in Fig. 2B and Fig. S2D. 
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The second approach used a custom Matlab program to assess any inherent asymmetry 

in the myosin distribution across the cleavage plane in an unbiased manner that required 

very little human input (Fig. S4A). The algorithm has two steps: The first step is to 

identify the relevant signal and centroid of this signal, and the second step is to calculate 

the maximum axis of symmetry intersecting this centroid. First, relevant myosin signal 

is identified by applying a 1.5*background pixel level threshold (background level is 

determined from an area of background selected by the user). Second, the grayscale-

weighted centroid of the myosin signal is identified. Third, a line is drawn by the user, 

intersecting the centroid, bisecting the image into two images (image 1 and image 2). 

This bisecting line is rotated by one degree from -10 to +10 degrees from the starting 

position, and symmetry values are calculated between image one and the mirror-image 

of image 2 by position-by-position subtraction. Asymmetry was calculated by adding up 

all pixels which did not contain myosin II in the mirror image. The line across which 

asymmetry is minimized is the final value. The purpose of starting with the user 

selected line and defining a limited range around this line is to avoid measuring the 

symmetry of the myosin distribution across the axis perpendicular to the cleavage plane, 

which will be retained even given an asymmetric distribution of myosin across the 

cleavage plane. 

Student's t‐Tests were used to examine statistical differences of myosin II distribution 

between QR.a and QR.p in WT or QR.a between WT and pig�1 (gm344) mutant. 
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Supplemental Tables 

Supplemental Table S1 

PCR Product Primer 5' Primer 3' Template 

egl-17 
promoter 

CAGATGGATG 
TTTACTGCCA ACTGG 

AGCTCACATT 
TCGGGCACCT GAA N2 Genomic 

DNA 

   MYR-mCherry CAGGTGCCCGAAATGTGA
GCTATGGGTTCCT 
GTATTGGAAA AGTCTC 

CTAAAGGGAA 
CAAAAGCTGG AGC pJWZ50.3 

mCherry 
CAGGTGCCCGAAATGTGAG
CT ATG GTC TCAAAGGGTG 
AAGAAGATAA C 

AGTACCTCCACCTC
CGCTG TCCATGT pAA65 

EBP-2 
ACATGGACAGCGGAGGTGG
AGGTAC T ATGGTCGTCA 
ACGTGTTCAT C

GCGATTCCTT 
GTTTATTTCC 
AAGGC

N2 Genomic 
DNA 

his-24 
ACATGGACAGCGGAGGTGG
AGGTAC T ATGTCTGATT 
CCGCTGTTGT TGC 

CAATGTTTAT 
TGAAGACGTT 
GAACGTC 

N2 Genomic 
DNA 

TBA-2 
ACATGGACAGCGGAGGTGG
AGGTAC T ATGCGTGAGG 
TCATCTCTAT CC 

CGCTTTTTAA 
GGCAAAAAAG 
GAG 

N2 Genomic 
DNA 

Pegl-17::MYR- 
mCherry 

CTTCCGTTCT 
ATGGAACACT C 

GAATCATCGT 
TCACTTTTCA CGG 

egl-17 promoter 
+ MYR-mCherry

Pegl-17:: 
mCherry::his-
24 

CTTCCGTTCT 
ATGGAACACT C 

GAAGACGTTG 
AACGTCAAAT 
TATC 

egl-17 promoter 
+ mCherry + his-
24 

 



Supplemental Figures 

Supplemental Figure S1 
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Fig. S1 Asymmetry of spindle elongation during Q neuroblast divisions. 

A) and B) Quantifications of centrosome to furrow distance (A) and cell pole 

distance (B) from 10 movies. Data is normalized compared to the initial distances 

for each centrosome at the start of anaphase. Error bars indicate mean ± SD. Spindle 

asymmetry (Ca/Cp) in the QR.a cell arises from the constant length of Ca but 

elongation of Cp, and the daughter cell size asymmetry in QR.a results from the 

shrinkage of anterior pole (Pa) towards the centrosome and expansion of the 

posterior pole (Pp) away from the centrosome. 

  



Supplemental Figure S2 

Fig. S2. Spindle positioning and myosin II distribution in asymmetric cell division 

of QL.a and QL.p 

A) Spindle positioning in the second round asymmetric cell division of QL.a and 

QL.p cells with centrosomes (gamma-tubulin, TBG-1::GFP) in green and plasma 

membrane (mCherry with a myristoylation signal) and histone (his-24::mCherry) in 
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red. The anterior of the cell is towards the left. The spindle is displaced posteriorly in 

the QL.p cell but is centered in the QL.a cell. B) Centrosome-tocell center distance 

ratio (anterior centrosome distance divided by posterior centrosome distance). Error 

bars indicate mean ± SD (n=10). Cell center is defined as the midpoint between the 

two cell poles. C) Images of myosin II-GFP in QL.a (upper) and QL.p (lower) 

animals. D) Myosin II-GFP fluorescence intensities ratio between the anterior and 

posterior parts of QL.a and QL.p (*, p<0.001, n=9-11). Error bars indicate mean ± 

SD. 



Supplemental Figure S3 

 

Fig. S3. Spindle in the QR.a cell during asymmetric cell division 

Spindle in QR.a cell is visualized by GFP tagged alpha-tubulin (TBA-2). Plasma 

membrane and histone are labeled by mCherry. Anterior of the cell is towards left. White 

arrows point to the spindle poles. Spindle is positioned in the center of QR.a cell in 

metaphase (left) and the cleavage furrow (yellow arrow) is initiated in the center of 

spindle (middle) in early cytokinesis. 

  

 117



Supplemental Figure S4 

Fig. S4 Asymmetry of myosin II in QR.a cells. 

A) Myosin II (NMY-2::GFP) in the contractile ring of WT QR.a or QR.p cells or pig-

1 (gm344) mutant QR.a cells (n=9-11). Error bars indicate mean ± SD. The 

asymmetry is determined by a custom Matlab program, and Y axis shows minimum 

asymmetry of myosin signal bisected through the centroid (see Methods). B) and C) 

Frames from 5 different time lapse movies of QR.a cell cytokinesis from WT (B) or 
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pig-1 (gm344) mutant (C) animals. Plasma membrane and histone are labeled by 

mCherry in red. Myosin II is labeled by GFP in green. Times in second are indicated. 

Anterior of cell is towards the left. Bar = 2.5 µm. 



Supplemental Figure S5 

Fig. S5 Daughter cell size change during cytokinesis. 

QR.a cell (upper left) gradually shrinks the anterior half and enlarges the posterior half, 

resulting in two daughter cells of distinct sizes. Sa is the size of the anterior and Sp is 

the size of the posterior of dividing Q cells. The anterior portion of QR.p cell (upper 

right) is twice as large as the posterior at the start of cytokinesis, and the anterior over 

posterior cell size ratio remains constant until the end of division. In pig-1 mutant, QR.a 

(lower left) and QR.p (lower right) maintain the same anterior and posterior sizes, 
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resulting in two daughter cells of similar sizes after division. Size is determined by 

bisecting the cell at the position of the cleavage furrow and measuring the area to the 

left (anterior) and right (posterior). Time 0 sec is the start of furrow formation. Error 

bars indicate mean ± SD (n=10). 

  



Supplemental Figure S6 
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Fig. S6 Membrane morphology of QR.a and QR.p cells during cytokinesis. 

A) and B) More examples of still images from five different time�lapse movies 

showing membrane morphology of QR.a (A) and QR.p (B) at the start and the end of 

cytokinesis. Anterior of the cell is left. Asters show neighboring Q cells. Bar = 2.5 µm. 

 

  



Supplemental Figure S7 

Fig. S7. CALI in QR and QR.a cells 
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A) QR neuroblast normally undergoes equal cell division and cleavage furrows on 

both sides (white arrow) initiate and progress evenly during cytokinesis. B) Furrow 

ingression is paused (asters) on the side of myosin II inactivation by CALI (arrow 

heads), while the furrow ingresses on the opposite side (arrows). The image on the 

left bottom in A) or right bottom in B) (plasma membrane and histone in red) 

provides a zoomed up view of furrow ingression from the neighboring frame 

(80sec). Anterior of the cell is left. Bar = 5 µm. C) Plot of QR.aa/QR.ap cell size 

ratio and QR.aa cell fate after CALI. Error bars indicate mean ± SD. The mean size 

of QR.aa cells that survive after CALI is larger than the size of those that disappear 

(p<0.001). 
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Supplementary movies: 

Supplementary Video S1 

Spindle positioning and elongation in dividing QR.p cell. Centrosome in green, 

chromosome and plasma membrane in red (Strain RV83). The display rate is 7 

frames/sec with total elapsed time of 960 sec. Anterior, left. 

Supplementary Video S2 

Spindle positioning and elongation in dividing QR.a cell. Centrosome in green, 

chromosome and plasma membrane in red (Strain RV83). The display rate is 7 

frames/sec with total elapsed time of 1212 sec. Anterior, left. 

Supplementary Video S3 

Spindle positioning and elongation in dividing QR.a cell. Microtubules in green, 

chromosome and plasma membrane in red (Strain RV70). The display rate is 7 

frames/sec with total elapsed time of 1680 sec. Anterior, left. 

Supplementary Video S4 

Myosin II dynamics in cytokinetic QR.p cell. Myosin II in green, chromosome 

and plasma membrane in red (Strain RV84). The display rate is 7 frames/sec with 

total elapsed time of 460 sec. Anterior, left. 
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Supplementary Video S5 

Myosin II dynamics in cytokinetic QR.a cell. Myosin II in green, chromosome 

and plasma membrane in red (Strain RV84). The display rate is 7 frames/sec with 

total elapsed time of 480 sec. Anterior, left. 

Supplementary Video S6 

Membrane dynamics in dividing QR.p cell. Plasma membrane in red (Strain 

RV53). The display rate is 15 frames/sec with total elapsed time of 955 sec. 

Anterior, left. 

Supplementary Video S7 

Membrane dynamics in dividing QR.a cell. Plasma membrane in red (Strain 

RV53). The display rate is 15 frames/sec with total elapsed time of 935 sec. 

Anterior, left. 

Supplementary Video S8 

Myosin II dynamics in cytokinetic QR.a cell of pig�1 mutant. Myosin II in green, 

chromosome and plasma membrane in red (RV200). The display rate is 5 frames/sec 

with total elapsed time of 460 sec. Anterior, left. 

Supplementary Video S9 

QR.aa cell undergoes programmed cell death. Aster is adjacent to QR.aa cell. 

Chromosome and plasma membrane in red. The display rate is 7 frames/sec with total 

elapsed time of 111 min. Anterior, left. 
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Supplementary Video S10 

QR.aa cell migrates and forms neuritis after CALI of myosin II during 

cytokinesis. Aster is adjacent to QR.aa cell. Chromosome and plasma membrane 

in red. The display rate is 7 frames/sec with total elapsed time of 165 min. 

Anterior, left. 
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