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Abstract 

 

 

 

Membrane remodelling is coupled to cytoskeletal dynamics in cell migration and 

cleavage furrow formation during cytokinesis. Metazoan embryogenesis serves as an 

interesting context to study the function of membrane remodelling proteins containing a 

BAR domain on the actomyosin network during cell formation and division. We used 

Drosophila embryogenesis to perform a screen for elucidating the role of the BAR domain 

containing proteins in plasma membrane associated actin remodelling in the blastoderm 

embryo. Depletion of several BAR domains containing proteins gave defects in actin 

remodelling during early morphogenesis and cell division. We further characterized the 

role of a multi-domain protein GRAF in regulating cytokinetic furrow formation in 

Drosophila cellularization. GRAF contains a BAR, PH, RhoGAP and SH3 domain and is 

present in multicellular organisms. RhoGTPase exchange factors (RhoGEF) and 

RhoGTPase activating proteins (RhoGAP) together regulate the levels of Rho-GTP to 

drive actomyosin ring constriction in cleavage furrow formation. We found that a CRISPR-

Cas9 induced null mutant of GRAF showed ring hyper constriction due to increased Rho-

GTP and Myosin II levels in cleavage furrow formation in a RhoGAP domain dependent 

manner. RhoGEF2 depletion and Myosin II inactivation in Rho Kinase suppressed the 

hyper constriction defect in Graf mutants. GRAF was enriched at the cleavage furrow 

during the early stages of cleavage furrow formation. BAR and SH3 domains were 

required for cleavage furrow recruitment whereas PH and RhoGAP domains played a role 

in its dissociation from the furrow. In addition to Myosin II, GRAF also regulated the 

distribution of key actin regulatory proteins at the cleavage furrow. In summary, we found 

that the spatiotemporal recruitment of GRAF to the cleavage furrow fine-tuned Rho-GTP 

levels and regulated actomyosin ring constriction during cleavage furrow formation in 

Drosophila cellularization 
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Title: Functional characterization of BAR domain proteins in actomyosin network 

organization during Drosophila embryogenesis 

1. Introduction 

 

Cytokinesis is the fundamental process to ensure the successful separation of 

daughter cells. Cytokinesis initiation requires precise membrane curvature induction 

forming a cleavage furrow. After membrane curvature induction, the cleavage furrow 

ingresses towards the cell interior. The force required for cleavage furrow ingression is 

provided by the contractile ring beneath the membrane. The contractile ring consists of 

an actomyosin network that recruits at the equatorial plane. Thus, actin and non-muscle 

Myosin II (Myosin II) are the central molecules involved in executing the contraction of 

contractile rings (Mangione & Gould, 2019). It is responsible to generate tension to carry 

out the contraction process either by Myosin II motors or actin depolymerization (Conrad 

& Rappaport, 1981; Fededa & Gerlich, 2012; Glotzer, 2005; Green et al., 2012; Guertin 

et al., 2002; Mangione & Gould, 2019; Pollard & O’Shaughnessy, 2019). Contractile ring 

positioning is dependent on anaphase spindle complex positioning. The recruitment of 

key molecules at the contractile ring is directed by local regulation of Rho activity (Basant 

& Glotzer, 2018). The contractile ring constriction is executed when the motor activity of 

Myosin II translocates actin filaments (Hiramoto, 1975; Stachowiak et al., 2014; Yoneda 

& Dan, 1972). Contractile ring constriction further leads to cleavage furrow ingression to 

the point where the cell finally pinches off to generate daughter cells (Barr & Gruneberg, 

2007; Schiel & Prekeris, 2010).  

https://paperpile.com/c/cmuff9/JoKL
https://paperpile.com/c/cmuff9/gusF+0Y1W+UjX7+YV58+krkm+fnfu+ajiI
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Cytokinesis requires the proper coordination of membrane ingression dynamics as 

well as the actomyosin driven constriction process. There is a class of proteins called 

BAR domain proteins that consist of domains that bind to the membrane as well as actin 

regulators. BAR domain proteins that sense or induce curvature act as bridges between 

the membrane and cytoskeletal function in the cytokinesis. In Drosophila, the F-BAR 

protein Syndapin is involved in the cytokinesis in S2 cell lines. Syndapin interacts with 

phosphatidylinositol 4,5-bisphosphate PI(4,5)P2 lipids in in vitro assays and with the 

contractile ring protein Anillin (Takeda et al., 2013). In addition, Syndapin is required for 

pseudocleavage furrow ingression in Drosophila syncytial stages (Sherlekar & Rikhy, 

2016). Another N-BAR domain protein called Amphiphysin involved in endocytosis 

visualized in the form of tubules occurring at the ingressing furrow tip during syncytial 

stages (Sokac & Wieschaus, 2008). Amphiphysin null embryos show the absence of 

tubules and show faster cleavage furrow ingression (Su et al., 2013). In addition, 

approximately 35% of all BAR domain proteins consists of ArfGAP, RhoGAP, or RhoGEF 

domains which regulate various GTPases or in turn regulated by Rho-GTPases 

(Aspenström, 2019; de Kreuk & Hordijk, 2012).  Rho-GTPases signalling regulate the 

actin cytoskeleton remodelling in cytokinesis. Thus, BAR domain proteins become 

potential candidates to dissect their function in cytokinesis via the regulation of Rho-

GTPases signalling. 

 

Ring constriction in cytokinesis involves the actomyosin network containing actin 

regulatory proteins comprising crosslinker, stabilizer and nucleators (Adam et al., 2000; 

Afshar et al., 2000; Field et al., 2005; Grosshans et al., 2005; Krueger et al., 2019; 

Mavrakis et al., 2014a). Actin crosslinkers such as fimbrin mutant show retention of 

polygonal shape during late cellularization whereas bottleneck and cheerio mutants show 

hyper constriction defects during early stage (Krueger et al., 2019).  Mutants in F-actin 

stabilising proteins Anillin and the septin Peanut show defects in a ring shape (Field et 

al., 2005; Mavrakis et al., 2014b). Mutants of actin nucleators such as Diaphanous cause 

decreased constriction and ingression defects during cellularization (Afshar et al., 2000; 

Grosshans et al., 2005). In addition to the actin network, Myosin II activation occurs by 
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the spatiotemporal generation of Rho-GTP and recruitment of kinases to the site of 

actomyosin assembly. During cellularization, temporal Myosin II recruitment gradually 

increases in the assembly phase, reaching a plateau in the ring formation and finally 

declining in the constricted stage during the cellularization process. Phospho-deficient 

mutants of the light chain of Myosin II, Squash, show contractility inhibition during 

cellularization (Xue & Sokac, 2016). Further, Rok and Drak mutant embryos and 

treatment of embryos with a pharmacological inhibitor of Rok, Y-27632, show an 

impairment of actomyosin contractility due to reduced Myosin II phosphorylation 

(Chougule et al., 2016; Krajcovic & Minden, 2012; Xue & Sokac, 2016). 

 

Spatial and temporal recruitment and regulation of molecules associated with 

actomyosin networks also become crucial for the assembly and contractility process. The 

conventional cytokinesis process is mechanistically similar to cellularization (Kotadia et 

al., 2010). Drosophila cellularization provides a great opportunity to study plasma 

membrane ingression with actomyosin contraction. Cellularization begins during the 

interphase of cycle 14. At this stage, the invagination of the plasma membrane initiates 

followed by membrane expansion till it reaches 40μm depth. This process is divided into 

three phases: early, mid and late. The early phase shows plasma membrane invagination 

and cleavage furrow assembly. During this phase, the hexagonal network of the 

actomyosin array at the leading edge is established. During mid stage, the accumulation 

of Myosin II drives the transition from hexagonal network to ring formation at the base of 

nuclei. During late stages, actomyosin contraction is seen in the contractile ring and 

results in closure of the cell (Kiehart, 1990; Krueger et al., 2019; Royou et al., 2004; 

Schejter & Wieschaus, 1993; Xue & Sokac, 2016; Young et al., 1993).  

 

Drosophila embryogenesis cellularization stages provide a good system to study 

BAR domain proteins involved in contractile ring constriction in vivo.  Thus, BAR domain 

proteins may act as a bridge between actin dynamics and membrane remodelling during 

contractile ring formation. In an initial partial screen for the function of the BAR domain 

containing proteins in the plasma membrane and actomyosin remodelling during 

embryogenesis, we found that depletion of GRAF led to hypercontractility during 
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cellularization. We have identified the GRAF molecule which is a promising candidate in 

regulating the actomyosin network during cellularization. GRAF is a multidomain 

consisting of BAR, PH, RhoGAP and SH3 domains. This molecule was originally 

identified as a binding partner of the C-terminal domain of focal adhesion kinase. Previous 

studies have shown that GRAF colocalized to both focal adhesions paxillin and FAK, 

cortical actin and stress fibers in mammalian cells MEFs and in chick embryonic cells 

(Hildebrand et al., 1996; Luo et al., 2017). In addition, GRAF recruitment leads to 

stabilized cortical actin and cell spreading (Barrios & Wieder, 2009). In Xenopus GRAF1 

depleted embryos result in progressive muscle degeneration causing defective 

myofibrillogenesis, defective motility and embryonic lethality due to elevated RhoA activity 

(Doherty et al., 2011). GRAF1 variant containing a GAP domain having R412Q point 

mutation (GAPm) (Taylor et al., 1999) that blocks enzymatic activity transfected in 

cultured L6 cells shows a reduction in RhoA activity (Doherty et al., 2011). GRAF3 

deficient mice showing hypertensive phenotype to angiotensin II abrogated when treated 

with a ROCK inhibitor, Y-27632. Graf deficient mice show increased contractility due to 

elevated Rho-GTP levels, enhanced Myosin II foci and myosin light chain phosphorylation 

in isolated blood vessels (Bai et al., 2013). Graf depletion leads to cellular blebbing 

marked by increased Myosin II foci (Holst et al., 2017). We identified the GRAF function 

and pathway associated with the regulation of ring constriction. 

2. Results 

 

2.1 GRAF function is essential for actomyosin organization and contractility 

 

We assessed the GRAF function in contractile ring formation and constriction in 

Drosophila cellularization. This study will focus on dissecting the steps of constriction and 

GRAF role in affecting ring architecture during cellularization. Initially we establish the 

conservation of GRAF protein across multicellular organisms. We found that Drosophila 

GRAF protein with the domain organization is conserved across the other multicellular 

organisms C.elegans, Drosophila, Xenopus, Chicken, Zebrafish and Humans. The 

evolution in GRAF multi-domain nature is likely to be associated with multicellular 

complexity arising due to regulation of cell adhesion and contractility. We generated a 
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GRAF CRISPR mutant (GrafCR57) having a premature stop codon with an absence of any 

functional domain. The Graf mutant is confirmed using sequencing and embryonic 

lethality. 

 

We used the maternal knockdown strategy in Grafi embryos which shows 

enhanced constriction throughout cellularization. These embryos stained with F-actin 

show loose polygonal networks where edges become wavy and detached from each 

other in early cellularization, premature constriction during mid stages and hyper 

constriction of rings in late stages when compared to control. Graf mutant shows more 

severe defects when compared to knockdown embryos by showing premature 

constriction during early stages and hyper constriction during mid and late stages. In 

addition, ring constriction is executed once it reaches the bottom of the nuclei in control 

embryos. Grafi and GrafCR57 embryos show squeezed nuclei having bottleneck shaped 

similar to Bottleneck mutants due to premature ring constriction in mid cellularization. 

  

These defects are correlated with GRAF recruitment dynamics. GRAF antibody 

staining and GRAF-GFP show differential recruitment across the cellularization stages. 

GRAF shows the increased localization at the contractile ring formed at the furrow tip from 

early to mid stages and becomes cytoplasmic during late stages. GRAF is spatially 

enriched at edges at the furrow tip where the contractile ring forms and is occasionally 

absent at vertices during an early stage. During mid stage, GRAF becomes enriched in 

regions where rings are contacting each other and occasionally absent from curved 

regions. Lastly, GRAF staining reduces from the ring and become cytoplasmic in late 

cellularization.  

 

Taken together, the GRAF depleted phenotype of premature and hyper 

constriction of rings in cellularization signifies untimely constriction of the actomyosin 

network. The dynamics of recruitment of GRAF also correlate with the dynamic 

organization of actomyosin networks. 
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2.2 GRAF is essential for the regulation of Rho-GTP and Myosin II recruitment 

during cellularization 

 

We assessed how GRAF regulates the downstream molecules Rho-GTP and 

Myosin II in contractile ring formation in Drosophila cellularization. GRAF-GFP specifically 

colocalizes along with a transgenic construct containing a RhoGTP binding domain of 

Anillin (AnillinRBD). AnillinRBD marks Rho-GTP and Sqh-mCherry marks Myosin II 

during early and mid stages. Rho-GTP is present at the furrow tip along with Myosin II 

during early, mid and late, even when GRAF-GFP become reduced at the ring during late 

cellularization. Graf depletion leads to increased Myosin II distribution at the contractile 

ring during cellularization. Laser ablations experiment shows the increased contractility in 

Graf mutants in the early and mid stages suggesting that GRAF plays a crucial role in 

resisting Myosin II-dependent contractility during the early and mid stages of 

cellularization. In addition, GRAF regulates the recruitment of key contractile ring proteins 

such as Diaphanous, Anillin, and PatJ. We found that the GRAF RhoGAP domain 

depletion causes hypercontractility phenotype which phenocopy Graf  mutant during 

cellularization.  

  

2.3 GRAF protein function in Rho-dependent pathway for regulating constriction 

during cellularization 

 

We dissected the mechanism by which GRAF regulates contractile ring 

constriction in the Rho dependent pathway. GRAF overexpression leads to an expanded 

ring, which implies further that ring constriction is inhibited during cellularization stages. 

In contrast, maternally overexpressed RhoGEF2 gave rise to hyper constriction during 

cellularization. The combinations of GRAF overexpression in the background of 

RhoGEF2 overexpression suppressed the expanded ring in GRAF overexpression 

embryos and rescued the ring constriction similar to control. Overexpression of GRAF 

and RhoGEF2 have opposite effects on Rho-GTP levels, its combination is likely to lead 

to appropriate Rho-GTP levels thereby restoring the rate of constriction similar to controls. 

RhoGEF2 depletion shows inhibition of constriction of rings whereas the Graf mutant 
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shows an antagonistic effect of hyper constriction. There is a reduction in Myosin II 

intensity in RhoGEF2 whereas enhanced Myosin II intensity in Graf mutant. GrafCR57; 

RhoGEF2i combination suppressed enhanced constriction and showed ring constriction 

similar to control embryos in early and mid cellularization. This combination shows the 

balance of Rho-GTP levels and retention of Myosin II recruitment resulting in ring 

constriction similar to control embryos in early and mid cellularization.  

 

We further dissected the role of Myosin II constriction in mediating hyper 

constriction in Graf mutant embryos.  Rho-Kinase (Drok) is known to activate Myosin II 

by phosphorylation in a Rho-GTP dependent manner whereas Myosin II phosphatase 

inactivates Myosin II by dephosphorylation (M. Glotzer, 2005). Rho kinase depletion leads 

to expanded rings due to loss of ring constriction with the diffused signal of Myosin II when 

compared to control.  The combination of GrafCR57; roki results in the suppression of the 

hyper constriction phenotype seen in GrafCR57 embryos. ROK acts downstream of Rho-

GTP which is unlikely to affect Rho-GTP in roki mutant embryos. It is interesting to note 

that the ring area in the GrafCR57; roki combination mutant embryos were significantly 

higher as compared to controls due to the absence of active Myosin II. In addition, we 

achieved maternal knockdown of the Myosin II binding subunit (MBS) of Myosin II 

phosphatase which leads to Myosin II activation resulting in a severe reduction in 

constriction ring at the furrow tip. The suppression of hyper constriction phenotype is seen 

in maternally expressed mbsi; GRAF-OE embryos. Taken together, GRAF protein 

regulates the rate of constriction by maintaining Rho-GTP levels which is crucial for timely 

Myosin II activation driving the constriction process. 

 

2.4 GRAF domain function in contractility and recruitment of actin regulatory 

protein at the contractile ring during cellularization 

 

We assessed the role of GRAF domains in contractile ring formation in 

cellularization. We expressed transgenes containing domain deletions maternally in the 

background of GrafCR57. Deletions of individuals domains in the following combinations 

GrafCR57; GRAF△BAR-GFP, GrafCR57; GRAF△PH-GFP, GrafCR57; GRAF△RhoGAP-GFP 

https://paperpile.com/c/a1gJCX/LKL6
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and GrafCR57; GRAF△SH3-GFP which showed hyper constriction during cellularization. 

There was an increase in Myosin II at the ring in these combinations as compared to 

GrafCR57; GRAF-GFP. GRAF is specifically recruited at the furrow tip cellularization and 

involved in the restriction of the transition from the polygonal network to the ring formation 

stage. GRAF is lost from the furrow tip during late cellularization. In order to assess the 

change in GRAF recruitment dynamics during cellularization, we quantified the relative 

distribution of the fluorescently tagged domain deleted proteins as compared to GRAF-

GFP in mid and late cellularization.  GrafCR57; GRAF△BAR-GFP and GrafCR57; 

GRAF△SH3-GFP shows significantly reduced GRAF intensity at the contractile ring 

during mid cellularization when compared to control. In contrast, GrafCR57; 

GRAF△RhoGAP-GFP and GrafCR57; GRAF△PH-GFP shows enriched signal with intense 

puncta at the furrow tip when compared to GrafCR57; GRAF-GFP during late 

cellularization. In summary, GRAF BAR and SH3 domains are needed for protein 

recruitment at the contractile ring during mid cellularization whereas GRAF PH and Rho-

GAP domains are required for the dissociation of the protein at the contractile ring during 

late cellularization. 

 

The spatial pattern of GRAF recruitment varies with the dynamics of the 

actomyosin network. GRAF localizes precisely to the furrow tip in early cellularization, 

increases in mid cellularization and finally becomes cytoplasmic at late stages. Graf 

depletion showing pre-mature and hyper constriction defects are caused by inhibition of 

Rho-GTPase hydrolysis resulting in increased Rho-GTP levels. This increased Rho-GTP 

levels, in turn, activate Myosin II which is essential for ring constriction. In contrast, ROK 

depletion, which inactivates Myosin II, in Graf depletion background shows expanded 

rings due to inhibition of constriction (Sharma & Rikhy, 2021). This suggests that the 

constriction process is dependent on Myosin II activity. In summary, our findings show 

that the RhoGEF activity of RhoGEF2 and the RhoGAP activity of Graf is required to 

maintain appropriate levels of Rho-GTP for activation of Myosin II for ring constriction 

during cellularization. All domains of GRAF are required for restricting Myosin II 

dependent contractility. SH3 and BAR domains of GRAF regulate its recruitment at the 

https://paperpile.com/c/a1gJCX/2ePi
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furrow tip during mid cellularization whereas RhoGAP and PH domains regulate the 

protein dissociation during late cellularization.  

 

Taken together, multidomain proteins like GRAF containing membrane binding 

and RhoGAP domains are poised to regulate Rho-GTP levels in a highly regulated 

manner spatially and temporally during actomyosin contractility in different systems 

during cell migration and morphogenesis. Their presence in multicellular organisms and 

localization at focal adhesions and polarized epithelia suggests that they will regulate 

morphogenetic transitions occurring due to a change in adhesion and contractility. 
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CHAPTER 1 

 
Introduction 

 

 

1.1 Cytokinesis in multicellular tissues 

 

Cell division is a fundamental cellular process that gives rise to multicellularity. It 

starts from cell growth, genome duplication, chromosome segregation and finally cell 

division (M. Glotzer, 2005). The final step of cell division which leads to the physical 

separation of a cell is called cytokinesis. Successful cytokinesis is necessary for proper 

genome segregation and the appropriate division of cytoplasmic contents among the 

daughter cells. Any failure or perturbation during cytokinesis results in cell death and the 

production of multinucleate and aneuploid cells; these cells can further function as 

oncogenic precursors (D’Avino et al., 2015; Li, 2007; Mangione & Gould, 2019; Normand 

& King, 2010; Storchova & Pellman, 2004) 

 

The cytokinesis machinery uses approximately 20 proteins that are conserved 

across most animals, i.e., vertebrates, insects and nematodes (Echard et al., 2004; 

Eggert et al., 2004; Sönnichsen et al., 2005). These proteins are components of the 

central spindle, contractile ring, and vesicles. The central spindle functions as a hub of 

molecules required for the initiation of the cleavage furrow (Dechant & Glotzer, 2003; 

Jantsch-Plunger et al., 2000; Mishima et al., 2002, 2004; Mollinari et al., 2002). Most of 

the molecules involved in the formation and constriction of the contractile ring are 

activated by the RhoA pathway (Somers et al., 2003). During cleavage furrow ingression, 

vesicle fusion provides the molecules needed for membrane addition. These vesicles are 

acquired through the vesicular trafficking pathway (Low et al., 2003; M. Murthy & 

Schwarz, 2004; A. R. Skop, 2004).  
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The driving force to execute cytokinesis comes from the constriction of the 

contractile ring. The force acting on cleavage furrow partitions the cell into two through a 

contractile ring that is attached to the plasma membrane. The contractile ring is a dense 

network of actin bundles and Myosin II filaments (Mangione & Gould, 2019). The 

positioning of the contractile ring is guided by the spindle complex in the anaphase. The 

recruitment of key molecules at the contractile ring is directed by the local regulation of 

Rho activity (Basant & Glotzer, 2018). The constriction of the contractile ring can be 

attributed to the motor activity of Myosin II, which results in the translocation of the actin 

filaments (Hiramoto, 1975; Stachowiak et al., 2014; Yoneda & Dan, 1972). This ring 

constriction further leads to cleavage furrow ingression to the point where the cell finally 

separates to generate daughter cells (Green et al., 2012). Cytokinesis is highly dependent 

on the regulation of membrane and actin dynamics which is guided by the class of 

proteins called BAR domain proteins. 

1.2 BAR domain proteins in membrane curvature induction or sensation 

 

Cells contain different classes of membrane deforming proteins that give rise to 

membrane curvature during cytokinesis. As a function of their concentration and 

spatiotemporal localization, these proteins modulate membrane shape in form of 

membrane curvature, tubulation and generation of vesicles i.e., precisely bend and cut 

the membranes in a highly orchestrated fashion. In order to verify the same, BAR domain 

proteins, such as Amphiphysin, Endophilin, Cip4 and FRE related proteins (FES) that 

modulate tubule formation have been purified and their function investigated using 

synthetic lipid vesicles in in vitro assays (Farsad et al., 2001; Itoh et al., 2005; Takei et 

al., 1999). The results showed that BAR domain proteins do not simply function as 

adaptors for membrane and cytoskeleton effectors; rather they are likely the direct 

modulators of membrane shape.  

 

BAR domain proteins are named after Bin1 from mammals (Sakamuro et al., 

1996), Amphiphysin (Lichte et al., 1992) and Rvs167 from yeast (Sivadon et al., 1997) 

that are characterized independently and found to exhibit sequence similarity in terms of 

the membrane-binding domain. In recent years, the BAR domain has emerged as an 
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adaptor that links the membrane to the cytoskeleton- a phenomenon that is especially 

evident during endocytosis (Qualmann et al., 2011; M. J. Taylor et al., 2011; Tsujita et al., 

2006). These domains are present in numerous proteins that are known to be involved in 

mediating membrane dynamics and are highly conserved across evolution (David et al., 

1994; Sakamuro et al., 1996). The precise sensing of highly curved membranes is 

achieved by a banana-shaped α-helical dimer of these domains as revealed by the crystal 

structure of the BAR domains of Amphiphysin (Peter et al., 2004) and Endophilin (Gallop 

et al., 2006; Masuda et al., 2006; Mim et al., 2012; Weissenhorn, 2005). The banana-

shaped BAR module is a concave surface that forms a lipid-binding surface (Qualmann 

et al., 2011). Apart from sensing curvature, the BAR domain can also induce membrane 

lipids to form tubules in vitro and in vivo (Frost et al., 2008; Henne et al., 2007; Itoh et al., 

2005; Mim et al., 2012; Shimada et al., 2007). For further stabilization of these tubules, 

BAR domain proteins form higher-order structures and polymerize into long filamentous 

structures around the tubules (Dawson et al., 2006; Itoh et al., 2005). In addition to the 

BAR domain, these proteins harbour auxiliary domains that are involved in membrane 

binding (e.g., PH and PX domains, which are known to bind the specific phospholipids in 

the membrane (Lemmon, 2008)) and mediating protein-protein interactions (e.g., SH3 

domain). The interactions mediated by the BAR domain enable three types of cellular 

processes―membrane deformation, vesicle formation and actin assembly― which are 

directly or indirectly also dependent on the interactions mediated by the SH3 domain. The 

SH3 domain of BAR domain proteins is known to interact with cytoskeletal assembly 

factors and the vesicle scission protein, Dynamin (Gallop et al., 2006; Icking et al., 2005, 

2006; Itoh et al., 2005; Kessels & Qualmann, 2004; Kovacs et al., 2006; Masuda et al., 

2006; Peter et al., 2004; Rao et al., 2010; Salazar et al., 2003; Tsujita et al., 2006). This 

domain can also recruit Rho family GTPases, which are known as master regulators of 

the actin assembly (Hall, 2012; Ridley, 2015).  

 

Under in vivo conditions, highly curved tubules at the membrane are formed in 

response to external forces that arise as a result of endocytic coat protein activity, actin 

polymerization, and molecular motor activity. In most cases, BAR domain proteins are 

recruited at these tubular structures to enable their stabilization. In vitro assays measuring 
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the fluorescence intensity of BAR proteins recruited to the membrane tubules connected 

to a giant vesicle revealed that these proteins can sense the membrane curvature (Sorre 

et al., 2012). This experiment revealed that the density of BAR protein on a membrane 

tubule was 10 to 100 fold higher than the density on the quasi-flat surface of a vesicle 

(Baumgart et al., 2011); at low densities, as those observed on the vesicle surface, BAR 

proteins do not induce membrane tubulation (Shi & Baumgart, 2015). This curvature 

sorting property of proteins is dependent on the extent of BAR protein enrichment. All 

tested BAR proteins are specifically sorted on the membrane tubules, including β2 

Centaurin (Sorre et al., 2012), Syndapin 1 (Ramesh et al., 2013) (F-BAR); Amphiphysin 

(Heinrich et al., 2010; Sorre et al., 2012), Endophilin (Simunovic et al., 2016; Chen Zhu 

et al., 2012), BIN1 (T. Wu et al., 2014), and ArfGAP1 (Ambroggio et al., 2010) (N-BARs); 

and IRSp53 (Prévost et al., 2015) (I-BAR). 

1.2.1 BAR domain proteins: Structural characteristics and classification of BAR 

domain proteins 

 

The BAR domain proteins are broadly classified into three different classes based 

on the presence of characteristic domains such as classical BAR/ N-BAR, F-BAR and I-

BAR. BAR/N-BAR and F-BAR proteins have concave surfaces and induce negative 

membrane curvature (e.g., invaginations) whereas I-BAR proteins have convex surfaces 

and induce positive membrane curvature (e.g., protrusions). 

1.2.1.1 F-BAR 

 

F-BAR proteins are characterized by the presence of an F-BAR domain, wherein 

an FES-CIP4 homology (FCH) domain (Aspenström, 1997) is next to a coiled-coil domain, 

giving rise to a single functional unit, i.e., F-BAR (Frost et al., 2007; Henne et al., 2007; 

Itoh et al., 2005; Shimada et al., 2007) (Figure 1.1D). The mammalian F-BAR family is 

further subcategorized into nine subfamilies, i.e., CIP4, FCHO, SrGAP, PACSIN, PSTPIP, 

FCHSD, FES/FER, NOSTRIN and GAS7 subfamilies (Ahmed et al., 2010; Aspenström, 

2009; Roberts-Galbraith & Gould, 2010; Suetsugu et al., 2010; Takenawa, 2010) (Figure 

1.1A). In vitro experiments have shown that F-BAR proteins such as FBP17 and CIP4 

induce liposome tubulation. These proteins dimerize by means of α-helical structures, 
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which bind to phosphatidylserine (PS) and phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2) (Heath & Insall, 2008). In addition to the F-BAR domain, BAR domain proteins 

harbour various auxiliary domains, i.e., the SH2 domain, SH3 domain, RhoGAP domain, 

tyrosine kinase domain, WW domain, protein kinase C-related kinase homology region 1 

(HR1) domain and μ-homology domain. Some F-BAR proteins━ involved in vesicle 

recycling and endocytosis━ harbour an SH3 domain that interacts with synaptojanin, N-

WASP and Dynamin (Rao et al., 2010).  

1.2.1.2 N-BAR 

 

Proteins containing only the BAR domain are classified as classical BAR domain 

proteins (e.g. Bin 1). Co-occurrence of BAR domains with membrane binding domains, 

such as amphipathic α-helix, PX domain (Phox homology domain), and PH domain 

(Pleckstrin homology domain) further increases the efficiency of membrane binding (Rao 

& Haucke, 2011) (Figure 1.1B). N-BAR domain proteins are characterized by the 

presence of an amphipathic helix at the N-terminal of the BAR domain fold (Casal et al., 

2006; Peter et al., 2004) (Figure 1.1D), wherein the helix senses the membrane. The N-

BAR domain proteins exhibit enhanced membrane binding ability owing to the insertion 

of the amphipathic helix into the membrane resulting in the stabilization of membrane 

curvature (Daum et al., 2016; Yoon et al., 2012). In the presence of N-BAR proteins such 

as Amphiphysin1 and Endophilin1, liposomes generate tubule-like structures. N-BAR 

domain proteins such as Amphiphysin, Endophilin, Sorting nexin9 harbour an SH3 

domain that binds to the proline-rich domain of Dynamin, thereby aiding endocytosis by 

binding to the curvature of the vesicle neck (Gallop et al., 2006; Masuda et al., 2006; Mim 

et al., 2012; Weissenhorn, 2005; Peter et al., 2004; Tarricone et al., 2001) 

1.2.1.3 I-BAR 

 

I-BAR (inverse BAR) domain proteins, such as IRSp53, IRTKS, and MIM bind to 

phosphoinositide-rich membranes, especially PI(4,5) P2 and generate tubular structures  

(Mattila et al., 2007; Saarikangas et al., 2009) (Figure 1.1C). In addition to detecting 

PI(4,5)P2-enriched regions, they modulate membrane shape by inducing PI(4,5)P2 
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clustering (Saarikangas et al., 2009). Proteins belonging to this family such as IRSp53 

and MIM I-BAR domains are composed of α-helical antiparallel dimers (S. H. Lee et al., 

2007; Millard et al., 2005). In contrast to BAR and F-BAR domains, I-BAR domains display 

convex geometry and bind to the inner leaflet of membrane tubules, thereby inducing 

negative membrane curvature (Figure 1.1D). Thus, these proteins are involved in 

generating protrusions rather than invaginations  (Mattila et al., 2007; Saarikangas et al., 

2009; Suetsugu et al., 2006). I-BAR proteins induce the generation of protrusions in 

filopodia and lamellipodia by virtue of the SH3 domain that is known to enable actin 

bundling and exhibits inverted geometry that enables membrane binding  (Scita et al., 

2008; Yamagishi et al., 2004). The CRIB domain of IRSp53 interacts with a small GTPase 

Cdc42 and its SH3 domain interacts with the proline-rich sequence of actin regulators, 

such as WAVE-2, Mena, and Eps8 (Funato et al., 2004; Krugmann et al., 2001; Miki et 

al., 2000). The proline-rich regions of MIM interact with the actin regulator cortactin (Lin 

et al., 2005). The Pink BAR protein is the only BAR protein that is expressed in epithelial 

cells and induces the formation of planar membrane sheets instead of membrane 

tubulations  (Pykäläinen et al., 2011). 
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Figure 1.1: Characterization of F-BAR, N-BAR and I-BAR family domain architecture and its 

membrane curvature model. BAR domain superfamily classification is based on the presence of distinct 
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domain structures of F-BAR, N-BAR, and I-BAR. BAR domain proteins are known to form homodimers that 

interact and bind to membranes resulting in membrane curvature. (A) F-BAR domain family. The F-BAR 

family is divided into nine subfamilies based on specific domain combinations. (B) N-BAR domain family. 

(C) I-BAR domain family. (D) Membrane curvature is caused by specific BAR domain proteins. F-BAR, N-

BAR, and I-BAR bind differently to membranes and generate different forms of membrane curvature. 

Abbreviations: BAR, Bin/Amphiphysin/Rvs; F-BAR, Fes/CIP4 homology-BAR; FX, F-BAR extension; I-BAR, 

Inverse BAR; N-BAR, N-terminal amphipathic helix BAR; CRIB, CDC42-Rac interactive binding; HR1, 

Protein kinase C-related kinase homology region 1; NPF, Asparagine proline phenylalanine; RhoGAP, Rho 

GTPase-activating protein; SH2, Src homology-2; SH3, Src homology-3; WH2, WASP homology 2; Tyr-

kinase, Tyrosine kinase; μHD, μ-homology domain. Adapted from (S. Liu et al., 2015) 

 

1.3 Mechanism by which BAR domain proteins induce membrane curvature 

Different classes of BAR domain proteins are responsible for generating different 

scales of curvature.  

1.3.1 BAR domain proteins induce local membrane curvature 

1.3.1.1 Curvature induction in the membrane in response to interaction with the 

BAR domain. 

 

Induction of spontaneous membrane curvature is mediated by the electrostatic 

interaction between molecules—such as proteins, ions, or solid particles—and one side 

of the leaflet (Lipowsky, 2013). These molecules do not require to be intrinsically curved 

in order to induce spontaneous curvature, but the banana-curved shape of the BAR 

domain proteins makes them more effective in inducing membrane curvature. The 

positively charged amino acids in the banana-shaped α-helical dimer use electrostatic 

forces to bind negatively charged lipids such as PS or PI(4,5)P2. These electrostatic 

forces create a strong adhesive interface crucial for generating curvature (Blood & Voth, 

2006). 
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1.3.1.2 Insertion of amphipathic helices to induce membrane curvature 

 

Several studies have reported the presence of one or more amphipathic helices 

(AH) in BAR domain proteins  (Peter et al., 2004; Qualmann et al., 2011). These AHs 

insert their helices into the lipid bilayer in a shallow manner, thereby pushing the lipids 

apart and inducing local curvature. A striking example is the short amphipathic moiety of 

the pleckstrin homology (PH) domain of β1 centaurin, which can wedge into the bilayer, 

thereby inducing curvature in one leaflet of the bilayer (Pang et al., 2014). According to 

theoretical studies, spontaneous curvature is highly dependent on the protein insertion 

depth (Campelo et al., 2008; Zemel et al., 2008). 

1.3.1.3 Low density crowding of BAR domain proteins promotes membrane 

curvature sensing 

 

Crowding occurs when protein oligomerizes in high enough local concentration on 

the membrane surface resulting in induction of membrane curvature (Guigas & Weiss, 

2016). Crowding induced membrane curvature can be attributed to the disordered 

subregions in BAR domain proteins (Busch et al., 2015). Much more surface coverage is 

required to achieve the same curvature than what is required by the N-BAR domain of 

Endophilin. In silico molecular simulations of the binding of N-BAR proteins to large lipid 

vesicles and planar bilayer also reveal that the proteins assemble into string-like 

aggregates (Bickel et al., 2001; Breidenich et al., 2000). Thus, the in vivo association of 

BAR proteins (at low densities) with membranes will depend on the composition of the 

membrane and tension modulators such as actin and actin regulatory proteins. 

1.3.2 Mechanism by which BAR domain proteins induce large-scale membrane 

curvature  

1.3.2.1 Tubulation or Scaffolding: Curvature generation  

 

The high density of BAR domain proteins with higher-order organization induces 

morphological alterations in the membrane, e.g., tubulation  (Chou et al., 2001; 

Dommersnes & Fournier, 1999; Park & Lubensky, 1996; Y. Schweitzer & Kozlov, 2015). 
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Endophilin, an N-BAR containing protein at a density >5% results in the onset of 

tubulation from the quasi-flat surface of giant vesicles (Simunovic et al., 2015). 

 

Another consequence of the high density of BAR domain proteins is that the self-

assembly of these proteins results in the establishment of a scaffold, which affects the 

membrane surface tension and shapes the membrane into stable tubules. The direct 

evidence of scaffold is observed in N-BAR proteins such as Endophilin (Renard et al., 

2015) and Amphiphysin (Sorre et al., 2012) whereas indirect evidence of scaffolding in 

the case of the F-BAR protein Syndapin (F-BAR) (Ramesh et al., 2013). Scaffold 

formation is observed when the underlying flat membrane is exposed to Amphiphysin (N-

BAR; density >5%) (Sorre et al., 2012). In a biological context, the scaffold is involved in 

processes, such as the constriction of the neck of the endocytic vesicles, which is required 

to elongate the neck and fission of the membrane during the last step of endocytosis. 

1.4 Role of BAR domain proteins in cytokinesis 

 

F-BAR domain proteins act as bridges between the membrane and cytoskeletal 

function during processes, such as endocytosis, cell motility and cytokinesis  (S. Liu et 

al., 2015; Roberts-Galbraith & Gould, 2010). Membrane dynamics and cytoskeletal 

remodelling are a crucial part of cytokinesis, right from yeast to humans. A plethora of 

studies have dissected the mechanism by which F-BAR domain proteins play a role in 

cytokinesis. The yeast F-BAR domain protein Cdc15p is known to interact with formin 

(cdc12p) and myosin (myo1) to influence medial actin dynamics (Carnahan & Gould, 

2003; Graziano et al., 2014; Laporte et al., 2011; S. Liu et al., 2015; Roberts-Galbraith et 

al., 2010; Wachtler et al., 2006; Willet et al., 2015; Yan et al., 2013). Another F-BAR 

domain protein Imp2 recruits other proteins in order to stabilize the contractile ring. The 

SH3 domain of Cdc15p and Imp2 recruits Fic1 (C2 domain-containing protein) and Pxl1 

(paxillin-related protein 1), which are required for the anchoring, stability and constriction 

of the contractile ring (Ge & Balasubramanian, 2008; Pinar et al., 2008; Pollard & Wu, 

2010; Roberts-Galbraith et al., 2009; Wachtler et al., 2006). The Saccharomyces 

cerevisiae F‑BAR protein Hof1 localizes to the bud neck and interacts with Cdc10 (septin) 

via its N-terminal domain. The SH3 domain of this protein interacts with Myo1 (Myosin II 
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heavy chain) and maintains its symmetry during ring constriction (Meitinger et al., 2013; 

Oh et al., 2013). In Drosophila embryo, formin Diaphanous (Dia) plays an essential role 

in membrane stabilization via F-actin bundling during cellularization. During this process, 

an F-BAR protein Cip4 has been shown to physically and functionally interact with Dia. 

Cip4 overexpression phenocopies dia mutant defects and has been established as an 

antagonist for Dia  (Yan et al., 2013). Another Drosophila F-BAR protein Syndapin has 

been shown to be involved in cytokinesis in the S2 cell line. Syndapin has been shown to 

interact with PI(4,5)P2 and with a contractile ring protein Anillin  (Takeda et al., 2013). 

Further, Syndapin is required for the ingression of the pseudocleavage furrow during the 

syncytial stages of Drosophila (Sherlekar & Rikhy, 2016). Another interesting N-BAR 

domain, Amphiphysin—involved in endocytosis—was visualized as tubules occurring at 

the ingressing furrow tip in the Drosophila syncytial blastoderm embryo (Sokac & 

Wieschaus, 2008a). These tubules are absent in amphiphysin null embryos, which exhibit 

faster cleavage furrow ingression (Su et al., 2013)  

 

Approximately 35% of all BAR domain proteins harbour ArfGAP, RhoGAP, or 

RhoGEF domains, all of which regulate various GTPases or are in turn regulated by Rho-

GTPases (Aspenström, 2019; de Kreuk & Hordijk, 2012). This is especially important in 

light of the fact that the Rho-GTPase pathway is involved in regulating actin cytoskeleton 

remodelling during cytokinesis. Several reports show the direct regulation of BAR domain 

proteins by Rho-GTPases, including the F-BAR family-members—Toca1 (Bu et al., 2010; 

Ho et al., 2004; Watson et al., 2016), CIP4 (Aspenström, 1997; Pichot et al., 2010), and 

Syndapin 2 (PACSIN2) (de Kreuk et al., 2011), BAR domain protein Arfaptin (D’Souza-

Schorey et al., 1997; Van Aelst et al., 1996) and all members of I-BAR superfamily IRSp53 

(Abou-Kheir et al., 2008; Disanza et al., 2013; Kast et al., 2014; Krugmann et al., 2001; 

Lim et al., 2008; Miki et al., 2000), MIM (Bompard et al., 2005; Drummond et al., 2018), 

ABBA (Saarikangas et al., 2008; Zeng et al., 2013; Zheng et al., 2010), IRTKS 

(Sudhaharan et al., 2016) and Pinkbar (Sudhaharan et al., 2016). Thus, BAR domain 

proteins have emerged as potential candidates involved in cytokinesis that function via 

the regulation of Rho-GTPase signalling. 
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1.5 Steps of cytokinesis 

1.5.1 Initiation of cytokinesis: Central spindle complex 

 

Anti-parallel bundles consist of 10-30 microtubules that begin to organize in early 

anaphase in PtK1 cells, as revealed by serial electron micrographs (Mastronarde et al., 

1993). During anaphase progression, antiparallel microtubule bundles known as the 

spindle midzone (overlap zone) are recruited between the separating chromosomes  

(Michael Glotzer, 2009). These bundled microtubules specify the division plane. The 

average length of the spindle midzone occupied by microtubule bundles was ∼5 μm in 

the early and middle anaphase and restricted to ∼1 μm in late anaphase in mammalian 

cell line Ptk1 (Mastronarde et al., 1993) (Figure 1.2A). At the end of anaphase, the 

proteolytic destruction of cyclins leads to the inactivation of mitotic kinases that promote 

the activation of several proteins, which trigger the assembly of the central spindle 

(Echard & O’Farrell, 2003; Michael Glotzer, 2009). The central spindle is formed by the 

specific recruitment and enrichment of the key regulators of cytokinesis in the restricted 

region of microtubule bundles. Central spindle assembly requires CPC, Centralspindlin, 

PRC1, and two kinesins MLKP1 and KIF4. CPC is known to phosphorylate MLKP1 and 

recruits Centralspindlin to the midzone which is essential for central spindle assembly 

(Douglas et al., 2010; Giet & Glover, 2001; Guse et al., 2005; Hauf et al., 2003; Hu et al., 

2008; Kaitna et al., 2000; Severson et al., 2000; Verbrugghe & White, 2004; Changjun 

Zhu et al., 2005) (Figure 1.2A). Centralspindlin is a heterotetrameric complex composed 

of Kinesin-6, MLKP1, and CYK4 (Pavicic-Kaltenbrunner et al., 2007). CYK4 contains a 

GAP domain and is predicted to exhibit GTPase activity towards Rho family molecules. 

PRC1 selectively binds and crosslinks microtubule bundles in antiparallel orientation 

(Bieling et al., 2010; Gaillard et al., 2008; Janson et al., 2007; Loïodice et al., 2005) 

(Figure 1.2B). PRC1 facilitates the recruitment of KIF4 to the microtubule overlap zone 

(Hu et al., 2011; Kurasawa et al., 2004; Changjun Zhu & Jiang, 2005). In vitro analysis 

shows that PRC1 cooperates with KIF4 to enable microtubule growth, thereby increasing 

the length of the overlap zones. In contrast to PRC1, KIF4 uses its motor activity to reach 

the plus end of the microtubule and suppresses their dynamics to maintain the overlap 

zone (Bieling et al., 2010)  KIF4 depletion in cells results in increased length of the spindle 
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midzone (twice the normal length) (Hu et al., 2011; Kurasawa et al., 2004; Changjun Zhu 

& Jiang, 2005). This extended overlap zone exhibits wider distribution of RhoA and Anillin 

during ingression as motor proteins are required for the transport of key Rho regulators 

(Hu et al., 2011). 

1.5.1.1 Central spindle complex in metazoan embryos 

 

MLKP1 and its orthologs—ZEN-4 in C. elegans and Pavarotti (Pav) in 

Drosophila—are crucial for central spindle assembly during cytokinesis. ZEN-4 

embryonic mutants were generated in C. elegans using three independent methods, i.e., 

RNAi, mosaic analysis, and use of temperature-sensitive mutants. Embryos lacking ZEN-

4 were unable to form the central spindle and were characterized by cleavage furrow 

ingression defects near completion (Powers et al., 1998; Raich et al., 1998; Severson et 

al., 2000). C. elegans embryos with defective CYK-4 and ZEN-4 exhibit phenocopy and 

show similar spindle assembly defects. CYK-4 and ZEN-4 are localized to the central 

spindle and characterized as CYK-4/ZEN-4 complexes in C. elegans embryo extract  

(Jantsch-Plunger et al., 2000).  

 

Drosophila, pav mutant embryos exhibit disrupted cleavage furrow ingression and 

central spindle assembly; these are different from those observed in C. elegans and can 

be attributed to significant differences in the Pavarotti localization in Drosophila cells 

compared to that of the ZEN-4 ortholog in C. elegans. Initially, in metaphase, Pav-KLP is 

associated with the centrosomes and cell cortex and is later recruited to the contractile 

ring associated with the central spindle (Adams et al., 1998), whereas in C. elegans, ZEN-

4 specifically localized on the central spindle (Nislow et al., 1990; Powers et al., 1998; 

Raich et al., 1998). In Drosophila, pav and other mutants that are defective in central 

spindle assembly enable us to conclude that contractile ring assembly is dependent on 

the central spindle assembly (M. G. Giansanti et al., 1998). 
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Figure 1.2: Central spindle complex formation, positioning and signalling. (A) In early anaphase, 

PRC1 is required to bundle antiparallel microtubules. After this, centralspindlin, and the chromosomal 

passenger complex (CPC) is observed at the overlap spindle zone, which further bundled overlapping 

microtubules of opposite polarity. (B) In mid anaphase, PRC1 recruits KIF4 to the overlap zone. KIF4 moves 

to the plus end of the microtubule and limits its growth to the narrow overlap zone. This is followed by Ect2 

binding to centralspindlin where it is loaded onto the equatorial membrane region. (C) At the equatorial 

membrane, Ect2 triggers RhoA-GDP conversion into Rho-GTP in order to promote contractile ring 

assembly. Adapted from (Green et al., 2012) 

1.5.2 Cleavage furrow assembly to regulate contractile ring formation and 

constriction 

1.5.2.1 Specification of active RhoA zone 

 

Contractile ring assembly occurs between cortex and anaphase spindle in animal 

cells. The spindle guides the formation of a confined equatorial zone of active RhoA 

(Bement et al., 2006; A. Piekny et al., 2005; Wadsworth, 2005). Active RhoA causes the 

recruitment and activation of key effector contractile ring proteins including Rho-kinase 

resulting in Myosin II activation, and formin which trigger assembly of unbranched actin 

filaments (Bement et al., 2006; Goode & Eck, 2007; Matsumura et al., 2011; A. Piekny et 

al., 2005) (Figure 1.2C). 

A B C 
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In classical micromanipulation experiments in Echinarachnius parma eggs, the 

relocation of spindle apparatus causes previous furrow regression and promotes the 

development of new furrows above the new spindle midplane (Rappaport, 1985). The 

spindle directly contributes towards the formation of a defined equatorial zone of active 

RhoA (Bement et al., 2006; A. Piekny et al., 2005). Active RhoA concentrates in a narrow 

zone that precedes the furrow and later coincides with the furrow. This zone is conserved 

across four different echinoderms and vertebrate Xenopus laevis. RhoA zone forms 

despite the disruption of actin and Myosin II (Straight et al., 2003), which established this 

as an upstream molecule in controlling cytokinesis. RhoA zone formation is controlled by 

the spindle microtubules as shown by micromanipulation of the spindle and 

pharmacological manipulation of the microtubule. In sea urchin embryos, the 

micromanipulation experiment shows that repositioning of the spindle causes RhoA 

activity zone translocation followed by new furrow formation (Bement et al., 2005). In 

Drosophila embryos, ectopic Rho1 activation induced ectopic furrow formation. The 

establishment and positioning of these ectopic furrows are dependent on the overlap of 

antiparallel microtubules as shown by the pharmacological disruption experiment. This 

ectopic furrow consists of core components actin, Myosin II and membrane which is 

similar to conventional cytokinetic furrows (Crest et al., 2012).  

 

The mechanisms by which the spindle promotes a narrow zone of active RhoA are 

not well characterized. There are ideas suggesting a bipartite mechanism in which signals 

from the spindle midzone activate RhoA at the cell equator whereas its suppression is 

mediated by dynamic microtubules nucleated by the centrosomal asters (D’Avino et al., 

2005; von Dassow, 2009). In addition to spindle-based activation, there is a RhoA flux 

model which implicates the differential spatial activity of RhoGEF and RhoGAP as crucial 

in specifying the RhoA active zone. RhoA is activated by the GTPase exchange factor 

(RhoGFF) which converts GDP to GTP and is inactivated by GTPase activating proteins 

(RhoGAP), which enhance the hydrolysis rate of GTP. In the RhoA flux model, localized 

RhoGFF (Ect2) activity mediated RhoA activation is balanced by global RhoGAP 

(MgcRacGAP) mediated RhoA inactivation (Hirose et al., 2001; Issei Mabuchi et al., 1993; 
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Prokopenko et al., 1999; Tatsumoto et al., 1999). It also predicts that the equatorial active 

RhoA zone will diffuse through the membrane as the rate of GAP mediated RhoA turnover 

decreases, resulting in a broadening RhoA zone (Bement et al., 2006). There are studies 

that identified Ect2 as the critical RhoGFF during cytokinesis. It has been proposed that 

spindle-based mechanisms that lead to the activation and recruitment of Ect2 at the cell 

equator are correlated with RhoA zone formation. However, GAP mediated RhoA 

inactivation contributing towards RhoA zone dimensions and dynamics is still unclear. In 

addition, studies are required to identify the relevant candidate RhoGAP which acts 

opposite to Ect2. 

 

Ect2 (an orthologue of Drosophila Pebble) is known to bind centralspindlin and 

preferentially recruit at the equatorial membrane to initiate cytokinesis (Prokopenko et al., 

1999; Tatsumoto et al., 1999) (Figure 1.2B). The localization of Ect2 (RhoGEF) at the 

membrane is crucial for proper cytokinesis as shown in human cells (Su et al., 2011) and 

this is further established in C.elegans as well (Gómez-Cavazos et al., 2020). It causes 

RhoA activation that further strengthens and sharpens the RhoA zone (Bement et al., 

2015; D. Zhang & Glotzer, 2015). Rho-GTPase-activating protein (RacGAP50C) part of 

the centralspindlin complex is required to recruit Pbl/Ect2 at contractile rings (Hirose et 

al., 2001; Somers et al., 2003; Wadsworth, 2005). The RhoGEF, RhoGEF2 which recruits 

to pseudo cleavage furrow in syncytial and furrow canal in cellularization stages. It 

activates Rho1 to initiate furrow ingression and contractile ring assembly in the syncytial 

stage and cellularization respectively. The position of activated Rho1 cortical stripe with 

core cytokinetic machinery resembles conventional cytokinesis (Crest et al., 2012).  

1.5.2.2 Regulation of Myosin II 

 

After the establishment of the active RhoA zone, RhoA·GTP activates downstream 

molecules in pathways that result in actin polymerization and Myosin II activation (Basant 

& Glotzer, 2018; Schwayer et al., 2016) (Figure 1.3). Among all myosins, non-muscle 

Myosin II (Myosin II) is established as one of the conserved and central molecules in 

cytokinesis. Initially, Myosin II recruits as foci to the division plane and then reorganizes 

into a ring (Maupin & Pollard, 1986; Manos Mavrakis et al., 2014; Noguchi & Mabuchi, 
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2001; Vavylonis et al., 2008; J.-Q. Wu et al., 2003; Zhou & Wang, 2008). Any perturbation 

in Myosin II function results in cytokinesis failure as seen in starfish blastomeres (I. 

Mabuchi & Okuno, 1977), Dictyostelium discoideum (De Lozanne & Spudich, 1987; 

Knecht & Loomis, 1987), budding yeast (Bi et al., 1998; Lippincott & Li, 1998), and fission 

yeast (Bezanilla et al., 1997; Goff et al., 2000; Kitayama et al., 1997; May et al., 1997; 

Motegi et al., 1997; Naqvi et al., 2000), Drosophila (Karess et al., 1991; Young et al., 

1993), C.elegans (Guo & Kemphues, 1996; Shelton et al., 1999) and most animal cell 

types (Matsumura et al., 2011).  

 

Myosin II motor is made up of a parallel dimer of heavy chains, each connected to 

a regulatory light chain (rMlc) and essential light chain (DeBiasio et al., 1996). These 

structures assemble into filaments that form a complex with actin filaments. This molecule 

shows directional movement results in translocating actin filaments by regulating actin 

turnover and disassembly providing predominant force to drive contractile ring 

constriction (Guha et al., 2005; Haviv et al., 2008; Kondo et al., 2011; I. Mabuchi & Okuno, 

1977; Mangione & Gould, 2019; K. Murthy & Wadsworth, 2005; Pollard & 

O’Shaughnessy, 2019; Reymann et al., 2016; Schwayer et al., 2016). There are different 

pathways that are required for Myosin II activation, recruitment and its ATPase activity at 

the cleavage furrow site, as shown by live imaging and RNAi (Echard et al., 2004; Eggert 

et al., 2004; Gönczy et al., 2000; Sönnichsen et al., 2005). Activation of Myosin II is 

achieved by phosphorylation by Rho-Kinase (Dean et al., 2005; Ishizaki et al., 1996; T. 

Mizuno et al., 1999) (Figure 1.3). In animal cells, phosphorylation of the rMlc―which is 

present between the motor domain and the coiled-coil―regulates Myosin II activation 

(Matsumura et al., 2011). Phosphorylation of rMlc activates Myosin II by releasing it from 

an auto-inhibited state followed by its assembly into the filaments and activating its 

ATPase (actin-stimulated adenosine triphosphatase) activity (Amano et al., 1996; Kunda 

& Baum, 2009; Totsukawa et al., 2000). The function of phosphorylation of Myosin II was 

dissected in cytokinesis using the non-phosphorylatable Myosin II allele and 

phosphomimetic allele. In absence of phosphoryation, severe cytokinesis defects were 

observed in a non-phosphorylatable Myosin II allele. In contrast, phosphomimetic allele 

substitutes for Myosin II function in Drosophila embryogenesis (Jordan & Karess, 1997). 
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RhoA is known to activate Rho kinase (ROCK) and citron kinases that are localized at the 

cleavage furrow (Amano et al., 1996; Cunto et al., 1998; Eda et al., 2001; Kimura et al., 

1996; Kosako et al., 1999; Madaule et al., 1998; Matsumura et al., 2011; Nakagawa et 

al., 1996), which in turn activates Myosin II via phosphorylation (Amano et al., 1996) and 

regulates cytokinesis (Echard et al., 2004; Hickson et al., 2006; A. J. Piekny & Mains, 

2002). In contrast, ROCK phosphorylates and inhibits the Myosin II phosphatase subunit 

(Kimura et al., 1996) (Figure 1.3) which indirectly further promotes Myosin II activation 

(Matsumura, 2005; Yamashiro et al., 2003). Myosin II activation is observed at the furrow 

during anaphase followed by its assembly into the ring and Myosin II heavy chain is 

needed to regulate its dynamic behaviour at the furrow (Matsumura et al., 1998; Yumura, 

2001). Genetic interaction reveals Myosin II as the most important substrate target by 

ROCK (Winter et al., 2001). In addition, there are several additional kinases such as citron 

kinase which phosphorylate Myosin II (Yamashiro et al., 2003). Depletion of citron kinase 

in cells is able to progress to later stages of cytokinesis in contrast to ROCK. Hence, 

ROCK is established as the major rMlc kinase (Matsumura, 2005; Naim et al., 2004; 

Shandala et al., 2004; Yamashiro et al., 2003).    

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Biochemical studies related to contractile rings are mainly focused on actin and 

Myosin II. In vitro study shows that contractile ring forms a stable biochemical entity that 

can be isolated and can be induced to contract (I. Mabuchi et al., 1988). In vivo studies 

show that these rings are highly dynamic in nature with a high turnover of actin and 

Myosin II (K. Murthy & Wadsworth, 2005; Yumura, 2001). The alignment of actomyosin 

filaments in contractile rings and its implications in force generation is still not clear. The 

actin and Myosin II orientation in the contractile ring clues provided by electron 

micrographs in sea urchin embryos resulted in the proposal of a purse-string model 

(Henson et al., 2017; Schroeder, 1972). In this model, contraction is executed when 

myosin movement causing actin filament sliding resulting in shortening of the ring. Thus, 

actin filament sliding generates an ingression force that is directed inward. Another model 

is observed from mammalian cells in which fluorescently labelled actin filament is 

organized parallel to an axis of the chromosome segregation. Actomyosin contraction in 

this orientation is in such a way that inwardly directed force is absent (DeBiasio et al., 
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1996; Fishkind & Wang, 1993; Oegema et al., 2000). A comprehensive study analysed 

Myosin II movement during cytokinesis in live 3T3 cells (DeBiasio et al., 1996). In this 

study, Myosin II―in the form of fibers―was shown to flow toward the equator and form 

a meshwork. This meshwork consisted of fibers that are oriented both parallel and 

perpendicular to the cleavage plane. A similar cortical flow of Myosin II has been observed 

in Xenopus eggs (Noguchi & Mabuchi, 2001). Myosin II localization even in the absence 

of motor activity suggests that there could be more mechanisms contributing to Myosin II 

localization apart from cortical flows.  

 

Myosin II is highly dynamic in nature and established as an essential cytokinetic 

protein. There are contrary studies under some conditions in Dictyostelium cells and 

highly adherent mammalian cells that are able to execute cytokinesis in absence of 

Myosin II and reduction in its activity (De Lozanne & Spudich, 1987; Gerisch & Weber, 

2000; Kanada et al., 2005; Neujahr et al., 1997; Yumura, 2001). In Drosophila 

cellularization, Myosin II activity promotes slow constriction during phase I but are largely 

dispensable for fast constriction during phase-2 (Xue, 2017). 
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Figure 1.3: Schematic diagram showing RhoA signalling pathway activating actin and Myosin II.  

RhoA pathway which activates actin filament assembly and Myosin II motor to form a contractile ring. 

RhoA triggers phosphorylation regulatory light chain myosin (green) causes its activation. Rho-GTP is 

required to relieve the formin autoinhibition and promote the actin filaments assembly at the barbed 

end.Adapted from (M. Glotzer, 2005) 

1.5.2.3 Actin assembly and its regulators 

 

Actin assembly and dynamics is required in cleavage furrow positioning, contractile 

ring formation and constriction during cytokinesis (Basant & Glotzer, 2018; Eggert et al., 

2006; Fededa & Gerlich, 2012; M. Glotzer, 2005; Green et al., 2012; Mangione & Gould, 

2019; Pollard & O’Shaughnessy, 2019). Defects in actin assembly can also affect the 

organization of the central spindle apparatus. The consequences of improper actin 

organization at the contractile ring show enlarged and polypoid spermatids with 

disorganized spindles (Maria Grazia Giansanti et al., 2004; M. G. Giansanti et al., 1998).  

https://paperpile.com/c/a1gJCX/LKL6
https://paperpile.com/c/a1gJCX/QTrv+bRew+LKL6+Gw1u+EOev+nOqO+Lw2X
https://paperpile.com/c/a1gJCX/QTrv+bRew+LKL6+Gw1u+EOev+nOqO+Lw2X
https://paperpile.com/c/a1gJCX/QTrv+bRew+LKL6+Gw1u+EOev+nOqO+Lw2X
https://paperpile.com/c/a1gJCX/Kw4o+cICX


48 
 

 

The contraction activity of Myosin II is dormant until it is bound with actin filaments. 

Actin filaments form the second major component of the contractile ring, often organized 

in anti-parallel bundles. The organization of actin filaments is dependent on different 

nucleating complexes. Branched filaments generated by the ARP2/3 complex are 

involved in the leading edge of migrating cells (Svitkina & Borisy, 1999), whereas arp2/3 

are only weakly involved in forming contractile ring apparatus (Severson et al., 2002; 

Withee et al., 2004). Formin binds to the barbed end of actin and allows actin filament 

growth (Kovar et al., 2003; Pruyne, 2002; Sagot et al., 2002). The formins are composed 

of conserved domains called FH1, that binds to Profilin, and FH2, that binds to actin region 

(Xu et al., 2004). Formin interacts with Profilin facilitating ATP hydrolysis, resulting in the 

release of free energy to favour progressive growth of actin filaments (Pring et al., 2003; 

Romero et al., 2004; Zigmond, 2004) (Figure 1.3). Formin remains in autoinhibited form 

because of intramolecular interaction of the N and C terminal when unbound from actin 

filaments (Takeya et al., 2008). When N-terminal binds to active RhoA, autoinhibition gets 

relieved (Alberts, 2001) (Figure 1.3). Spatially restricted active RhoA causes local 

activation of both actin filament assembly and Myosin II. Apart from formin, another actin-

binding protein is Cofilin/ADF which functions as an actin severing protein required to 

regulate actin dynamics during cytokinesis (Gunsalus et al., 1995; Ono et al., 2003). In 

vitro Cofilin plays a dual role in affecting filament growth by severing and destabilizing 

actin filaments as well as increasing the elongation competent barbed ends number to 

promote growth. In order to regulate the actin dynamics, the net effect of Cofilin depends 

on the factors that regulate filament ends and actin monomer concentration 

(Andrianantoandro & Pollard, 2006; Ennomani et al., 2016; McCullough et al., 2008; 

Mendes Pinto et al., 2012, 2013). Cofilin mutants contain an abundance of actin filaments 

in the contractile ring especially during the late stages of cytokinesis (Xue & Sokac, 2016). 

Twinstar (Cofilin) mutants in Drosophila spermatocytes show abnormal furrows with actin 

accumulation, resulting in cleavage inhibition (Gunsalus et al., 1995). Thus, the primary 

function of cofilin in vivo is to destabilize actin filaments. Like Cofilin, Anillin which is 

another actin-binding protein is shown to be implicated in late stages of cytokinesis using 

genetic experiments but its biochemical function is not fully understood in the context of 
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cytokinesis (Makoto Kinoshita et al., 2002; Ono et al., 2003). Anillin is a multidomain 

protein that localizes to the membrane furrow via its pleckstrin homology domain and 

binds with both Myosin II and septin complexes (Christine M. Field et al., 2005; Makoto 

Kinoshita et al., 2002; Maddox et al., 2005; Oegema et al., 2000; Ono et al., 2003; Straight 

et al., 2005). Anillin depletion in animal cells gives rise to late cytokinetic defects, required 

for completion (Echard et al., 2004; Somma et al., 2002; Straight et al., 2005) and plays 

a non-essential role during contractile ring formation and ingression (Echard et al., 2004; 

Christine M. Field et al., 2005; Makoto Kinoshita et al., 2002; Somma et al., 2002; Straight 

et al., 2005). In Drosophila cellularization, anillin mutants show perturbed F-actin 

localization making a hexagonal network at furrow tips instead of the rings. In addition, 

Myosin II localization is reduced and Peanut localization is altered at the cellularization 

front which results in failure in forming a contractile ring (Christine M. Field et al., 2005). 

Anillin with its partner septin remains associated with a mature intercellular bridge (late 

cytokinesis stage) even after Myosin II and F-actin dissociation (Echard et al., 2004; 

Christine M. Field et al., 2005; C. M. Field & Alberts, 1995; Oegema et al., 2000; A. J. 

Piekny & Maddox, 2010) as shown in incomplete cytokinesis in Drosophila spermatocytes 

(M. G. Giansanti et al., 1999; Goldbach et al., 2010; Hickson & O’Farrell, 2008; Robinson 

& Cooley, 1996; Straight et al., 2003).  

 

Septin forms heteromeric complexes which self-assemble into high order 

structures (Saarikangas & Barral, 2011). It acts as an actin crosslinker that concentrates 

at the cytokinetic site (Fares et al., 1995; Haarer & Pringle, 1987; G. R. Hime et al., 1996; 

M. Kinoshita et al., 1997; Longtine et al., 1996; Neufeld & Rubin, 1994; Xie et al., 1999) 

where it binds to the membrane (Bertin et al., 2010; J. Zhang et al., 1999) and Anillin 

(Christine M. Field et al., 2005; Makoto Kinoshita et al., 2002; Oegema et al., 2000). Pnut, 

Sep1, Sep2, Sep4, and Sep5 are five septins identified and studied in Drosophila (Adam 

et al., 2000; Fares et al., 1995; C. M. Field et al., 1996; M. Mavrakis, 2016; Neufeld & 

Rubin, 1994). Peanut is shown by in vivo functional studies to convert linear actin 

filaments into curved networks during Drosophila cellularization. In vitro reconstitution 

assay shows that bundle actin filaments are converted into rings when incubated with 

purified septins proteins. In peanut mutants, there is inhibition of constriction at the 
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contractile ring due to aberrant organization of F-actin and Myosin II (Manos Mavrakis et 

al., 2014). It was observed that in cellularization, Cofilin, Anillin and Peanut control spatial 

F-actin organization which results in switching from phase1 (slow constriction) to phase2 

(fast constriction). During phase-2, F-actin disassembly is necessary to execute fast 

constriction (Xue, 2017; Xue & Sokac, 2016). 

 

Anillin acts as a scaffold and maintains both septin and Myosin II association at 

the contractile ring (A. J. Piekny & Maddox, 2010; Straight et al., 2005). Depletion of both 

Anillin/septin and Rho-kinase cause cytokinesis failure when compared to C.elegans 

embryos where only Rho-kinase is depleted (Maddox et al., 2007). Along with Anillin, 

formins assemble contractile rings and regulate actin dynamics during cleavage furrow 

ingression. Furrow ingression depends on anti-capping proteins (like Ena/VASP and 

Diaphanous-related formins (DRFs) and Profilin regulated actin polymerization 

(Grevengoed et al., 2003). Rho positively regulates the nucleation activity of Dia which 

induces actomyosin ring formation and constriction (Watanabe et al., 1997).  

 

In Drosophila cellularization, actin cross-linkers such as Bottleneck (bnk), Cheerio 

and Fimbrin regulate actin organization during contractile ring formation. Cheerio and Bnk 

knockdowns show pre-mature rounding and constriction due to failure of actin network 

assembly (Krueger et al., 2019; Reversi et al., 2014; Schejter & Wieschaus, 1993b). On 

the contrary, Fimbrin knockdown results in a stable actin network assembly which shows 

a significant delay in a contractile ring formation. Thus, these actin crosslinkers perform 

opposite roles where Cheerio facilitate hexagonal patterning whereas Fimbrin is required 

for remodelling of a hexagonal network into the contractile ring (Krueger et al., 2019). 

In cytokinesis, local concentration and turnover of actin (K. Murthy & Wadsworth, 

2005; Yumura, 2001) influences the dynamic balance of polymerization and 

depolymerization. Cytochalasin treatment promotes membrane ingression, but 

jasplakinolide stabilizes actin which inhibits furrow ingression (Guha et al., 2005; 

O’Connell et al., 2001). Thus, these experiments suggest that selective actin 

depolymerization is crucial for cytokinesis to regulate furrow dynamics. In addition to the 
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actin dynamics, successful cytokinesis requires extensive membrane trafficking (McKay 

& Burgess, 2011; Neto et al., 2011; Strickland, 2004; Tang, 2012).   

1.5.3 Cleavage furrow ingression and abscission: Membrane trafficking 

 

Membrane trafficking affects cleavage furrow ingression and abscission of the 

cytokinesis (Barr & Gruneberg, 2007; Conrad & Rappaport, 1981; Prekeris & Gould, 

2008). Vesicle trafficking ensures the recycling of regulatory proteins and remodelling 

factors during the ingression and abscission processes (Neto & Gould, 2011). The 

recycling vesicular trafficking involves small GTPases – Rab35, Rab11 and Arf6, which 

is crucial for successful cytokinesis (Montagnac et al., 2008; Schiel & Prekeris, 2013). 

Rab35 knockdown and its dominant negative form show an increase in a number of 

binucleated cells. Thus, Rab35 is essential for the bridge stability and abscission during 

terminal steps of cytokinesis in Drosophila S2 cells and HeLa cells (Kouranti et al., 2006). 

Rab11 was shown to be required for furrow ingression in C.elegans, as shown by 

regulating vesicle recycling to the plasma membrane  (Ahna R. Skop et al., 2001). Rab11 

mutants display cytokinesis failure by affecting furrow ingression and actomyosin ring 

constriction in Drosophila S2 cells, spermatocytes (Maria Grazia Giansanti et al., 2007; 

Pelissier et al., 2003) and cellularization stages (Pelissier et al., 2003; Riggs et al., 2003). 

Rab11 is required for the recruitment of its effector molecule Nuclear fallout (Nuf) to the 

cleavage furrow (Maria Grazia Giansanti et al., 2007; Hickson et al., 2003; Pelissier et al., 

2003; Riggs et al., 2003). Nuf recruits RhoGEF2 to the cleavage furrow (Cao et al., 2010) 

for Rho1 activation resulting in local Dia-induced actin polymerization and Myo-II 

activation. Similarly in mammalian cells, FIP3/Arfophilin (Nuf ortholog) and Rab11 both 

accumulate at the cleavage furrow and either protein depletion results in cytokinesis 

failures (Wilson et al., 2005). Rab11 effector FIP3 and FIP4 (both orthologous to Nuf) 

forms a complex with Arf6 and its targeting to the central spindle depends on Arf6 

(Fielding et al., 2005; Wilson et al., 2005) where it interacts with the exocyst complex and 

finally results in vesicle fusion to the plasma membrane (Fielding et al., 2005; Prigent et 

al., 2003). In addition, Arf6 is essential for furrow ingression and acts downstream of 

recycling endosomes in Drosophila spermatocytes (Dyer et al., 2007). 
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RalA is a small GTPase needed for exocyst complex assembly that controls 

secretory vesicle delivery to the plasma membrane in Drosophila S2 cells (Moskalenko 

et al., 2002). RalA depleted embryos show missing pseudo-cleavage furrows with F-actin 

localized in punctae, suggesting its function in initiating furrow formation. RalA recruitment 

precedes F-actin localization during furrow formation suggesting that membrane 

trafficking is likely to function upstream of cytoskeletal remodelling (Holly et al., 2015).  

 

Endocytic mutants such as Clathrin and Dynamin show defects in cytokinesis in 

Dictyostelium, C. elegans, zebra fish and mammalian cell lines (Gerald et al., 2001; 

Niswonger & O’Halloran, 1997; J. K. Schweitzer et al., 2005; Thompson et al., 2002; 

Wienke et al., 1999). Dynamin inhibition shows slower cleavage furrow ingression rates. 

in Drosophila syncytial embryos (Oegema et al., 2000; Rikhy et al., 2015; Sokac & 

Wieschaus, 2008a; Su et al., 2013) and cellularization (Pelissier et al., 2003; Swanson & 

Poodry, 1980) 

 

Steppke, a cytohesin Arf-guanine nucleotide exchange factor (GEF) (Gillingham & 

Munro, 2007), promotes local endocytic events to control plasma membrane furrow 

ingression both during the syncytial stages l and cellularization of the Drosophila embryo. 

At the ingressing furrow tip, Steppke shows ArfGEF activity and its interaction with the 

AP-2 clathrin adaptor complex is required to regulate endocytic events. Steppke activities 

restrain actomyosin networks at the furrow tip by reducing local Rho1 protein levels. 

Steppke mutants lead to increased actin polymerization and Myosin II activation through 

Rho1 pathway resulting in abnormal constriction forming taut sheets which spread out 

perpendicularly, invading space occupied by nuclei (D. M. Lee & Harris, 2013). Steppke 

interacting protein called Stepping stone (Sstn) mutant and RNAi embryos mimic steppke 

loss of function embryos by showing Rho1 dependent abnormal cytoskeletal expansion 

at the pseudo cleavage and cellularization furrows base. Sstn, cytohesin adaptor, acts 

upstream of Steppke to regulate Arf-GEF activity at the furrow tip. The direct interaction 

between Steppke and Sstn occur through their coiled coil domain, which is necessary for 

stabilize localization at the furrow tip in the syncytial embryo (J. Liu et al., 2015). 
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1.6 Variations in cytokinesis during Drosophila development 

 

Conventional cytokinesis occurs at the cell equator and results in the physical 

separation of a mother cell into two equal daughters. Drosophila embryogenesis as a 

model system that shows modified traditional cytokinesis during the course of 

development. The contractile assembly of this modified cytokinesis varies temporally and 

spatially when compared to conventional cytokinesis, but the machinery involved in this 

process is similar to the cytokinetic ring (Michael Glotzer, 2001; Guertin et al., 2002; 

Kumar et al., 2015). The Drosophila embryo is transparent and membrane dynamics can 

be observed by live imaging and any distortion can be easily detected. During 

embryogenesis, specialized membrane structures of negative and positive curvatures 

such as furrows and microvilli-like structures are present within the same system. This 

system will provide insights into how membrane curvature related proteins influence 

cleavage furrow ingression and contractile ring constriction. 

 

Drosophila embryos show variations in cytokinesis such as: incomplete cytokinesis, 

pseudo cleavage furrow formation and cellularization 
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Figure 1.4: Variations in cytokinesis: Incomplete cytokinesis, pseudocleavage and cellularization 

during Drosophila embryogenesis. Nuclear cycles 1-13 show division of nuclei in the absence of 

cytokinesis. Nuclear cycles 1-8 occur deep within the interior of the embryo. At the 9th nuclear division, 

nuclei migrate to the surface and further continue to divide without cytoplasmic division. During these 

cortical divisions, pseudocleavage/partial furrows form during cycles 10-13 in the syncytial blastoderm. 

During the interphase of the 14th nuclear division, the plasma membrane extends to form around individual 

nuclei to form individual epithelial cells. The actomyosin machinery assembles at the base of the extending 

plasma membrane and is similar to conventional cytokinesis. Adapted from (Kumar et al., 2015) 

1.6.1 Incomplete Cytokinesis 

 

In the case of incomplete cytokinesis, karyokinesis occurs but is not followed by 

cytokinesis. During Drosophila early embryogenesis, after fertilization, multiple cycles of 

rapid nuclear division occur in the interior of the embryo without the formation of the 

cleavage furrow. During this stage, nine rapid synchronous nuclear divisions give rise to 

300-400 nuclei. Thus, nuclei replication and division occur without completing cytokinesis, 

forming a syncytium stage (Gwatkin, 1995; Kumar et al., 2015) (Figure 1.4). 

 

1.6.2 Pseudocleavage furrows 

 

The nuclei which are formed in the embryo interior migrate outwards in nuclear 

cycle 9 to the periphery of the embryo where four synchronous nuclear divisions occur 

i.e. cycle 10 to cycle 13. All nuclei share a common plasma membrane and cytoplasm 

during their first 13 nuclear divisions called the syncytial blastoderm stage where mitosis 

occurs in the absence of cytokinesis (Mazumdar & Mazumdar, 2002). During the syncytial 

stage, these nuclei are surrounded by actin which is organized between plasma 

membrane and centrosomes during interphase and mitosis. The actin forming microvilli 

structures remodel from caps (Afshar et al., 2000; Foe & Alberts, 1983; Karr & Alberts, 

1986; Manos Mavrakis et al., 2009; Stevenson et al., 2002; Turner et al., 1977; Warn et 

al., 1980, 1984; Young et al., 1991) into the structure called the pseudocleavage furrow 

that ingresses towards the interior during metaphase, persists until late anaphase and 

then regress during telophase. Pseudocleavage furrows formed in between adjacent 

nuclei and spindles are partial furrows during cycles 10-13 of syncytial stages (D. M. Lee 
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& Harris, 2014) (Figure 1.4). These pseudocleavage furrows ensure proper chromosome 

segregation by aligning adjacent spindles that interact with chromosomes (Foe & Alberts, 

1983; Frescas et al., 2006; Manos Mavrakis et al., 2009). The pseudocleavage furrow 

actin dynamics are tightly connected to the nuclear cycles, making this an interactive 

model to be able to study the coordination between cytoskeletal dynamics and nuclear 

cycles (Cao et al., 2010; Guertin et al., 2002). Cortical actin is spread throughout embryos 

in centrosomin mutants lacking astral microtubules which suggest that asters are required 

for proper actin dynamics (Kao & Megraw, 2009). Mutants that perturb pseudocleavage 

furrow formation show the presence of fused spindles and abnormal nuclear division (W. 

Sullivan et al., 1993). The conservation of components involved in traditional cleavage 

furrows such as Myosin II, Anillin, septins, spectrins, formins and actin are also found in 

the pseudocleavage furrow (Afshar et al., 2000; Cao et al., 2008; Fares et al., 1995; C. 

M. Field & Alberts, 1995; Manos Mavrakis et al., 2009; Miller & Kiehart, 1995; Rikhy et 

al., 2015; Sherlekar & Rikhy, 2016; Stevenson et al., 2002).  

 

There are important similarities and differences between syncytial metaphase 

furrows and conventional cytokinesis. In conventional cytokinesis, cleavage furrow occurs 

after the separation of sister centrosomes and the formation of a bipolar spindle. This 

determines furrow positioning at a midway point and perpendicular to the spindle axis. 

These furrows form during anaphase and telophase. In contrast, syncytium metaphase 

furrows occur before the separation of sister centrosomes. Metaphase furrows are 

established from early prophase to anaphase. They form around monopolar microtubular 

arrays. However, in both systems, processes are highly regulated by the cell cycle and 

require invagination of the plasma membrane. Also, an association of cortical actin with 

plasma membrane and actin cytoskeleton rearrangements are required for plasma 

membrane invagination (Kotadia et al., 2010). 

 

There are some parallels between cytokinesis of complete cells during cleavage 

furrow assembly and syncytial division cycles during pseudocleavage furrow formation in 

Drosophila embryos. Central spindle proteins generate localized stable strips of activated 

RhoA during anaphase in conventional cytokinesis (A. Piekny et al., 2005; Wagner & 

https://paperpile.com/c/a1gJCX/9Kql
https://paperpile.com/c/a1gJCX/kooV+Ci3h+ojJA
https://paperpile.com/c/a1gJCX/kooV+Ci3h+ojJA
https://paperpile.com/c/a1gJCX/TQjg+XHPa
https://paperpile.com/c/a1gJCX/6oFv
https://paperpile.com/c/a1gJCX/Mvwh
https://paperpile.com/c/a1gJCX/Mvwh
https://paperpile.com/c/a1gJCX/FrNm+B5xW+Ci3h+S5pw+n5kY+qgLH+QkWb+zvlP+1y8l
https://paperpile.com/c/a1gJCX/FrNm+B5xW+Ci3h+S5pw+n5kY+qgLH+QkWb+zvlP+1y8l
https://paperpile.com/c/a1gJCX/FrNm+B5xW+Ci3h+S5pw+n5kY+qgLH+QkWb+zvlP+1y8l
https://paperpile.com/c/a1gJCX/OwJ1
https://paperpile.com/c/a1gJCX/3EOn+pk0C+lCxj


56 
 

Glotzer, 2016; Yüce et al., 2005). Similarly in syncytial embryos, Rho1 is initially localized 

at the apical ring and further extends basally at the pseudocleavage furrow during 

ingression. Thus, Rho1 cortical stripe positioning is equivalent to the conventional 

cytokinesis, but the timing is different and coincides with pseudocleavage furrow 

formation (Crest et al., 2012). In addition, similar to cytokinesis, furrow invagination in the 

syncytium is dependent on the fusion of vesicles that originate from golgi and 

centrosome-associated recycling endosome (Lecuit & Wieschaus, 2000; Riggs et al., 

2003)  

1.6.3 Cellularization 

 

Cellularization of the early Drosophila embryo provides a great opportunity to study 

the molecular mechanisms regulating actomyosin-driven contraction in a spatiotemporal 

manner. Transition from the syncytial to cellular blastoderm occurs at the embryo cortex 

in the interphase of cycle 14 by cleavage to separate each nucleus by plasma membrane 

boundaries in a process called cellularization (Mazumdar & Mazumdar, 2002; Schejter & 

Wieschaus, 1993a; William Sullivan & Theurkauf, 1995). The leading edge of the 

invaginating plasma membrane between adjacent nuclei occurs as an infolding termed 

as furrow canal. The actomyosin network assembles at the base of the furrow canal and 

forms a polygonal network in early cellularization. This transforms into a contractile ring 

in mid cellularization. Finally, ring constriction partially closes the base of the cell during 

late cellularization (Kiehart, 1990; Krueger et al., 2019; Royou et al., 2004; Schejter & 

Wieschaus, 1993a; Xue & Sokac, 2016; Young et al., 1993) (Figure 1.4). The actomyosin 

ring organization and constriction in cellularization are similar to conventional cytokinesis 

in somatic cells (Kotadia et al., 2010). 

 

What could be the relationship between mechanisms involving various molecular 

components that mediate cellularization and cytokinesis? Certain features and molecular 

components are shared both in cytokinesis and cellularization. For instance, there are 

many molecular components that are shared by cellularization and cytokinesis including 

actin, Myosin II, and formin (Kotadia et al., 2010). However, there is segregation of 
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molecules that differ in cytokinesis and cellularization in Drosophila but they are 

fundamentally similar to higher systems (Eggert et al., 2006). For instance, both 

RhoGEF2 and pebble are homologues of human ECT2, RhoGEF2 is involved in 

cellularization whereas Pebble, is involved in normal cytokinesis (G. Hime & Saint, 1992; 

Lehner, 1992). There are specific zygotic genes (nullo, sry-fi and bottleneck), that are 

functional in the cellularization stage, but are no longer expressed after cellularization and 

hence are no longer functional during normal cytokinesis (Schejter et al., 1992; 

Schweisguth et al., 1990, 1991; Sokac & Wieschaus, 2008a, 2008b) 

 

Both the processes depend on membrane ingression and actomyosin ring 

contraction. During normal cytokinesis, the two processes occur in parallel, also in the 

case of cellularization: membrane invagination of the cleavage furrow occur along with 

systematic transition of actomyosin network at the base of the cell (Keaton, 2007). 

Cellularization shows systematic transition of actomyosin network that can be exploited 

for scoring ring architectural defects that remain for approximately 45 minutes. In addition, 

the most significant challenge in understanding cytokinesis is to study the proteins 

involved both in mitosis and cytokinesis. Mutation in these genes causes mitotic arrest, 

which makes it difficult to score for a cytokinetic defect. For example, Polo kinase plays 

a dual role in mitosis and cytokinesis but does not score in the genetic screening of 

cytokinesis (Eggert et al., 2006). This system can be exploited to study the role of proteins 

involved in both mitosis and cytokinesis. It might provide the mechanistic details about 

this protein by studying them in syncytial (metaphase stage) and cellularization 

(contractile ring formation stage) processes (Kotadia et al., 2010).  

 

The division state of nuclei in cellularization is mechanistically similar to that in 

conventional cytokinesis. Cellularization occurs whilst nuclei remain in cycle 14th 

interphase stage, and nuclei division does not occur throughout cellularization. Astral 

microtubules present at the top of the nuclei are required to direct actin remodelling and 

furrow ingression through RhoA- dependent pathway, forming an actomyosin network 

similar to cytokinesis (Foe et al., 2000). During furrow ingression, post-Golgi and recycling 

endosomes vesicles contribute towards membrane addition, which plays a crucial role in 
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driving furrow elongation (Figard et al., 2013; Figard & Sokac, 2014; Lecuit & Wieschaus, 

2000; D. M. Lee & Harris, 2014; Riggs et al., 2003; Sisson et al., 2000). 

 

Several BAR domain proteins are known to bind to the membrane in vitro but 

mechanistic details about their function in vivo are still unknown. Also, BAR domain 

containing proteins have been shown to be important for several actin remodelling 

processes. Drosophila embryogenesis shows profound plasma membrane as well as 

cytoskeletal remodelling, thus this system can be exploited to study BAR domain 

proteins which could yield steps of morphogenesis dependent upon their function. 

Thus, specific localization and dynamics of BAR domain proteins on the membrane 

become an integral part to morphogenesis during Drosophila embryogenesis. Their 

possible defects can be easily scored at the level of syncytial cycles, and cellularization 

which will further provide insights into their precise functions. This system will help us to 

understand the function of BAR domain proteins involved in coordinating and regulating 

specific membrane remodelling processes. We devised the following aims and objectives 

towards studying the BAR domain function in regulating cleavage furrow formation in 

Drosophila embryogenesis 

1.7  Aims and objectives 

1.7.1    Screening for BAR domain protein distribution and estimating their 

requirement in embryogenesis by scoring lethality 

● Checking the effect of RNAi mediated knockdown of BAR domain proteins on the 

survival of the embryo 

● Screening for defects in actin organization in BAR domain proteins knockdown 

embryos 

1.7.2   Characterization of GRAF-BAR domain protein depletion on cleavage furrow 

formation during Drosophila embryogenesis 

● Generation of GRAF knockout using CRISPR-Cas9 strategy 

● Checking the effect of Graf knockdown and mutant defects on the contractile ring 

architecture 

https://paperpile.com/c/a1gJCX/vZsK+Bb52+5rmS+9Kql+QpBS+rdQd
https://paperpile.com/c/a1gJCX/vZsK+Bb52+5rmS+9Kql+QpBS+rdQd
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1.7.3   Localization and loss of function effects of GRAF on cleavage furrow 

formation during Drosophila embryogenesis 

● Checking the distribution of GRAF protein at the cleavage furrow 

● Checking the effect of perturbations in key contractile ring proteins in Graf depleted 

embryos 

1.7.4   Assessing the molecular mechanism of GRAF on cleavage furrow formation 

● Dissecting the role of GRAF in Rho-dependent pathway in regulating constriction 

using genetic analysis 

1.7.5   Characterizing GRAF domain specific function during Drosophila 

embryogenesis 

● Generation of domain specific fluorescently tagged GRAF transgenes in 

Drosophila 

● Assessing the role of GRAF domains’ recruitment to the contractile ring and in 

constriction of the contractile ring 
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CHAPTER 2 

 
Material and Methods 
 

2.1 Drosophila stocks and genetics 

 

Fly stocks and crosses were maintained in regular cornmeal agar. The detailed 

genotypes, stock numbers, source of stocks and temperature of crosses are a part of 

Table 2.1 and 2.2.  

 

Stock Genotype Source/Reference 

1 Canton-S Lab stock originally 

obtained Bloomington 

Drosophila Stock Center 

2 nanos-Gal4 Lab stock 

3 w; mat67-Gal4; mat15-Gal4 Girish Ratnaparkhi, 

IISER, Pune, India 

4 w; P{Sqh-mCherry.M}3 Bloomington Drosophila 

Stock Center (BDSC), 

Indiana, USA 

5 y[1] v[1]; P{TRiP.HMC03427}attP40 (GRAF 

shRNA1, Grafi) 

BDSC, #51853 

6 y[1] v[1]; P{TRiP.GL01207}attP40 (Myosin II 

binding subunit, MBS shRNA) 

BDSC, #41625 

7 y[1] sc[*] v[1] sev[21]; P{TRiP.HMS01118}attP2 

(RhoGEF2 shRNA) 

BDSC, #34643 
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8 y[1] w[*]; P{UASpT7.RhoGEF2}5 (RhoGEF2 

overexpression) 

BDSC, #9386 

9 ubi-GFP::AnillinRBD/TM3  (Munjal et al., 2015) 

Thomas Lecuit, France 

10 w-FM7a/w-FM7a(white eye) Girish Ratnaparkhi, 

IISER, Pune, India 

11 UASp-rok-shRNA (roki) (Yixie Zhang et al., 2018) 

12 y[1] w[67]c[23] P{EPgy2}Graf[EY09461] (GRAF 

overexpression) 

BDSC, #17571 

13 w;mat67 Spider-GFP-Sqh-mcherry/TM3ser (Martin et al., 2009)  

14 y[1] sc[*] v[1] Graf[CR57]/FM7a (GrafCR57) This study 

15 y[1] sc[*] v[1] sev[21]; P{TKO.GS00762}attP40 BDSC, #76993 

16 P{KK102763}VIE-260B (GRAF shRNA2, Graf2i) Vienna Drosophila Stock 

Center, #v110812 

17 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=nos-

Cas9.R}attP40 

 

Drosophila facility,NCBS 

18 [w]*;p[UASp-GRAF-EGFPG1] attp40/cyo  This study 

19 [w]*;p[UASp-GRAFΔRhoGAP-GFP] attp40/cyo  This study 

20 y[1] w[67]c[23] P{EPgy2}Graf[EY09461]/FM7a; 

P{UASpT7.RhoGEF2}5/Tb (GRAF-OE;RhoGEF2-

OE) 

This study 

21 y[1] sc[*] v[1] sev[21]; This study 

https://paperpile.com/c/a1gJCX/QirK
https://paperpile.com/c/a1gJCX/pp3a
https://paperpile.com/c/a1gJCX/pIoU
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P{TRiP.HMC03427}attP40/cyo;P{TRiP.HMS01118}

attP2/Tb (Grafi;RhoGEF2i) 

22 mat67-Sqh-mCherry; ubi-AnillinRBD-GFP-NG4/Tb This study 

23 y[1] sc[*] v[1] GRAF[CR57]/FM7a; 

P{TRiP.HMS01118}attP2/Tb (GrafCR57;RhoGEF2i) 

This study 

24 y[1] sc[*] v[1] GRAF[CR57]/FM7a; UASp-rok-

shRNA/Tb (GrafCR57;roki) 

This study 

25 y[1] w[67]c[23] P{EPgy2}Graf[EY09461]/FM7a; 

P{TRiP.GL01207}attP40/cyo (GRAF-OE;mbsi) 

This study 

26 y[1] sc[*] v[1] GRAF[CR57]/FM7a;mat67Sqh-

mCherry/cyo 

This study 

27 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF 

EGFP G1] attp40/cyo 

This study 

28 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF 

ΔRhoGAP-EGFP] attp40/cyo  

This study 

29 [w]*;p[UASp-GRAFΔBAR-GFP] attp40/cyo This study 

30 [w]*;p[UASp-GRAFΔPH-GFP P1] attp40/cyo  This study 

31 [w]*;p[UASp-GRAFΔSH3-GFP] attp40/cyo  This study 

32 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp-

GRAFΔBAR- GFP] attp40/cyo 

This study 

33 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp-

GRAFΔPH-GFP P1] attp40/cyo 

This study 

34 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp- This study 
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GRAFΔSH3- GFP] attp40/cyo 

35 [w]*;p[UASp-GRAF BARPtmt-GFP] attp40/cyo This study 

36 [w]*;p[UASp-GRAF RhoGAPPtmt-GFP] attp40/cyo This study 

37 [w]*;p[UASp-GRAF Y381FPtmt-GFP] attp40/cyo This study 

Table 2.1: Drosophila stocks and their source 

 

F2 embryos were imaged from these crosses, using above stock 

numbers/genotypes. Non-balancer females were used for cages. 

Stocks # (Virgins x males) 

Temperature 

(0C) 

2 x 1 control 28 

2 x 5 Grafi using nanos-Gal4 28 

3 x 16 Graf2i using mat-Gal4 28 

17X15 GrafgRNA using nanos-Cas9 28 

14x14 GrafCR57 25 

26X27 GrafCR57;GRAF-GFP/mat67-Gal4, Sqh-mCherry 18, 25 

22X1 mat67 Sqh-mCherry/+; ubi-AnillinRBD-GFP NG4/+ 25 

13x1 mat67-Gal4 Spider-GFP-Sqh-mcherry/+ 25 

26X26 GrafCR57;mat67-Gal4, Sqh-mCherry 25 

26x28 GrafCR57;GRAFΔRhoGAP-GFP/mat67-Gal4, Sqh- mCherry 18, 25 

3x12 GRAF-OE using mat-Gal4 28 

13X12 GRAF-OE; mat67 Spider-GFP-Sqh-mCherry 25 



64 
 

3X8 RhoGEF2-OE using mat-Gal4 25 

13X8 RhoGEF2-OE;mat67 Spider-GFP-Sqh-mCherry 25 

2X7 RhoGEF2i using nanos-Gal4 28 

3X7  RhoGEF2i using mat-Gal4 25 

13X7 RhoGEF2i ;mat67-Gal4 Spider-GFP-Sqh-mCherry 25 

13X20 GRAF-OE;RhoGEF2-OE/mat67-Gal4 Spider-GFP, Sqh-

mCherry 

25 

3X20 GRAF-OE;RhoGEF2-OE using mat-Gal4 28 

2X21 Grafi;RhoGEF2i using nanos-Gal4 28 

3X6 mbsi using mat-Gal4 25 

3X25 GRAF-OE;mbsi  using mat-Gal4 25 

13x11 roki/mat67-Gal4 Spider-GFP-Sqh-mCherry 25 

13X24 GrafCR57;roki/mat67-Gal4 Spider-GFP-Sqh-mCherry 25 

26X32 GrafCR57;GRAFΔBAR-GFP/mat67-Gal4, Sqh- mCherry 18 

26X33 GrafCR57;GRAFΔPH-GFP/mat67-Gal4, Sqh- mCherry 18 

26X34 GrafCR57;GRAFΔSH3-GFP/mat67-Gal4, Sqh- mCherry 18 

Table 2.2: Drosophila crosses 

2.2 Generation of GRAF null mutant using the Crispr-Cas9 method 

 

Flies containing nos-Cas9 were crossed to ubiquitous expressing gRNA against 

the first exon of GRAF to obtain F1 males containing nos-Cas9/GRAF gRNA (X. Ren et 

al., 2013; Zirin et al., 2020). In the germline of F1 males, the Cas9 enzyme cleaved the 

first exon of GRAF leading to NHEJ repair and the occurrence of different mutations. 

https://paperpile.com/c/a1gJCX/aynl+g0ym
https://paperpile.com/c/a1gJCX/aynl+g0ym


65 
 

These males were crossed with FM7a virgin females. 155 F2 female progeny containing 

the mutant chromosome and the FM7a balancer were crossed individually to FM7a 

males. The crosses were checked for male lethality and non-lethal stocks were tested for 

reduced progeny. 1 line was male lethal, several lines contained reduced progeny and 

several lines did not carry any remarkable phenotype. Genomic DNA was extracted from 

homozygous flies in lines having optimum progeny and those containing reduced progeny 

compared to control. The exon1 of Graf was amplified from genomic DNA using primers 

23 and 24 (Table 2.3). The PCR product was detected by agarose gel electrophoresis 

and purified before sending it for sequencing to assess the presence of mutations in 

exon1. Homozygous flies from 21 lines were sequenced, of these 18 lines contained 

reduced progeny and 3 lines did not show any phenotype. 100% of the lines sequenced 

gave mutations in exon 1 of the Graf gene. Homozygous flies from lines with reduced 

progeny showed mutations in the Graf gene that led to a premature stop codon. 

Homozygous flies from lines that did not give any phenotype also gave mutations in exons 

which did not alter the reading frame of the gene and were presumably not crucial for 

GRAF function. 

2.3 Generation of GRAF-GFP, domain deletions and point mutations transgene 

 

The Graf cDNA sequence was extracted from the LD28528 pOT2 vector (BDGP, 

USA) using primers 1,3 (Table 2.3). The cDNA in LD28528 contained 3 mutations causing 

premature stop codon when compared to the gene sequence available at Flybase: 

FBgn0030685. These mutations were rectified by site-directed mutagenesis as follows 

C212T, A420G and deletion of T468 residue using primers 25-30 (Table 2.3). The 

modified residues were confirmed using sequencing. This intact Graf cDNA sequence 

was used to generate a fluorescently tagged GRAF-GFP construct with GFP at the C-

terminus. PCR amplification was performed on the GRAF and GFP gene using primers 

1,3 and 2,4 respectively (Table 2.3). Overlap PCR was performed to give rise to GRAF 

with a serine linker followed by GFP tagged at the C-terminal of the Graf cDNA amplified 

products using primer 1,4 (Table 2.3). The PCR product at the end has a sequence 

homologous to BamH1 digested pUASp vector ends. The purified product from the 

overlap PCR was digested with BamH1. The pUASp vector was used in a 10:1 ratio for 
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transformation in DH10B derived E.coli strain PPY (Yongwei Zhang et al., 2012, 2014). 

This strain recombines the pUASp vector and inserts using the in-bacto homologous 

recombination strategy. PCR was performed to confirm the gene in the vector and further, 

the DNA sequence was confirmed by sequencing using primers 1,4 (Table 2.3). 

BAR deletion: PCR amplification was performed on pUASp GRAF-GFP vector 

using primers 5,4 to achieve BAR domain deletion of GRAF that spans the residues 79 

to 648bp in the ORF.  

PH deletion: The PH domain deletion of GRAF that spans the residues 811 to 

1143bp in the ORF was achieved using overlap PCR. PCR amplification was performed 

on pUASp GRAF-GFP vectors using primers 1,7 and 8,4.  

RhoGAP deletion: The deletion of the RhoGAP domain of GRAF that spans the 

residues 1177 to 1764bp in the ORF was achieved using overlap PCR. PCR amplification 

was performed on pUASp GRAF-GFP vectors using primers 1,9 and 10,4.  

SH3 deletion: The deletion of the RhoGAP domain of GRAF that spans the 

residues 2860 to 3048bp in the ORF was achieved using overlap PCR. PCR amplification 

was performed on pUASp GRAF-GFP vectors using primers 1,11 and 12,4.  

BAR point mutation: The BAR point mutation of K129,139,140E was achieved 

using overlap PCR. PCR amplification was performed on pUASp GRAF-GFP vectors 

using primers 1,13 and 14,4.  

RhoGAP point mutation: The RhoGAP point mutation of R422Q was achieved 

using overlap PCR. PCR amplification was performed on pUASp GRAF-GFP vectors 

using primers 1,15 and 16,4.  

GRAF phospho-mutant: The GRAF phospho-mutant Y381F was achieved using 

overlap PCR. PCR amplification was performed on pUASp GRAF-GFP vectors using 

primers 1,17 and 18,4.  

 

The overlap PCR was performed to give rise to the desired deletion and point 

mutation with a serine linker followed by GFP tagged at the C-terminal region of Graf 

cDNA amplified products using primer 1,4 (Table 2.3). This purified product had an end 

homologous region to BamH1 and both the PCR product and the pUASp vector were 

individually digested with BamH1. The purified product and vector was used in a 10:1 

https://paperpile.com/c/a1gJCX/1UwG+ZQ4J


67 
 

ratio to transform in E.coli strain PPY. Finally, primer 1,4 (Table 2.3) was used for 

confirming the product with PCR and the DNA sequence was confirmed by sequencing. 

The final product GRAF-GFP, domain deletion and point mutations plasmids were purified 

using a midiprep kit. The purified plasmids were used to inject in embryos to generate 

transgenics  

 

S.No. Primer Name  Primer sequence(5’->3’) Amplification 

1 GRAF_pUASp_Homo

_Kpn1_GRAF(start)_F

P 

CCGCATAGGCCACTAGTGGATCT

GGTACCATGGGCGGCGGCAAAA

ATGTACG 

GRAF-GFP 

cloned in 

pUASp vector  

2 GRAF(end)_serine 

linker_GFP(start)_FP 

ACTATGTGGAACATTTGAAGCCG

CACCATTCCTCGAGCTCCAGCAT

GGTGAGCAAGGGCGAGGAGCT 

3 GRAF(end)_serine 

linker_GFP(start)_RP 

AGCTCCTCGCCCTTGCTCACCAT

GCTGGAGCTCGAGGAATGGTGC

GGCTTCAAATGTTCCACATAGT 

4 GFP_pUASp_Homo_

RP 

AACGTTCGAGGTCGACTCTAGAG

GATCCTTACTTGTACAGCTCGTC

CATGCCGAGAGTGAT 

5 BAR_del_FP CCGCATAGGCCACTAGTGGATCT

GGTACCATGACTCGGGAAAATTT

CGAGGAGGCACG 

GRAFΔBAR-

GFP cloned in 

pUASp vector 

7 PH_del_RP GCTGACTTTGATTTTGCCGGGAG

CCAGTTCCTCGGGCTTTGTGCGT

TTTTCC 

GRAFΔPH-

GFP cloned in 

pUASp vector 
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8 PH_del_FP GGAAAAACGCACAAAGCCCGAG

GAACTGGCTCCCGGCAAAATCAA

AGTCAGC 

9 RhoGAP_del_RP CCTTCGTGGCGTCCGGCAACTTT

GCCTCGCTGACTTTGATTTTGCC

G 

GRAFΔRhoG

AP-GFP 

cloned in 

pUASp vector 
10 RhoGAP_del_FP CGGCAAAATCAAAGTCAGCGAGG

CAAAGTTGCCGGACGCCACGAAG

G 

11 SH3_del_RP AGCTCCTCGCCCTTGCTCACCAT

GCTGGAGCTCGAGGATGACAAAT

CACGTTTTATTTGGTTGACGTCAC

GATT 

GRAFΔSH3-

GFP cloned in 

pUASp vector 

12 SH3_del_FP AATCGTGACGTCAACCAAATAAAA

CGTGATTTGTCATCCTCGAGCTC

CAGCATGGTGAGCAAGGGCGAG

GAGCT 

13 BAR_Ptmt(K129,139,

140E)_RP 

TTTTTATCAAATTTCTCCTCGTTTT

CTTTGACGCCACCGATTTGCTTCT

CTCGAAAATCCTC  

GRAF BAR 

Ptmt-GFP 

cloned in 

pUASp vector 
14 BAR_Ptmt(K129,139,

140E)_FP 

GAGGATTTTCGAGAGAAGCAAAT

CGGTGGCGTCAAAGAAAACGAG

GAGAAATTTGATAAAAA 

15 RhoGAP(R422Q)_Pt

mt_RP  

GGTTCCAACACCGCTCTTCTGGT

ATATGCCCTCATCCTC 

GRAF 

RhoGAP 

Ptmt-GFP 

cloned in 
16 RhoGAP(R422Q)_Pt GAGGATGAGGGCATATACCAGAA
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mt_FP   GAGCGGTGTTGGAACC pUASp vector 

17 GRAF Y381F Ptmt RP TTGCCGGGAGCCAGGAATGTCG

GCTCCGTG 

GRAF Y381F 

Ptmt-GFP 

cloned in 

pUASp vector 
18 GRAF Y381F Ptmt FP    CACGGAGCCGACATTCCTGGCTC

CCGGCAA 

19 GRAF FL AB vecOH 

FP 

ACGAAAATCTGTATTTCCAAGGCA

TGGGCGGCGGCAAAAATGT 

 

6XHis-GRAF 

FL-Strep tag 

cloned in 

pet15b vector 

20 Vect GRAF FL ABOH 

RP 

ACATTTTTGCCGCCGCCCATGCC

TTGGAAATACAGATTTTCGT 

21 Vect GRAF FL ABOH 

FP 

AACATTTGAAGCCGCACCATTGG

TCTCATCCTCAGTTCGA 

22 GRAF FL AB vecOH 

RP 

TCGAACTGAGGATGAGACCAATG

GTGCGGCTTCAAATGTTCCAC 

23 GRAF mutant scr1 FP GTAAATGTTGCAAACACCGCAGT

TTTCTCGAAACTCAACC 

GRAF mutant 

screening  

24 GRAF mutant scr RP TACTACTTACTCTTTGCCGCACTC

ATAAGATCTTTGACCT 

25 Pot2 212 CtoT FP CAATTGGCCATTTTACTTAACGAT

TTT 

GRAF gene 

modification 

26 Pot2 212 CtoT RP AAAATCGTTAAGTAAAATGGCCAA

TTG 

 

27 Pot2 420 AtoG FP AAGAAAACAAAAAGAAATTTGATA

AAA 
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28 Pot2 420 AtoG RP TTTTATCAAATTTCTTTTTGTTTTC

TT 

29 Pot2 468 delT  FP GCAGGAGCGTTTCCTCAATATGT

C 

 

30 Pot2 468 delT  RP GACATATTGAGGAAACGCTCCTG

C 

Table 2.3: Primers for sequencing and cloning GRAF 

2.4 Generation of anti-GRAF antibody  

 

The pUASP GRAF-GFP vector was used to amplify GRAF full length sequence 

using primers 19 and 22 (Table 2.3) and pET-15b expression vector amplification was 

carried out by primers 20 and 21 (Table 2.3). The GRAF full length amplified product and 

vector was transformed into E.coli strain PPY in a 10:1 ratio. PCR and sequencing were 

performed to confirm the presence of the GRAF insert using primers 19 and 22 (Table 

2.3). The N-terminal region of the GRAF gene had a 6X His tag which was used for protein 

purification.  

 

Polyclonal antibodies were developed against full-length GRAF protein in New 

Zealand White rabbit at Bioklone, India by the following procedure. Immunizations were 

given subcutaneously. After primary immunization of the rabbit with 200g of GRAF in 

Freund’s adjuvant (Sigma), boosters were administered with 150g of GRAF at 21-day 

intervals. Production bleeds were collected from the immunized rabbit on the 14th day 

after each booster. The antibody titres in rabbit sera were measured in indirect ELISA. A 

hundred microliters of purified GRAF protein was coated in the wells of microtiter plates 

or strips (Nunc maxisorp) at a concentration of 3 g/ml, overnight at 4 oC. After blocking 

with 5% skimmed milk in PBS for 1 h at 37 oC, the wells were washed twice with PBS. 

Varying dilutions of rabbit sera were added to the wells and incubated overnight at 4 oC. 

After washes with PBS-Tween 20 (PBST) followed by PBS, the wells were incubated with 
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goat anti-rabbit IgG-HRP (Merck, India), 1:2000, for 45 min at room temperature. 

Following washes with PBST and PBS, wells were incubated with TMB (Invitrosense 

ultra-blue) at room temperature for 20 min in dark. After the addition of the stop solution 

(2N H2SO4), optical density (OD) values were measured at 450 nm using an 800™ TS 

absorbance reader (BioTek, Winooski, VT 05404, USA). Antibodies from the sixth bleed 

were purified on Protein A agarose beads (Sigma). 

 

GRAF antibody staining on Drosophila embryos was standardized using various 

fixation protocols involving paraformaldehyde and heptane fixation along with methanol 

devitellinization and heat fixation. It was found that GRAF antibody staining gets 

preserved the best on heat fixation and all experiments for GRAF staining were therefore 

performed with heat fixation. 

2.5 Immunostaining 

 

0-3.5 hrs embryos were collected on sucrose-agar plates, washed, dechorionated 

with 100% bleach and washed again. To visualize GRAF, Zipper and Dlg immunostained 

embryos, dechorionated embryos were heat fixed with boiled 1X Triton salt solution (10x- 

0.5%Triton X-100 and 7%NaCl in water) for 1 min and instantly adding ice-cold 1X 

washing buffer. After cooling on ice, embryos were devitellinized in a 1:1 mix of MeOH 

and heptane followed by three washes in 1X PBST (1X PBS with 0.3% Triton X-100) for 

5 min each. After washing, embryos were blocked in 2% BSA in 1X PBST for 1 hr and 

then incubated in primary antibody (Table 2.4) overnight at 4 oC. This was followed by 

three 1X PBST washes and incubated in fluorescently coupled secondary antibodies 

(Molecular probes) at 1:1000 dilution for 1 hr at room temperature. Embryos were washed 

three times in 1X PBST for 5 min each. DNA was labelled with Hoechst 33258 (1:1000, 

Molecular Probes) for 5 min in the second 1X PBST wash. Finally, embryos were mounted 

in Slow fade Gold antifade (Molecular Probes). For Anillin, Peanut and PatJ 

immunostainings, dechorionated embryos were fixed using 1:1 mixture of 4% 

paraformaldehyde (PFA) and heptane for 20 min, followed by MeOH devitellinization 
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To visualize F-actin, embryos were fixed using a 1:1 mix of 8%PFA in 1XPBS: 

heptane for 20 min and followed by hand devitellinization. Fluorescently coupled 

phalloidin (Molecular Probes) was used to label F-actin in embryos in cellularization for 1 

hour at room temperature followed by washes and DNA labelling. 

 

REAGENT  SOURCE IDENTIFIER DILUTION 

Antibodies 

Rabbit anti-GRAF Bioklone This Study 1:500; Pre-

absorbed using 

GrafCR57 null 

mutant embryos 

Mouse anti-Dlg DSHB 4F3, RRID: 

AB_528203 

1:100 

Rabbit anti-Zipper Thomas Jeffrey, 

Texas Tech 

University, TX, USA 

(Chougule et al., 

2016) 

1:200 

Rabbit anti-Dia S V Wasserman, 

University of 

California, San 

Diego, USA 

(Afshar et al., 2000) 1:1000 

Rabbit anti-Anillin Julie A Brill, The 

Hospital for Sick 

Children, Toronto, 

Canada  

(Goldbach et al., 

2010) 

1:1000 

Mouse anti-Peanut DSHB 4C9H4,RRID: 

AB_528429 

1:5 

https://paperpile.com/c/a1gJCX/npK0
https://paperpile.com/c/a1gJCX/npK0
https://paperpile.com/c/a1gJCX/1y8l
https://paperpile.com/c/a1gJCX/cxff
https://paperpile.com/c/a1gJCX/cxff
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Rabbit anti-PatJ Hugo Bellen lab - 1:1000 

Alexa 488 coupled 

Goat anti Mouse  

Molecular Probes  A-1100, RRID: 

AB_2534069 

1:1000 

Alexa 488 coupled 

Goat anti Rabbit 

Molecular Probes A-11008, RRID: 

AB_143165 

1:1000 

Alexa 568 coupled 

Goat anti Mouse 

Molecular Probes A-11004, RRID: 

AB_141371 

1:1000 

Alexa 568 coupled 

Goat anti Rabbit 

Molecular Probes A-1101, RRID: 

AB_143157 

1:1000 

Hoechst 33258 Molecular Probes H-3569 1:1000 

Slow Fade Gold Molecular Probes S-36937 - 

Alexa 488 coupled 

Phalloidin 

Molecular Probes A-12379, RRID: 

AB_2315147 

1:100 

Alexa 568 coupled 

Phalloidin 

Molecular Probes A-12380, RRID: 

AB_2759224 

1:100 

Alexa 647 coupled 

Phalloidin  

Molecular Probes A-22287, 

RRID:AB_2620155 

1:100 

Table 2.4: Antibodies and Dyes 

2.5 Live imaging of Drosophila embryos 

 

For live imaging, 2-2.5 hr embryos were collected on sucrose agar plates and 

dechorionated with 100% bleach for 1 min and mounted on 2 well coverslip bottom Labtek 

chambers. Mounted embryos were filled with 1X PBS (Manos Mavrakis et al., 2008) and 

imaged using 40X/1.4NA oil objective on Zeiss or Leica SP8 microscope with a frame 

rate of 1.74s/frame and 2s/frame respectively. 

 

https://paperpile.com/c/a1gJCX/IA5J


74 
 

2.6 Laser ablations  

 

Control and GrafCR57 embryos expressing Sqh-mCherry were used for visualizing 

contractile rings for laser ablation experiments using the Zeiss LSM780 microscope. 

Laser ablation was achieved by using an 800 nm multiphoton femtosecond pulsed Mai 

Tai laser. The region of interest used for ablations was set to a line of 510-pixel length 

(42.51 μm) and captured with a speed of 1.58 μs per pixel and 20 iterations. The Sqh-

mCherry was imaged using a 561 nm laser excitation with a time interval of 1.27 s. A 

sagittal section was taken before ablations to estimate furrow length for early (less than 

6 μm) and mid stages (6–16 μm) of cellularization. Three sections were taken before the 

ablations in approximately 3 s, the time taken for ablations is approximately 3.22 s and 

imaging was carried out for approximately 70 s after ablations. 

2.7 Microscopy 

 

Zeiss laser scanning confocal microscope LSM710, LSM780 and Leica laser 

scanning microscope SP8 containing laser lines at 488, 561, 633 nm were used to image 

immunostained fixed or live embryos. The 40X objective having NA 1.4 of these 

microscopes was used for imaging. The laser power, scan speed and gain were adjusted 

with the range indicator mode such that 8-bit image acquisition was in 0-255 range. For 

both fixed or live imaging, an averaging 2 was used during image acquisition. Optical 

sectioning of 1.08 μm and 0.68 μm was used to acquire images at Zeiss and Leica 

confocal microscopes respectively. 

2.8 Image quantification and analysis 

2.8.1 Quantification of mean fluorescence intensity from immunostainings 

 

The imaging of fixed control and mutant embryos immunostained with antibodies 

against GRAF along with Dlg and Zipper along with Dlg was carried out on the Leica SP8 

confocal microscope at the same laser power and gain settings. To estimate the mean 

fluorescence intensity of GRAF and Zipper from immunostaining, a single optical section 

from the Z-stack containing the brightest intensity at the furrow tip was chosen. 
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Fluorescence intensity was obtained in this section by drawing ROIs using the segmented 

line tool around the ring to get the average intensity using Fiji software 

(http://fiji.sc/wiki/index.php/Fiji) (Rueden et al., 2017). The ring intensity obtained was 

divided by the cytosol intensity obtained from a large square ROI in the apical most region 

above the nuclei from the same image. This membrane to cytosol ratio for GRAF antibody 

fluorescence in control embryos, GrafCR57, GRAF-OE and Zipper antibody fluorescence 

in control and GrafCR57 was plotted for different stages of cellularization. 

2.8.2 Quantification of mean fluorescence intensity from live-imaging 

 

Live imaging of embryos containing different genotypes (AnillinRBD-GFP, GRAF-

GFP and GRAFΔRhoGAP-GFP, Sqh-mCherry in GRAF-OE and GrafCR57) were used to 

quantify the fluorescence intensity change with respect to time. Images with Z projection 

of sum intensity were obtained from two stacks above and two stacks below of the 

brightest section at the furrow tip covering a depth of 4 μm. ROIs across the furrow tip 

from 5 or 10 rings were drawn in these images for each time point to obtain the mean 

signal intensity. The mean intensity obtained at each time point was represented as a 

ratio to the maximum mean fluorescence value obtained across cellularization within each 

embryo and finally plotted as a ‘normalized intensity versus time’.  

 

Live imaging of Sqh-mCherry expressing embryos in various genotypes was used 

to quantify fluorescence intensity change during the last five time points in late 

cellularization. To estimate these changes quantitatively across all genotypes, images 

were obtained with sum intensity per pixel across the Z-axis from a total of five stacks: 

two stacks above and two stacks below of the brightest section at the furrow tip covering 

a depth of 4 μm in late cellularization. The mean ring intensity per pixel was extracted by 

drawing a segmented ROI on the ring. The inter-ring intensity per pixel was extracted by 

drawing an ROI in between adjacent rings that had reduced Sqh-mCherry intensity. The 

ring intensity per pixel was expressed as a ratio to interring intensity per pixel. Finally, the 

normalized intensity of the ring was shown as a scatter plot.  

http://fiji.sc/wiki/index.php/Fiji
https://paperpile.com/c/a1gJCX/WNAy
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Live imaging of embryos containing different genotypes (GrafCR57, GrafCR57;GRAF-

GFP, GrafCR57;GRAFΔBAR-GFP, GrafCR57;GRAFΔPH-GFP, GrafCR57;GRAFΔRhoGAP-

GFP and GrafCR57;GRAFΔSH3-GFP) were used to quantify the Sqh-mCherry intensity in 

interring region during mid stages (13µm). To estimate these changes quantitatively 

across all genotypes, images were obtained with sum intensity per pixel across the Z-axis 

from a total of five stacks: two stacks above and two stacks below of the brightest section 

at the furrow tip covering a depth of 4 μm by taking five time points during the mid 

cellularization. The mean ring intensity per pixel was extracted by drawing a segmented 

ROI on the ring. The inter-ring intensity per pixel was extracted by drawing an ROI in 

between adjacent rings that had increased Sqh-mCherry intensity. The inter-ring intensity 

per pixel was expressed as a ratio to ring intensity per pixel (mean ring intensity 

subtracted cytosol intensity). Finally, the normalized intensity of the ring was shown as a 

scatter plot. 

Live imaging of embryos containing different genotypes (GrafCR57;GRAF-GFP, 

GrafCR57;GRAFΔBAR-GFP, GrafCR57;GRAFΔPH-GFP, GrafCR57;GRAFΔRhoGAP-GFP 

and GrafCR57;GRAFΔSH3-GFP) were used to quantify the GFP fluorescence intensity 

change during mid (13µm) and late stages (30µm). Images with Z projection of sum 

intensity were obtained from two stacks above and two stacks below of the brightest 

section at the furrow tip covering a depth of 4 μm. ROIs across the furrow tip from 5 or 10 

rings were drawn in these images for each time point to obtain the mean signal intensity. 

The mean intensity obtained at each time point was represented as a ratio to the cytosolic 

mean fluorescence value obtained across cellularization within each embryo and finally 

plotted as a ‘normalized intensity vs stages’. 

A line ROI passing through the ring for a single optical plane was used to obtain 

an intensity profile of Sqh-mCherry, GRAF-GFP and AnillinRBD-GFP in embryos across 

different stages of cellularization. The intensity at the documented time points was 

represented as a ratio to the maximum intensity usually across cellularization for each of 

these embryos. 
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2.8.3 Quantification of the contractile ring area  

 

The area of the contractile ring was quantified using fixed embryos stained with 

fluorescently labelled phalloidin and movies obtained with Sqh-mCherry in different 

genotypes.  

 

Phalloidin stained embryos marking contractile rings at the basal most region were 

extracted for quantification of contractile ring area from control, Grafi and GrafCR57. These 

images were converted to 8-bit and transformed into binary images. The binary images 

were inverted and segmented to identify individual rings and the area was quantified for 

different stages of cellularization. The area was plotted in groups of early (furrow length 

less than 6 μm), mid (furrow length 6-16 μm) and late (furrow length more than 16 μm) 

stages of cellularization based on furrow length to compare between control and mutant 

embryos.  

 

Live movies from embryos expressing Sqh-mCherry of different genotypes were 

used to quantify contractile ring area. Sqh-mCherry fluorescence images containing sum 

intensity were obtained across 5 optical sections at the base of the furrow with the 

brightest section in the middle. 5-10 rings were marked manually using a polygon tool in 

these images and the area was computed in ImageJ. The mean+s.d. for the area was 

computed and plotted with time using Graphpad Prism 5.0. 

2.8.4 Quantification of furrow membrane length 

 

Sqh-mCherry fluorescence was used to identify furrow tips during cellularization. 

Membrane length was measured using the ImageJ line tool every 2 mins in (5 furrow 

lengths per time point were recorded in each embryo). These lengths were plotted against 

time as a scatter plot using Graphpad Prism 5.0.  
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2.8.5 Quantification of displacement and initial recoil velocity after laser ablation 

 

The manual tracking plugin of Fiji software was used to extract xy coordinates from 

control and ablated regions. These xy coordinates were used to get distance between the 

two points with the following formula: 

D=√(𝑦2 − 𝑦1)2  + (𝑥2 − 𝑥1)2  

where (x1,y1) and (x2,y2) are the coordinates of the contractile ring edge seen below and 

above the ablation region respectively. 

 

The ring displacement was estimated for each time point after ablations. The 

displacement of edges measured before ablations was subtracted from all the time points 

after ablations. The displacement was calculated from five independent embryos. The 

mean displacement and standard deviation with respect to time were plotted for control 

and GrafCR57 mutant embryos across the early and mid stages. The displacement at the 

last time point at approximately 70 s was used to plot maximum displacement. The initial 

recoil velocity was calculated by fitting a linear function on points between 0 and 23 s on 

the plot of displacement versus time in each embryo. 

2.9 Statistical analysis 

 

The mean+s.d. was computed from a total of 15 rings obtained as 5 rings each 

from 3 living embryos and 5 rings each from more than 3 fixed embryos (the n value for 

each experiment is a part of each legend) for intensity and area quantification. The 

statistical significance was determined using a non-parametric Mann-Whitney test, two 

tailed student’s t-test to compare two means. One-way ANOVA, repeated measures with 

Dunnett’s multiple comparison test was used to compare 3 or more means together by 

comparing all points to a control point. Graphs for area versus time and Sqh-mCherry, 

AnillinRBD-GFP and GRAF-GFP intensity were represented with smoothing using the 2nd 

order, seven-neighbors ‘Savistsky-Golay’ smoothing algorithm. 
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CHAPTER 3 

 

GRAF is essential for actomyosin contractility during 

Drosophila cellularization 

 

 

3.1 Introduction 

 

Cytokinesis is the fundamental process to ensure the successful separation of 

daughter cells. During the initial step of cytokinesis, precise membrane curvature 

induction will lead to the formation of the cleavage furrow. After membrane curvature 

induction, cleavage furrow ingresses towards the cell interior. The force required for 

cleavage furrow ingression is provided by the contractile ring beneath the membrane. The 

contractile ring consists of an actomyosin network that is assembled at the equatorial 

plane. The contractile ring is responsible for generating the tension required to carry out 

the contraction process either by Myosin II motors or actin depolymerization. Thus, actin 

and Myosin II are the central molecules involved in executing the contraction of contractile 

rings. Spatial and temporal regulation of molecules associated with actomyosin networks 

also becomes crucial for the assembly and contractility process.  

 

Cytokinesis initiates with the positioning of contractile ring which guides cleavage 

furrow ingression. The regulation of furrow ingression process is executed by a class of 

membrane deforming proteins called BAR domain proteins. There are studies dissecting 

the role of BAR domain proteins in Drosophila such as Cip4 overexpression which 

phenocopy Diaphanous depletion causing cytokinetic defects (Yan et al., 2013). Another 

BAR domain protein, Amphiphysin is required for cleavage furrow tips tubules formation. 

Cleavage furrow tip tubules are absent in amphiphysin null embryos and correlate with a 

faster ingression rate of the cleavage furrow (Su et al., 2013). Previous work in our lab 

has shown depletion of syndapin mutant results in shorter pseudocleavage furrows in 

Drosophila syncytial embryos. Syndapin mutant also shows disorganized actin, possibly 

https://paperpile.com/c/a1gJCX/ss2d
https://paperpile.com/c/a1gJCX/Nhvl
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via aberrant recruitment of Diaphanous and Peanut (Sherlekar & Rikhy, 2016). Hence a 

systematic analysis of BAR domain protein function in Drosophila embryogenesis is 

required to dissect their role in coordinating actin and membrane remodelling activities. 

 

We identified GRAF protein from BAR domain protein screening performed during 

Drosophila embryogenesis. GRAF is a multidomain protein consisting of BAR, PH, 

RhoGAP and SH3 domains (Lundmark et al., 2008). This molecule was originally 

identified as a binding partner of the C-terminal domain of focal adhesion kinase 

(Hildebrand et al., 1996; J. M. Taylor et al., 1998). Previous studies have shown that 

GRAF colocalizes to cortical actin, stress fibers, focal adhesions paxillin and FAK in 

mammalian cells (MEFs) and chick embryonic cells (Hildebrand et al., 1996; Luo et al., 

2017). In addition, GRAF recruitment leads to stabilized cortical actin and cell spreading 

(Barrios & Wieder, 2009). GRAF loss leads to depletion of epithelial markers resulting in 

the acquisition of mesenchymal markers. This causes an enhanced migratory ability due 

to an increase in actin stress fibers, focal adhesions and elevated mesenchymal markers 

(Regev et al., 2017).  

 

There are several reports on human GRAF1 genes having abnormally methylated 

promoters, mutations and deletions associated with acute myeloid leukaemia (AML) or 

myelodysplastic syndrome (MDS) (Bojesen et al., 2006; Borkhardt et al., 2000; J. Qian et 

al., 2011; Z. Qian et al., 2010). GRAF has also been previously shown to regulate EGFR 

signalling through the clathrin-independent pathway of the Drosophila hematopoietic 

system (Kim et al., 2017). Thus, GRAF1 protein is specifically involved in the 

internalization of cargoes in CLIC/GEEC pathway (G. J. Doherty & Lundmark, 2009; J. T. 

Doherty et al., 2011; Lundmark et al., 2008). This pathway leads to a reduction in cell 

volume due to membrane internalization in hypotonic conditions. The reduction in cell 

volume triggers GRAF recruitment via BAR and PH domains which result in reduced 

membrane tension. In the absence of GRAF, cellular blebbing is marked by increased 

Myosin II foci (Holst et al., 2017) 

 

https://paperpile.com/c/a1gJCX/FrNm
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/KZgf+WpGM
https://paperpile.com/c/a1gJCX/WpGM+XdR5
https://paperpile.com/c/a1gJCX/WpGM+XdR5
https://paperpile.com/c/a1gJCX/ZAx8
https://paperpile.com/c/a1gJCX/pm7k
https://paperpile.com/c/a1gJCX/UB6c+FSvE+dJBn+xv3B
https://paperpile.com/c/a1gJCX/UB6c+FSvE+dJBn+xv3B
https://paperpile.com/c/a1gJCX/Tk9h
https://paperpile.com/c/a1gJCX/PRTr+mGY2+3qHI
https://paperpile.com/c/a1gJCX/PRTr+mGY2+3qHI
https://paperpile.com/c/a1gJCX/9RgQ
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GRAF studies provide evidence regarding its role in stabilizing actin fibers and 

regulating Myosin II levels. Actin and Myosin II are required in contractile ring formation 

and constriction. Therefore, we assessed the role of GRAF in contractile ring formation in 

Drosophila cellularization. This study will focus on dissecting the effect of GRAF on ring 

architecture and its recruitment during cellularization to regulate constriction.  

3.2 Material and methods 

3.2.1 Drosophila stocks 

Fly stocks and crosses were maintained in regular cornmeal agar. The detailed 

genotypes, stock numbers and source of stocks are a part of Table 3.1.  

Stock Genotype Source/Reference 

1 Canton-S Lab stock originally 

obtained Bloomington 

Drosophila Stock Center 

2 nanos-Gal4 Lab stock 

3 w; mat67-Gal4; mat15-Gal4 Girish Ratnaparkhi, 

IISER, Pune, India 

4 y[1] v[1]; P{TRiP.HMC03427}attP40 (GRAF 

shRNA1, Grafi) 

BDSC, #51853 

5 y[1] sc[*] v[1] Graf[CR57]/FM7a (GrafCR57) This study 

6 y[1] sc[*] v[1] sev[21]; P{TKO.GS00762}attP40 BDSC, #76993 

7 P{KK102763}VIE-260B (GRAF shRNA2, Graf2i) Vienna Drosophila Stock 

Center, #v110812 

8 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=nos-

Cas9.R}attP40 

Drosophila facility,NCBS 

Table 3.1: Drosophila stocks and their source 
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3.2.2 Immunostaining 

 

0-3.5 hr embryos were collected on sucrose-agar plates, washed, dechorionated 

with 100% bleach and washed again. To visualize GRAF and Dlg immunostained 

embryos, dechorionated embryos were heat fixed with boiled 1X Triton salt solution (10x- 

0.5%Triton X-100 and 7%NaCl in water) for 1 min and instantly adding ice-cold 1X 

washing buffer. After cooling on ice, embryos were devitellinized in a 1:1 mix of MeOH 

and heptane followed by three washes in 1X PBST (1X PBS with 0.3% Triton X-100) for 

5 min each. After washing, embryos were blocked in 2% BSA in 1X PBST for 1 hr and 

then incubated in primary antibody (Table 2.4) overnight at 4 oC. This was followed by 

three 1X PBST washes and incubated in fluorescently coupled secondary antibodies 

(Molecular probes) at 1:1000 dilution for 1 hr at room temperature. Embryos were washed 

three times in 1X PBST for 5 min each. DNA was labelled with Hoechst 33258 (1:1000, 

Molecular Probes) for 5 min in the second 1X PBST wash. Finally, embryos were mounted 

in Slow fade Gold antifade (Molecular Probes).  

To visualize F-actin, embryos were fixed using a 1:1 mix of 8%PFA in 1XPBS: 

heptane for 20 min and followed by hand devitellinization. Fluorescently coupled 

phalloidin (Molecular Probes) was used to label F-actin in embryos in cellularization for 1 

hour at room temperature followed by washes and DNA labelling. 

3.2.3 Analysis 

3.2.3.1 Quantification of mean fluorescence intensity from immunostainings 

 

The imaging of fixed control and mutant embryos immunostained with antibodies 

against GRAF along with Dlg was carried out on the Leica SP8 confocal microscope at 

the same laser power and gain settings. To estimate the mean fluorescence intensity of 

GRAF from immunostaining, a single optical section from the Z-stack containing the 

brightest intensity at the furrow tip was chosen. Fluorescence intensity was obtained in 

this section by drawing ROIs using the segmented line tool around the ring to get the 

average intensity using Fiji software (http://fiji.sc/wiki/index.php/Fiji) (Rueden et al., 2017). 

The ring intensity obtained was divided by the cytosol intensity obtained from a large 

square ROI in the apical most region above the nuclei from the same image. This 

http://fiji.sc/wiki/index.php/Fiji
https://paperpile.com/c/a1gJCX/WNAy
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membrane to cytosol ratio for GRAF antibody fluorescence in control embryos, GrafCR57 

and Grafi was plotted for different stages of cellularization. 

3.2.3.2 Quantification of the contractile ring area  

 

Phalloidin stained embryos marking contractile rings at the basal most region were 

extracted for quantification of contractile ring area from control, Grafi and GrafCR57. These 

images were converted to 8-bit and transformed into binary images. The binary images 

were inverted and segmented to identify individual rings and the area was quantified for 

different stages of cellularization. The area was plotted in groups of early (furrow length 

less than 6 μm), mid (furrow length 6-16 μm) and late (furrow length more than 16 μm) 

stages of cellularization based on furrow length to compare between control and mutant 

embryos.  

3.3 Results 

3.3.1 Drosophila GRAF multi-domain organization is conserved across 

multicellular organisms 

 

We performed BAR domain proteins screening and estimated their requirement in 

embryogenesis by scoring lethality (Table A, details are mentioned in Appendix). We 

identified GRAF from this screen which shows the second highest embryonic lethality 

after Nostrin. The Drosophila GRAF protein is a multi-domain protein consisting of BAR, 

PH, RhoGAP and SH3 from N to the C terminus. The closest homologue from 

Saccharomyces cerevisiae is RGA2 protein which contains only a RhoGAP domain. 

Saccharomyces pombe contains a similar protein rga2 containing a PH and SH3 domain 

whereas the gacJJ protein in Dictyostelium contains a PH, RhoGAP and SH3 domain. 

The complexity arises in Drosophila having multi-domain architecture consisting of BAR, 

PH, RhoGAP and SH3. We found that Drosophila GRAF protein with the domain 

organization is conserved across the other multicellular organisms C.elegans, 

Drosophila, Xenopus, Chicken, Zebrafish and Humans (Figure 3.1A, B). The evolution in 

GRAF multi-domain nature is likely to be associated with multicellular complexity across 
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metazoans. It might be relevant for the regulation of cell-cell adhesion to generate 

multicellularity. 

 

 

Figure 3.1: Phylogenetic tree of GRAF protein across various species. 

(A) The amino acid sequences for Drosophila melanogaster GRAF and its orthologs from 

Schizosaccharomyces cerevisiae (RGA2), Dictyostelium discoideum (gacJJ), Saccharomyces pombe 

(RGA2), Caenorhabditis elegans (T04C9.1), Danio rerio (Arhgap42a), mouse (Arhgap42), rat (Arhgap10), 

Xenopus laevis (Arhgap26), Xenopus tropicalis (Arhgap26), gallus gallus (ARHGAP26) and humans 

(ARHGAP26) amino-acid sequence were obtained from UniPort software. These 12 protein sequences 

were aligned in the NCBI multiple protein blast using the neighbour-joining method. The Drosophila GRAF 

protein is highlighted in yellow. The domains present in each species are marked in each of the 12 proteins. 

(B) Multicellular organisms from C.elegans to humans in the list contain a conserved BAR, PH, RhoGAP 

and SH3 domain from the N terminus to the C terminus. Bar represents the number of substitution events 

per site.  

3.3.2 GRAF depletion using shRNA knockdown and generation of GRAF knockout 

using CRISPR-Cas9 strategy 

 

To study the function of the GRAF protein, shRNA and CRISPR Cas-9 strategy 

were used to generate Graf loss of function embryos.In order to lower GRAF protein 

levels, Graf shRNA1 (Grafi) and Graf shRNA2 (Grafi2) were used. The transgenic lines 

consist of Graf shRNA1 against exon1 whereas Graf shRNA2 (Grafi2) against exon 10 

region of Graf gene locus (Figure 3.2A). These shRNAs are downstream of UAS 

enhancer elements. Using the UAS-Gal4 strategy, these shRNAs were crossed with 
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maternal nanos-Gal4 and mat67-Gal4;mat16-Gal4 respectively to achieve maternal 

knockdown during oogenesis and embryogenesis. F1 females containing the Gal4 and 

shRNA gave embryos that were lethal at 24 hours (94%, n=532 embryos containing Grafi 

and 98%, n=540 embryos containing Graf2). 

 

Graf knockout mutants were generated by the CRISPR Cas9 strategy. A 

transgenic fly stock containing a guide RNA (gRNA) against exon1 (at 2751 residue from 

transcription start site) of the Graf gene was crossed to flies expressing Cas9 maternally 

under nanos promoter during oogenesis (X. Ren et al., 2013; Zirin et al., 2020). GrafgRNA 

embryos obtained from F1 females expressing the gRNA and Cas9 consist of transient 

knockout of GRAF protein. The efficiency of gRNA was observed either by embryonic 

lethality or scoring for embryonic defects. 

 

Parental(P1) cross consisted of virgin female flies, expressing Cas9 under nanos 

promoter, crossed to male, expressing GRAF gRNA express under ubiquitous U6:3 

promoter. 155 independent males having nanos Cas9 and gRNA were selected and 

crossed with FM7a balancer virgin flies. The progenies from this cross were propagated 

for 2-3 generations to yield homozygous flies. These homozygous flies were scored for 

sterility assay to identify putative homozygous mutant flies with reduced progeny (see 

materials and methods for details and Figure 3.2B). PCR amplification of exon1 was 

carried out from these homozygous flies from 18 lines which gave reduced progeny and 

3 lines that were similar to controls. PCR amplified products were purified and confirmed 

by sequencing for insertions and deletions. The 18 lines with a reduced progeny 

phenotype showed small insertions or deletions leading to a frameshift which results in a 

premature stop codon in exon1 of the Graf gene. The 3 fly lines that served as fertile 

controls also showed small insertions or deletions but the coding frame was intact (Figure 

3.2C). The fly line CR57, named GrafCR57 henceforth, containing a possible stop codon 

at the 27th amino acid compared to the full-length GRAF protein with 1025 amino acids. 

This mutant generates a premature stop codon with the absence of any functional domain 

and was chosen for further analysis (Figure 3.2D). GrafCR57/GrafCR57 homozygous adult 

females gave null mutant embryos that showed 71% lethality (n=336).  

https://paperpile.com/c/a1gJCX/aynl+g0ym
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Figure 3.2: Graf depletion using shRNA knockdown and generation of GRAF knockout using 

CRISPR-Cas9 strategy 

(A) GRAF genomic locus is shown with UTR, introns and exons. Grafi, GrafgRNA target the exon 1 region, 

and Graf2i target the exon 10 region. Graf null mutant generation using the Crispr-Cas9 strategy. (B) 

Females containing the nanos-Cas9 transgene were crossed to males containing a transgene that 

ubiquitously expresses GrafgRNA against exon1. The F1 generation males containing the nanos-Cas9 and 

GrafgRNA were crossed with homozygous FM7a virgin females. The exon1 of the Graf gene will get cleaved 

by Cas9 during spermatogenesis and be subjected to DNA repair by the non-homologous end joining 

(NHEJ) pathway. The F2 generation virgin females containing the putative mutant X chromosome and 

FM7a balancer were crossed individually to FM7a males. Several lines containing homozygous flies which 

gave reduced progeny were obtained. 18 lines that gave reduced progeny and 3 lines that served as healthy 

controls were used for confirmation of mutations in the exon1 of Graf. PCR was carried out for exon1 from 

the genomic DNA of these flies and sent for sequencing. (C) The table shows mutations obtained in exon1 

from DNA sequencing. The 18 lines showing reduced progeny gave small insertions and deletions that led 

to a frameshift and a stop codon. The 3 lines that served as healthy controls also gave small insertions and 

deletions and the frame of the Graf gene was intact in these lines. (D) GRAF protein (1025aa) contains a 

BAR, PH, RhoGAP and SH3 domain. GrafCR57 has a stop codon at amino acid 28 and is predicted to form 

a 27aa peptide 

3.3.3 GRAF depletion leads to hyper constriction of contractile ring in 

cellularization 

 

Drosophila cellularization occurs in cycle 14 interphase where the membrane 

extends around approximately 6000 nuclei to form individual cells. During this stage, the 

furrow membrane extends between adjacent nuclei from 3 μm to 40 μm in approximately 

45 min at 25 oC. The nuclei are spherical in the early stages and elongate during mid 

cellularization. Embryos at cellularization stage were stained with fluorescently coupled 

phalloidin which marks cortical F-actin at the furrow tip. At the furrow tip, the process is 

divided broadly into 3 stages such as early, mid and late depending on the furrow length. 

During the early stages of cellularization (furrow length 3-6 μm) in control embryos, the 

actomyosin network assembles and forms a tight polygonal network at the furrow tip 

(white arrowheads, Figure 3.3A) (He et al., 2016; Xue & Sokac, 2016). This polygonal 

architecture is remodelled to a circular shape forming a contractile ring at the furrow tip in 

mid cellularization (furrow length 6-16 μm). This contractile ring constricts further during 

https://paperpile.com/c/a1gJCX/4Prh+z9W4
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late cellularization at the base of elongated nuclei (furrow length 16-40 μm) (Xue & Sokac, 

2016)  (Figure 3.3A). 

 

Grafi expressing embryos showed enhanced constriction throughout cellularization 

(Figure 3.3B, 3.4A). In Grafi embryos, F-actin shows loose polygonal networks where 

edges become wavy and detached from each other in early cellularization. The distorted 

polygonal network leads to premature constriction during mid stages and hyper 

constriction of rings in late stages when compared to control. Quantification of the F-actin 

network area at the furrow tip from Grafi fixed embryos showed a significant decrease as 

compared to controls in early, mid and late cellularization (Figure 3.3D).  

 

In contrast to Grafi embryos, GrafCR57 embryos show severe defects by showing 

premature ring formation during early cellularization and hyper constriction in mid and late 

cellularization (Figure 3.3B). Quantification of ring area of GrafCR57 embryos in 

cellularization showed a significant decrease in early, mid and late stages when 

compared to controls and Grafi (Figure 3.3D). Thus, Graf depletion causes pre-mature 

and hyper constriction of the rings during cellularization when compared to controls 

(Figure 3.3E). 

 

To achieve proper cell shape, contractility is executed once the furrow tip reaches 

the bottom of the nuclei. In the case of both Grafi and GrafCR57 embryos, the nuclei become 

squeezed, possibly due to premature ring constriction in mid cellularization. This defect 

gives rise to bottleneck shaped nuclei similar to bnk mutants (Figure 3.3C). Loss of 

polygonal F-actin organization and premature ring constriction at the furrow tip are also 

seen in embryos depleted of Bottleneck or Cheerio, actin crosslinker proteins in 

cellularization (Krueger et al., 2019; Reversi et al., 2014; Schejter & Wieschaus, 1993b).  

https://paperpile.com/c/a1gJCX/z9W4
https://paperpile.com/c/a1gJCX/z9W4
https://paperpile.com/c/a1gJCX/RsO0+QzWM+p1HM
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Figure 3.3: Graf depletion leads to hyper constriction of contractile rings during cellularization 

(A) Schematic depiction of cellularization in the Drosophila embryo with the plasma membrane (black), 

nuclei (grey) and contractile ring (red) organization at the base of the furrow. The base of the furrow where 

the contractile ring assembles is hexagonal at the early stage, circular at the mid stage and constricted at 

the late stage. (B) Graf depletion leads to hyper constricted contractile rings in cellularization. Phalloidin 

(grey)-labelled furrow tip sections show polygonal organization (white arrowhead) in control embryos, 

nanos-Gal4; Graf i shows circular organization, and GrafCR57 shows ring constriction (white arrowhead) in 

the early cellularization. Control embryos show circular rings, and Graf i and Graf CR57 embryos show 

constricted rings in mid cellularization. Control embryos show constricted rings, and Graf i and GrafCR57 

embryos show hyper constricted rings in late cellularization. Graf i, 95.7% (n = 70 embryos), and GrafCR57, 

96.8% (n = 31 embryos), show enhanced constriction as compared to controls (n = 54 embryos) in different 

stages of cellularization. (C) DNA labelled by Hoechst shows the bottleneck appearance during mid 

cellularization in Graf I (48.1% show bottleneck nuclei, n = 27 embryos in different stages of cellularization) 

and GrafCR57 (52.94% show bottleneck nuclei, n = 34 embryos in different stages of cellularization) (yellow 

line marks nuclei morphology). (D) Scatter plot shows the area of the ring in the control, Graf i and Graf CR57 

during early (3–6 µm furrow length), mid (6–16 µm) and late (16–40 µm) stages of cellularization (n = 60 

rings, 10 per embryo, 6 embryos each). (E) GrafCR57 mutant embryos show premature ring formation in the 

early stage and hyper constriction in mid and late stages with nuclei getting squeezed to show a bottleneck 

phenotype. Data is represented as mean ± s.d. **p<0.01, ***p<0.001, two-tailed Mann–Whitney test. Scale 

bars: 5 µm. 

 

Graf2i and Graf gRNA expressing embryos show enhanced ring constriction (Figure 

3.4A) similar to Grafi and GrafCR57 embryos.  Taken together, Graf depleted embryos show 

premature and untimely constriction of the F-actin network at the furrow tip in 

cellularization, thereby giving rise to bottle-neck shaped nuclei. GRAF function is 

therefore likely to be involved in inhibiting ring constriction in cellularization.  
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Figure 3.4: Graf depletion phenotypes using Graf2i and Grafgrna 

Graf2i and Grafgrna expressing embryos show enhanced ring constriction. Phalloidin (grey)-stained control 

embryos in early cellularization show polygonal organization of the furrow tip, whereas Graf2i and GrafgRNA, 

nanos-Cas9 show rings. In mid cellularization, control embryos show circular rings and Graf2i and GrafgRNA; 

nanos-Cas9 expressing embryos show constricted rings. In late cellularization, control embryos (n = 54 

embryos) show constricted rings, and Graf2i (95.23% showed enhanced constriction in cellularization, n = 

21 embryos) and GrafgRNA; nanos-Cas9 (89.18% showed enhanced constriction in cellularization, n = 37 

embryos) embryos hyper constricted rings. 
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3.3.4 GRAF protein recruits at the contractile ring during early and mid 

cellularization  

 

In order to visualize the distribution of GRAF during Drosophila cellularization, we 

generated a polyclonal antibody against full-length GRAF protein (see Materials and 

methods). Control embryos were co-stained with GRAF and Dlg, which marks the lateral 

membranes. The grazing plane across the furrow tip showed enriched GRAF recruitment 

at edges (white arrows, Figure 3.5A) which was occasionally absent at the vertices in 

early cellularization. GRAF antibody staining increased at regions where rings are 

contacting each other during mid cellularization and was occasionally absent from curved 

regions (yellow arrowhead, Figure 3.5A). Finally, GRAF staining became cytoplasmic in 

late cellularization. The sagittal plane shows GRAF enrichment at the furrow tip during 

early and mid cellularization (Figure 3.5A). Quantification of GRAF intensity using staining 

shows increased intensity from early to mid which gets reduced in late stages (Figure 

3.5B). 

 

The GRAF staining was drastically reduced in GrafCR57 and Grafi mutant embryos 

as compared to controls (Figure 3.5A, D). GRAF antibody signal was quantified as a ratio 

of the cortex to the cytosol. GrafCR57 showed a greater reduction in fluorescence intensity 

as compared to Grafi in comparison with corresponding controls (Figure 3.5C, E). This 

also correlates with the more severe defects in ring constriction seen in GrafCR57 as 

compared to Grafi. Thus, GrafCR57 shows a complete loss of function whereas Grafi shows 

a partial loss-of-function phenotype for GRAF protein. 
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Figure 3.5: GRAF protein is enriched at the furrow in mid cellularization. 

GRAF localizes at the furrow tips in cellularization. Control embryos (n = 36 embryos) immunostained with 

GRAF (red) and Dlg (green) show GRAF enrichment at the furrow tip in early and mid cellularization (white 

arrowhead shows edge enrichment, whereas yellow arrowhead shows a curved region with weaker signal). 

GRAF is decreased from the furrow tip in late cellularization. GrafCR57 (100%, n = 11) embryos show 

depletion of GRAF antibody in cellularization. (B) Quantification of GRAF antibody fluorescence intensity 
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as a cortex to cytosol ratio shows increased staining in mid cellularization as compared to early and late 

cellularization (n = 25 rings, 5 per embryo, 5 embryos per stage, 25 embryos) (furrow length used for early 

= 4–6 µm, mid = 7–11 µm, late = 17–31 µm). (C) GrafCR57 (furrow length range: 3–24 µm) shows loss of 

GRAF antibody staining intensity compared to controls (furrow length range: 5–25 µm) (n = 30 rings, 5 per 

embryo, 6 embryos). (D) Grafi shows a decrease in GRAF antibody staining compared to control embryos 

(64%, n = 14 embryos). (E) Quantification of GRAF antibody fluorescence intensity as a cortex to cytosol 

ratio shows reduction of intensity in Grafi (furrow length range: 3–20 µm) compared to controls (furrow 

length range: 3–14 µm) (n = 55 rings, 5 per embryo, 11 embryos each). Data are represented as mean ± 

s.d. ***p<0.001 (two-tailed Mann–Whitney test). Scale bars: 5 µm. 

3.4 Conclusion and discussion 

 

The increased presence of GRAF in early and mid cellularization is likely to 

influence actomyosin assembly. Later, it becomes cytoplasmic in the late stages which 

influences the timing of contractility. Graf depletion shows accelerated ring constriction 

throughout cellularization (Figure 3.6) (Sharma & Rikhy, 2021). GRAF acts as a negative 

regulator which is likely involved in regulating the precise timing of the actomyosin 

contraction process. 

In summary, the recruitment changes in GRAF is likely to correlate with the 

dynamic restructuring of the actomyosin network in cellularization.  

 

 

Figure 3.6: GRAF spatio-temporal recruitment regulates contractility during the Drosophila 

cellularization. GRAF(green) specific recruitment at the contractile ring(red) during early and mid stages. 

During late stages, the protein becomes cytoplasmic resulting in systematic constriction. GrafCR57 depletion 

causes premature and hyper constriction defects. Thus, GRAF shows enrichment at the furrow tip till mid 

https://paperpile.com/c/a1gJCX/2ePi
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cellularization which could be directly involved in regulating the precise timings of actomyosin contraction 

process. 

Bottleneck and Cheerio mutants give rise to bottleneck nuclei defects which 

phenocopy the GrafCR57 mutant defects. Bottleneck recruitment pattern is similar to GRAF 

where it gets enriched till mid cellularization and is reduced from the constricted ring 

during late stages. Bottleneck and Cheerio are actin crosslinkers involved in actin 

bundling to form a tight polygonal network during cellularization (Krueger et al., 2019; 

Reversi et al., 2014; Schejter & Wieschaus, 1993b; Thomas & Wieschaus, 2004). Future 

studies on the recruitment of Bottleneck and Cheerio in Graf mutant embryos will reveal 

their interaction during polygonal actomyosin network stabilization in cellularization. 

 

Phosphatidylinositol 3,4,5 phosphate (PI(3,4,5)P3) and PI(4,5)P2 are enriched at 

contractile rings (Reversi et al., 2014). PI(3,4,5)P3 presence is important for limiting 

actomyosin contractility during the slow phase of cellularization, whereas PI(4,5)P2 is 

important for promoting actomyosin contractility during the fast phase of cellularization. 

Decrease in PI(3,4,5)P3 and an increase in PI(4,5)P2 leads to a hyper constriction 

phenotype (Reversi et al., 2014) similar to Graf mutant embryos. The ratio of PI(4,5)P2/ 

PI(3,4,5)P3 is important to orchestrate the actomyosin contractility during cellularization. 

Future studies of any imbalance in phospholipid composition of the furrow in Graf mutant 

embryos will reveal their interaction with each other during actomyosin ring constriction 

in cellularization. In vitro studies reveal that PH and BAR domains of GRAF protein 

interact with PI(4,5)P2-containing liposomes (Lundmark et al., 2008) whereas bnk interact 

preferentially with PI(3,4,5)P3 (Reversi et al., 2014). It is further possible that Graf 

depletion leads to an imbalance of PI(4,5)P2/ PI(3,4,5)P3 levels which indirectly 

influences the loss of Bottleneck from the furrow. 

 

https://paperpile.com/c/a1gJCX/9f1d+RsO0+QzWM+p1HM
https://paperpile.com/c/a1gJCX/9f1d+RsO0+QzWM+p1HM
https://paperpile.com/c/a1gJCX/p1HM
https://paperpile.com/c/a1gJCX/p1HM
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/p1HM
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CHAPTER 4 

GRAF regulates the recruitment of key contractile proteins at 

the cleavage furrow during cellularization 

 

4.1 Introduction 

 

The cortical actomyosin activity generates force and leads to plasma membrane 

remodelling (Heer & Martin, 2017; Jodoin et al., 2015; Martin et al., 2009; Mason et al., 

2013; Munjal et al., 2015; Murrell et al., 2015). This force generation is highly dependent 

on the spatiotemporal regulation of the activity of the molecular motor Myosin II 

(Heisenberg & Bellaïche, 2013; Rauzi et al., 2010). Myosin II activity is controlled by its 

phosphorylation which is executed by Rho Kinase (Amano et al., 2010; Kasza et al., 2014; 

Levayer & Lecuit, 2012; Vasquez et al., 2014). Rho Kinase is activated by Rho-GTP, 

which is small GTPases belonging to the Ras superfamily (Prudnikova et al., 2015). 

These molecular switches undergo cycling between GTP bound active and GDP bound 

inactive states (Agarwal & Zaidel-Bar, 2019). Guanine nucleotide exchange factor (GEFs) 

and GTPases-activating proteins (GAPs) catalyze Rho-GDP and Rho-GTP cycling (Bos 

et al., 2007; Van Aelst & D’Souza-Schorey, 1997). Rho-GTP exchange factors (Rho-GEF) 

lead to the generation of Rho-GTP from Rho-GDP whereas Rho-GTPase activating 

proteins (Rho-GAP) promote hydrolysis of the GTP to generate Rho-GDP (Jacobs & Hall, 

2005). The spatiotemporal distribution of Rho-GEFs and Rho-GAPs is critical in fine-

tuning the levels of Rho-GTP for Myosin II activation and inhibition in different cell 

processes (Agarwal & Zaidel-Bar, 2019; Chircop, 2014; Mulinari & Häcker, 2010; S. K. 

Wu & Priya, 2019). 

   

As expected, microinjection of Rho1 inhibitor, C3 exoenzyme, and human 

dominant negative N19Rho disrupts the cleavage furrow by altering the actin cytoskeleton 

during cellularization. This defect results in cellularization halts and finally blocked 

gastrulation (Crawford et al., 1998). Dominant negative DRhoA expression showing 

gastrulation defects phenocopies DRhoGEF2 mutant (Barrett et al., 1997; Crawford et 

https://paperpile.com/c/a1gJCX/ITwQ+xFLY+TYiF+3AKp+pIoU+QirK
https://paperpile.com/c/a1gJCX/ITwQ+xFLY+TYiF+3AKp+pIoU+QirK
https://paperpile.com/c/a1gJCX/RoE7+DQVP
https://paperpile.com/c/a1gJCX/l9co+nBzF+WQH7+vFhH
https://paperpile.com/c/a1gJCX/l9co+nBzF+WQH7+vFhH
https://paperpile.com/c/a1gJCX/TQzc
https://paperpile.com/c/a1gJCX/vnpf
https://paperpile.com/c/a1gJCX/EVSL+jJIr
https://paperpile.com/c/a1gJCX/EVSL+jJIr
https://paperpile.com/c/a1gJCX/oEEV
https://paperpile.com/c/a1gJCX/oEEV
https://paperpile.com/c/a1gJCX/XNQL+AdRt+tpiG+vnpf
https://paperpile.com/c/a1gJCX/XNQL+AdRt+tpiG+vnpf
https://paperpile.com/c/a1gJCX/pBTV
https://paperpile.com/c/a1gJCX/CpnY+Rs7L+Dloe+pBTV
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al., 1998; Halsell et al., 2000; Padash Barmchi et al., 2005). Rho-GTP is known to activate 

the downstream kinases Drok and Drak which in turn activate Myosin II via 

phosphorylation. Diaphanous (Dia) is another downstream target of Rho-GTP (Alberts, 

2001) and a major regulator of the actin cytoskeleton during cellularization (Afshar et al., 

2000) 

 

Myosin II activation occurs by the spatiotemporal generation of Rho-GTP and 

recruitment of kinases to the site of actomyosin assembly. During cellularization, temporal 

Myosin II recruitment gradually increases in the assembly phase, reaching a plateau in 

the ring stage and finally declining in the constricted stage. Phospho-deficient mutants of 

the light chain of Myosin II, Squash (Sqh), show contractility inhibition during 

cellularization (Xue & Sokac, 2016). In addition, zipper staining which marks Myosin II 

heavy chain in sqh1 mutant (sqh germline mutant) embryos shows irregular aggregates 

compared to uniform staining on contractile rings in wild type embryos (Royou et al., 

2004). Further, Rok and Drak mutant embryos and treatment of embryos with a 

pharmacological inhibitor of Rok, Y-27632, show an impairment of actomyosin 

contractility due to reduced Myosin II phosphorylation (Chougule et al., 2016; Krajcovic & 

Minden, 2012; Xue & Sokac, 2016). In addition, PatJ is shown to indirectly activate Myosin 

II by reducing Myosin II dephosphorylation (Sen et al., 2012). 

 

In addition to Myosin II, the presence of scaffold protein such as Anillin and septin, 

Peanut maintain contractile ring architecture. Anillin is recruited at the furrow tip and 

regulate contractile ring formation. Perturbation in contractile ring formation is observed 

in anillin mutants due to reduced localization in Myosin II and altered localization of 

Peanut (Christine M. Field et al., 2005). In peanut mutants, there are defective actin rings 

at the furrow tip, showing inhibition of constriction due to aberrant organization of F-actin 

and Myosin II. Thus, Peanut is crucial for the conversion of linear actin filaments into 

curved structures necessary for ring formation (Manos Mavrakis et al., 2014).  

 

The GRAF RhoGAP domain influences the GTPase activity of RhoA specifically. 

RhoA activity was measured using G-LISA luminescence-based RhoA-specific activation 

https://paperpile.com/c/a1gJCX/CpnY+Rs7L+Dloe+pBTV
https://paperpile.com/c/a1gJCX/7J8H
https://paperpile.com/c/a1gJCX/7J8H
https://paperpile.com/c/a1gJCX/1y8l
https://paperpile.com/c/a1gJCX/1y8l
https://paperpile.com/c/a1gJCX/z9W4
https://paperpile.com/c/a1gJCX/YCRQ
https://paperpile.com/c/a1gJCX/YCRQ
https://paperpile.com/c/a1gJCX/69RC+npK0+z9W4
https://paperpile.com/c/a1gJCX/69RC+npK0+z9W4
https://paperpile.com/c/a1gJCX/U6Nc
https://paperpile.com/c/a1gJCX/gWMq
https://paperpile.com/c/a1gJCX/4uGI
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assay. RhoA activity was significantly increased in GRAF1-depleted C2C12 cells in 

comparison with control siRNA-treated cells (J. T. Doherty et al., 2011). During the onset 

of skeletal muscle differentiation, GRAF1 morpholino-injected Xenopus embryos exhibit 

significantly higher levels of RhoA activity when compared to control MO-injected 

embryos at stages 22 and 25.  In Xenopus, GRAF1 depleted embryos result in 

progressive muscle degeneration causing defective myofibrillogenesis, defective motility 

and embryonic lethality due to elevated RhoA activity (J. T. Doherty et al., 2011). GRAF1 

variant containing a GAP domain having R412Q point mutation (GAPm) (J. M. Taylor et 

al., 1999) that blocks enzymatic activity transfected in cultured L6 cells shows a reduction 

in RhoA activity. In addition, GAPm transfection in C2C12 cells inhibits skeletal muscle 

differentiation (J. T. Doherty et al., 2011) . Microinjection of rho inhibitor (C3 exoenzyme) 

phenocopies GRAF overexpression, showing reduced Rho activity, giving rise to 

filopodia-like extensions in growing cells (J. M. Taylor et al., 1999). The hypertensive 

phenotype in response to angiotensin II in GRAF3 deficient mice is abrogated when 

treated with a ROCK inhibitor, Y-27632. GRAF deficient mice show increased contractility 

due to elevated Rho-GTP levels, enhanced Myosin II foci and Myosin II light chain 

phosphorylation in isolated blood vessels (Bai et al., 2013). GRAF depletion leads to 

cellular blebbing marked by increased Myosin II foci (Holst et al., 2017).  

 

We assessed the interaction of GRAF with Rho-GTP, Myosin II, Dia, Peanut and 

PatJ in regulating contractile ring constriction in Drosophila cellularization. GRAF 

specifically localised along with Myosin II to the furrow in the early stages of cellularization 

and was lost from the furrow in the late stages.  We found that the RhoGAP activity of 

GRAF is relevant in regulating constriction during cellularization. Graf depletion results in 

increased Myosin II recruitment at the contractile ring.  

 

 

 

https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/WSt6
https://paperpile.com/c/a1gJCX/WSt6
https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/WSt6
https://paperpile.com/c/a1gJCX/nVbo
https://paperpile.com/c/a1gJCX/9RgQ
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4.2 Material and methods 

4.2.1 Drosophila stocks 

Fly stocks and crosses were maintained in regular cornmeal agar. The detailed 

genotypes, stock numbers and source of stocks are a part of Table 4.1. 

Stock Genotype Source/Reference 

1 Canton-S Lab stock originally 

obtained Bloomington 

Drosophila Stock Center 

2 nanos-Gal4 Lab stock 

3 w; mat67-Gal4; mat15-Gal4 Girish Ratnaparkhi, 

IISER, Pune, India 

4 y[1] v[1]; P{TRiP.HMC03427}attP40 (GRAF 

shRNA1, Grafi) 

BDSC, #51853 

5 y[1] v[1]; P{TRiP.GL01207}attP40 (Myosin II 

binding subunit, MBS shRNA) 

BDSC, #41625 

6 y[1] w[67]c[23] P{EPgy2}Graf[EY09461] (GRAF 

overexpression) 

BDSC, #17571 

7 w;mat67 Spider-GFP-Sqh-mCherry/TM3ser (Martin et al., 2009)  

8 mat67-Sqh-mCherry; ubi-AnillinRBD-GFP-NG4/Tb This study 

9 y[1] sc[*] v[1] GRAF[CR57]/FM7a;mat67Sqh-

mCherry/cyo 

This study 

10 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF 

EGFP G1] attp40/cyo 

This study 

11 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF This study 

https://paperpile.com/c/a1gJCX/pIoU
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ΔRhoGAP-EGFP] attp40/cyo  

Table 4.1: Drosophila stocks and their source 

4.2.2 Live imaging of Drosophila embryos 

 

For live imaging, 2-2.5 hrs. embryos were collected on sucrose agar plates and 

dechorionated with 100% bleach for 1 min and mounted on 2 well coverslip bottom Labtek 

chambers. Mounted embryos were filled with 1X PBS (Manos Mavrakis et al., 2008) and 

imaged using 40X/1.4NA oil objective on Zeiss or Leica SP8 microscope with a frame 

rate of 1.74s/frame and 2s/frame respectively. 

4.2.3 Immunostaining 

 

0-3.5 hrs embryos were collected on sucrose-agar plates, washed, dechorionated 

with 100% bleach and washed again. To visualize GRAF, Zipper and Dlg immunostained 

embryos, dechorionated embryos were heat fixed with boiled 1X Triton salt solution (10x- 

0.5%Triton X-100 and 7%NaCl in water) for 1 min and instantly adding ice-cold 1X 

washing buffer. After cooling on ice, embryos were devitellinized in a 1:1 mix of MeOH 

and heptane followed by three washes in 1X PBST (1X PBS with 0.3% Triton X-100) for 

5 min each. After washing, embryos were blocked in 2% BSA in 1X PBST for 1 hr and 

then incubated in primary antibody (Table 2.4) overnight at 4 oC. This was followed by 

three 1X PBST washes and incubated in fluorescently coupled secondary antibodies 

(Molecular probes) at 1:1000 dilution for 1 hr at room temperature. Embryos were washed 

three times in 1X PBST for 5 min each. DNA was labelled with Hoechst 33258 (1:1000, 

Molecular Probes) for 5 min in the second 1X PBST wash. Finally, embryos were mounted 

in Slow fade Gold antifade (Molecular Probes). For Anillin, Peanut and PatJ 

immunostainings, dechorionated embryos were fixed using 1:1 mixture of 4% 

paraformaldehyde (PFA) and heptane for 20 min, followed by MeOH devitellinization 

To visualize F-actin and Diaphanous, embryos were fixed using a 1:1 mix of 

8%PFA in 1XPBS: heptane for 20 min and followed by hand devitellinization. 

Devitellinized embryos were washed and followed the same procedure as mentioned 

above. Fluorescently coupled phalloidin (Molecular Probes) was used alongwith 

https://paperpile.com/c/a1gJCX/IA5J
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secondary antibody to label F-actin in embryos in cellularization for 1 hour at room 

temperature followed by washes and DNA labelling. 

4.2.3 Laser ablations  

 

Control and GrafCR57 embryos expressing Sqh-mCherry were used for visualizing 

contractile rings for laser ablation experiments using the Zeiss LSM780 microscope. 

Laser ablation was achieved by using an 800 nm multiphoton femtosecond pulsed Mai 

Tai laser. The region of interest used for ablations was set to a line of 510-pixel length 

(42.51 μm) and captured with a speed of 1.58 μs per pixel and 20 iterations. The Sqh-

mCherry was imaged using a 561 nm laser excitation with a time interval of 1.27 s. A 

sagittal section was taken before ablations to estimate furrow length for early (less than 

6 μm) and mid stages (6–16 μm) of cellularization. Three sections were taken before the 

ablations in approximately 3 s, the time taken for ablations is approximately 3.22 s and 

imaging was carried out for approximately 70 s after ablations. 

4.2.4 Analysis 

4.2.4.1 Quantification of mean fluorescence intensity from immunostaining 

 

The imaging of fixed control and mutant embryos immunostained with antibodies 

against GRAF along with Dlg and Zipper along with Dlg was carried out on the Leica SP8 

confocal microscope at the same laser power and gain settings. To estimate the mean 

fluorescence intensity of GRAF and Zipper from immunostaining, a single optical section 

from the Z-stack containing the brightest intensity at the furrow tip was chosen. 

Fluorescence intensity was obtained in this section by drawing ROIs using the segmented 

line tool around the ring to get the average intensity using Fiji software 

(http://fiji.sc/wiki/index.php/Fiji) (Rueden et al., 2017). The ring intensity obtained was 

divided by the cytosol intensity obtained from a large square ROI in the apical most region 

above the nuclei from the same image. This membrane to cytosol ratio for GRAF antibody 

fluorescence intensity in control embryos and GRAF-OE was plotted for cellularization 

stages. Similarly, the membrane to cytosol ratio for Zipper antibody fluorescence intensity 

in control and GrafCR57 was plotted for cellularization stages. In addition, the membrane 

http://fiji.sc/wiki/index.php/Fiji
https://paperpile.com/c/a1gJCX/WNAy
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to cytosol ratio for Anillin antibody fluorescence intensity in control and Grafi was plotted 

for cellularization stages. 

4.2.4.2 Quantification of mean fluorescence intensity from live-imaging 

 

Live imaging of embryos containing different genotypes (AnillinRBD-GFP, GRAF-

GFP and GRAFΔRhoGAP-GFP, Sqh-mCherry in GRAF-OE and GrafCR57) were used to 

quantify the fluorescence intensity change with respect to time. Images with Z projection 

of sum intensity were obtained from two stacks above and two stacks below of the 

brightest section at the furrow tip covering a depth of 4 μm. ROIs across the furrow tip 

from 5 or 10 rings were drawn in these images for each time point to obtain the mean 

signal intensity. The mean intensity obtained at each time point was represented as a 

ratio to the maximum mean fluorescence value obtained across cellularization within each 

embryo and finally plotted as a ‘normalized intensity versus time’.  

 

Live imaging of Sqh-mCherry expressing embryos in various genotypes was used 

to quantify fluorescence intensity change during the last five time points in late 

cellularization. To estimate these changes quantitatively across all genotypes, images 

were obtained with sum intensity per pixel across the Z-axis from a total of five stacks: 

two stacks above and two stacks below of the brightest section at the furrow tip covering 

a depth of 4 μm in late cellularization. The mean ring intensity per pixel was extracted by 

drawing a segmented ROI on the ring. The inter-ring intensity per pixel was extracted by 

drawing an ROI in between adjacent rings that had reduced Sqh-mCherry intensity. The 

ring intensity per pixel was expressed as a ratio to interring intensity per pixel. Finally, the 

normalized intensity of the ring was shown as a scatter plot.  

4.2.4.3 Quantification of the contractile ring area  

 

Live movies from embryos expressing Sqh-mCherry of different genotypes were 

used to quantify contractile ring area. Sqh-mCherry fluorescence images containing sum 

intensity were obtained across 5 optical sections at the base of the furrow with the 

brightest section in the middle. 5-10 rings were marked manually using a polygon tool in 
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these images and the area was computed in ImageJ. The mean+s.d. for the area was 

computed and plotted with time using Graphpad Prism 5.0. 

4.2.4.4 Quantification of furrow membrane length 

 

Sqh-mCherry fluorescence was used to identify furrow tips during cellularization. 

Membrane length was measured using the ImageJ line tool every 2 mins in (5 furrow 

lengths per time point were recorded in each embryo). These lengths were plotted against 

time as a scatter plot using Graphpad Prism 5.0.  

4.2.4.5 Quantification of displacement and initial recoil velocity after laser 

ablation 

 

The manual tracking plugin of Fiji software was used to extract xy coordinates from 

control and ablated regions. These xy coordinates were used to get distance between the 

two points with the following formula: 

D=√(𝑦2 − 𝑦1)2  + (𝑥2 − 𝑥1)2  

where (x1,y1) and (x2,y2) are the coordinates of the contractile ring edge seen below and 

above the ablation region respectively. 

 

The ring displacement was estimated for each time point after ablations. The 

displacement of edges measured before ablations was subtracted from all the time points 

after ablations. The displacement was calculated from five independent embryos. The 

mean displacement and standard deviation with respect to time were plotted for control 

and GrafCR57 mutant embryos across the early and mid stages. The displacement at the 

last time point at approximately 70 s was used to plot maximum displacement. The initial 

recoil velocity was calculated by fitting a linear function on points between 0 and 23 s on 

the plot of displacement versus time in each embryo. 
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4.3 Results 

4.3.1 GRAF modulates Rho-GTP and Myosin II for the regulation of contractility 

during Drosophila cellularization 

 

To visualize the recruitment of GRAF to the furrow in live embryos during 

cellularization, we generated the UASp-GRAF-GFP transgene. GRAF-GFP was 

expressed using maternal gal4 along with fluorescently labelled Myosin II light chain, Sqh-

mCherry in the GrafCR57 mutant background. We found that GRAF-GFP was already 

present at the furrow enriched at edges whereas Sqh-mCherry was seen in foci in early 

cellularization (Figure 4.1A). The GRAF-GFP and Sqh-mCherry relative fluorescence 

intensity across a single optical plane were quantified across a line segment passing 

through edges across adjacent furrow tips. The fluorescence intensity peak of GRAF-

GFP is higher than Sqh-mCherry during early cellularization (Figure 4.1A). This suggests 

that GRAF-GFP partially colocalized with Sqh-mCherry at the furrow tip. GRAF-GFP and 

Sqh-mCherry were recruited at the contractile ring and their signal completely coincides 

at the furrow tip during mid stages of cellularization. Their fluorescence peaks were 

entirely colocalized during mid cellularization. Gradually, the GRAF-GFP fluorescence 

signal peak reduced relative to Sqh-mCherry but remains colocalized during mid 

cellularization as it progresses towards the constricted ring.  GRAF-GFP was lost from 

the furrow tip in late cellularization when weak Sqh-mCherry fluorescence was still visible 

(Figure 4.1A). 

  

We further compared Sqh-mCherry recruitment dynamics to that of Rho-GTP at 

the furrow. Rho-GTP was visualized by maternally expressing the transgene containing 

GFP tagged Anillin Rho-GTP binding domain (Anillin-RBD-GFP) under the control of 

ubiquitin promoter (Mason et al., 2016; Munjal et al., 2015). AnillinRBD-GFP was present 

as foci at the vertex which colocalized with Sqh-mCherry in early cellularization during the 

assembly of the actomyosin network at the furrow tip. AnillinRBD-GFP was present along 

with Sqh-mCherry at the contractile ring in mid and late cellularization as shown in images 

(Figure 4.1B). The fluorescence of AnillinRBD-GFP colocalized completely with Sqh-

mCherry in early, mid and late stages as seen in the line scans. Even though the 

https://paperpile.com/c/a1gJCX/WyE4+QirK
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AnillinRBD-GFP fluorescence was reduced in late stages, it was present at the furrow tip 

along with Sqh-mCherry when GRAF-GFP was lost in late cellularization (Figure 4.1B).  

 

The GRAF-GFP, Sqh-mCherry and AnillinRBD-GFP fluorescence levels were also 

quantified relative to their maximum intensity during cellularization. The relative 

fluorescence of GRAF-GFP, Sqh-mCherry and Rho-GTP increased from early to mid 

cellularization with a peak between 25-30 min and decreased in late cellularization (Figure 

4.1C-H). Taken together, we find that Myosin II begins to assemble at the furrow tip in 

early cellularization when GRAF-GFP and Rho-GTP are already present and enriches at 

the furrow during mid cellularization. Thus, the recruitment profile reveals that GRAF 

localizes to the furrow tip and colocalizes with Myosin II and Rho-GTP. GRAF together 

with Myosin II and Rho-GTP might regulate the precise constriction timings during 

cellularization.   
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Figure 4.1: GRAF-GFP, Sqh-mCherry and AnillinRBD-GFP levels are enriched at the furrow tip in 

mid cellularization 

(A) GRAF-GFP (green) colocalizes with Sqh-mCherry (red) in early and mid cellularization whereas GRAF-

GFP is cytosolic in late cellularization. (B) AnillinRBD-GFP (green) colocalizes with Sqh-mCherry (red) in 

early, mid and late cellularization. A yellow bar depicted in the merged image is used for quantification 

shown in the neighbouring plots. (C-H) GRAF-GFP furrow tip dynamics is similar to Sqh-mCherry and 

AnillinRBD-GFP. Time lapse imaging of (C) Graf CR57; GRAF-GFP,  (E) Sqh-mCherry and (G) AnillinRBD-

GFP shows a similar peak in mid cellularization (yellow arrowhead marks furrow tip). Quantification of 

normalized intensity of (D) GRAF-GFP, (F) Sqh-mCherry and (H) AnillinRBD-GFP plotted against time 

(n=15 rings, 5 rings per embryo, 3 embryos). Scale bars: 5 µm. 

4.3.2 GRAF depletion leads to enhanced contractility of the basal actomyosin 

network. 

 

We used laser ablations to assess the contractility of the basal actomyosin network 

in early and mid stages of cellularization. Sqh-mCherry in controls and GrafCR57 was used 

to mark the furrow tip for laser ablations. Laser ablations were performed in a line cutting 

across approximately 4-5 contractile rings at the furrow tip during early and mid 

cellularization (yellow dashed line, Figure 4.2A,E). The ablation across the rings caused 

a break in the actomyosin network and led to a movement of the ablated edges. The 

ablated edges movement and final displacement are dependent on the tension in the 

actomyosin network. The final displacement and rate of movement of the ablated edges 

at approximately 70s were calculated for controls and GrafCR57.We found a significant 

increase in the rate of displacement of the edges of the contractile rings in GrafCR57 

embryos as compared to controls in early and late stages (Figure 4.2B,F). GrafCR57 

embryos showed an approximately fourfold increase in maximum displacement at 70s as 

compared to controls in both early and mid cellularization (Figure 4.2C,G). Similarly, initial 

recoil velocities of the edges after ablations were increased by approximately twofold in 

GrafCR57 embryos in early and mid stages of cellularization as compared to controls 

(Figure 4.2D,H). This increased displacement and a recoil velocity of the ring edges 

suggests that the actomyosin network in GrafCR57 has increased contractility. The 

increased contractility in Graf mutants in the early and mid stages shows that GRAF plays 
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a crucial role in resisting Myosin II-dependent contractility during the early and mid stages 

of cellularization. 

 

 

Figure 4.2: Graf mutant embryos show hypercontractility during early and mid cellularization. 

Laser ablation was performed using a single line at the furrow tip during early and mid cellularization. (A, 

E) Representative images show control and GrafCR57 mutant embryos with the region before, at 0 s (marked 

with yellow dotted line) and 70 s after ablations (recoil region marked with yellow dotted line) in early and 

mid cellularization, respectively. (B, F) Quantifications of ring displacement after laser ablation during early 

and mid phase (control: black line, n = 5 embryos; GrafCR57 mutant: red line, n = 5 embryos each). Scatter 
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plot showing (C, G) maximum displacement of the ring and (D, H) initial recoil velocity after laser ablation 

during early and mid-phase (n = 5 embryos each). Data are represented as mean ± s.d.**p<0.01, 

***p<0.001, two-tailed Mann–Whitney test. 

4.3.3 GRAF RhoGAP domain is essential for contractility during cellularization 

 

Previous studies have shown that in the hexagonal phase Myosin II inhibition 

occurs due to fine-tuning of RhoGAP activity (Mason et al., 2016). In addition, optogenetic 

activation of RhoGEF2 during priming and late stage leads to increased Myosin II levels 

which perturb actomyosin network configuration. In contrast, the polygonal network is 

resilient to Myosin II activation due to predicted RhoGAP presence which acts as an 

important step in restricting ring constriction (Krueger et al., 2019). Loss of GRAF possibly 

leads to an increase in Rho-GTP levels thereby causing constriction in early and mid 

cellularization and hyper constriction in late cellularization. 

  

Since GRAF has a RhoGAP domain, this domain might influence the Rho-GTP 

levels along with recruitment dynamics of Rho-GTP at the contractile rings in the furrow 

tip in GrafCR57. In order to visualize Rho-GTP recruitment in vivo, we used GFP tagged 

Rho-GTP binding domain (RBD) of Anillin (AnillinRBD-GFP) expressed under the control 

of ubiquitin promoter (Mason et al., 2016; Munjal et al., 2015) along with Sqh-mCherry. 

AnillinRBD-GFP was seen as foci that colocalized with Sqh-mCherry in early 

cellularization during the actomyosin assembly phase at the furrow tip. During mid and 

late cellularization, AnillinRBD-GFP was uniformly present along with Sqh-mCherry at the 

contractile ring in images (Figure 4.3A). The co-localization of AnillinRBD-GFP and Sqh-

mCherry was quantified using line scans across the edges of adjacent rings in furrow tips 

were used from single optical planes which estimate the fluorescence intensity relative to 

the maximum seen in cellularization (yellow line, Figure 4.3B). AnillinRBD fluorescence 

peaks colocalized with Sqh-mCherry from early to mid stages and decreased in late 

stages of cellularization in control embryos (Figure 4.3B). Both AnillinRBD-GFP and Sqh-

mCherry signal were more spread with non-overlapping fluorescence peaks during early 

and mid stages of cellularization in GrafCR57 embryos compared to sharp colocalization 

peaks in control. (Figure 4.3C,D). This increase in Rho-GTP and Sqh-mCherry spread in 

https://paperpile.com/c/a1gJCX/WyE4
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/WyE4+QirK
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the early and mid stages of cellularization correlated with hypercontractility in GrafCR57 

embryos. The perturbed RhoGTP level possibly influences the Myosin II activity to disrupt 

basal contractility. In this context, we perturbed the RhoGAP domain in GRAF which 

might function to hydrolyze active RhoGTP to convert inactive RhoGDP form.  

 

We analysed the role of the RhoGAP domain in the GRAF protein in regulating 

ring constriction during cellularization. For this, we generated a transgene having 

fluorescently tagged GRAF with the Rho-GAP domain deleted, UASp-GRAFΔRhoGAP-

GFP (Figure 4.3E). We expressed GRAFΔRhoGAP-GFP and GRAF-GFP maternally in 

the GrafCR57 mutant background to score the effect of the Rho-GAP deletion on 

actomyosin ring constriction in cellularization. Live imaging of embryos of the GrafCR57, 

GrafCR57; GRAF-GFP and GrafCR57; GRAFΔRhoGAP-GFP genotypes was carried out 

along with Sqh-mCherry. Qualitatively, the GrafCR57, and GrafCR57; GRAFΔRhoGAP-GFP 

showed hyper constriction when compared to control and GrafCR57; GRAF-GFP (Figure 

4.3F). The ring area in GrafCR57 embryos was significantly lower than controls during 

cellularization (Figure 4.3F,G). The ring area in GrafCR57 embryos was significantly 

reduced as compared to controls with time during cellularization (Figure 4.3F,G). This 

hyper constriction phenotype in GrafCR57 was suppressed in GrafCR57; GRAF-GFP 

embryos. GrafCR57; GRAFΔRhoGAP -GFP embryos on the other hand showed hyper 

constriction of rings similar to GrafCR57 (Figure 4.3F,G). Thus, the full-length GRAF-GFP 

suppressed the constriction defect of GrafCR57.  

 

GRAFΔRhoGAP-GFP was recruited to the furrow in early and mid cellularization 

and was lost from the furrow in late cellularization similar to GRAF-GFP (Figure 4.4A,B). 

Also, GRAFΔRhoGAP-GFP appeared in punctae in early cellularization, leading to 

relatively higher levels as compared to GRAF-GFP (Figure 4.4A,B). Even though 

GRAFΔRhoGAP-GFP was recruited to the furrow, its levels were significantly reduced on 

the furrow membrane as compared to GRAF-GFP in mid cellularization (Figure 4.4A,B). 

In summary, the RhoGAP domain in GRAF protein is necessary for its recruitment to the 

furrow and for restricting ring constriction during cellularization.  
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Figure 4.3: RhoGAP domain of GRAF is essential for ring constriction in cellularization 

(A,C) AnillinRBD-GFP (green) colocalises with Sqh-mCherry (red) in early, mid and late cellularization in 

controls. In GrafCR57; AnillinRBD-GFP and Sqh-mCherry both signals are more spread in as compared in 

between adjacent rings. One representative image chosen from n=3 embryos of controls and GrafCR57 are 

shown. (B,D) A yellow bar is depicted in the Sqh-mCherry image which is used for the estimation of the 

intensity line profile. (E) Schematic showing full-length GRAF protein with GFP and GRAFΔRhoGAP-GFP 

proteins. (F) Graf CR57 and Graf CR57;GRAFΔRhoGAP-GFP embryos expressing Sqh-mCherry show hyper-

contractility compared to controls and Graf CR57; GRAF-GFP (yellow arrowhead highlights furrow tip at all 

stages). (G) Quantification shows a significantly higher ring area for controls and Graf CR57; GRAF-GFP as 

compared to Graf CR57, Graf CR57;GRAFΔRhoGAP-GFP expressing Sqh-mCherry. (n=15 rings, 5 rings per 

embryo, 3 embryos). Data is represented as mean±s.d. ***P<0.001 One way ANOVA, Repeated Measure 

with Dunnett’s multiple comparison test, each point of the mutant compared to the control. Scale bars: 5 

µm. 

 

 

 

Figure 4.4: GrafCR57; GRAF-GFP and GrafCR57; GRAFΔRhoGAP-GFP recruitment dynamics  

(A) Snapshots from live imaging of GrafCR57; GRAF-GFP and GrafCR57; GRAFΔRhoGAP-GFP shows that 

GrafCR57; GRAFΔRhoGAP-GFP in aggregates in early cellularization followed by a furrow tip recruitment 

(seen in the form of rings) in mid cellularization and loss at the furrow in late cellularization (yellow 

arrowhead denotes furrow tip). (B) Quantification of fluorescence intensity relative to the maximum shows 

higher intensity for GrafCR57; GRAFΔRhoGAP-GFP at early stages as compared to GrafCR57; 

GRAFΔRhoGAP-GFP (n=15 rings, 5 rings per embryo, 3 embryos). Data is represented as mean±s.d. 

*P<0.05, two-tailed Mann-Whitney test. 
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4.3.4 GRAF overexpression leads to loss of contractility during cellularization 

 

GrafEP09461 contains a gypsy transposon tagged line containing a UASp element 

inserted in the 5’UTR region of GRAF in the same orientation of the native gene (Figure 

4.5A). GRAF protein overexpression during cellularization was achieved by crossing 

GrafEP09461 to mat67-Gal4, called GRAF-OE. Control and GRAF-OE embryos were co-

stained with GRAF and Dlg antibodies. GRAF-OE embryos showed an increase in GRAF 

staining as compared to controls (Figure 4.5B). Quantification of GRAF fluorescence 

intensity during these stages showed a significant increase in GRAF-OE as compared to 

controls (Figure 4.5C). 

 

Graf depletion led to the hyper constriction of rings in cellularization. In contrast to 

Graf depletion, we analysed whether GRAF-OE could inhibit ring constriction in 

cellularization. GRAF-OE embryos in the cellularization stage were imaged live with Sqh-

mCherry. GRAF-OE showed expanded rings during the mid and late stages of 

cellularization (Figure 4.5D). We found that the ring area was significantly higher in 

GRAF-OE as compared to controls throughout cellularization (Figure 4.5E). GRAF 

overexpression, therefore, led to inhibition of ring constriction during cellularization.  
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Figure 4.5: GRAF overexpression shows inhibition of ring constriction in cellularization. Schematic 

shows Graf gene and the GRAF overexpression line, GrafEP09461 containing a P-element (with a UAS site) 

insertion in 5′UTR in an orientation to drive the downstream Graf gene. (B) GRAF-OE crossed to mat-Gal4 

shows an increase in GRAF (100%, n = 19) when stained with GRAF (red) and Dlg (green) (control n = 24 

embryos). (C) Quantification shows an increased GRAF antibody fluorescence in GRAF-OE (furrow length 

range: 7–19 µm) embryos compared to controls (furrow length range: 7–20 µm) (n = 25 rings, 5 per embryo, 

5 embryos each). (D) Sqh-mCherry images and (E) area quantification show a significantly higher ring area 

in GRAF-OE as compared to controls (yellow arrowhead marks the furrow tip) (n = 15 rings, 5 per embryo, 

3 embryos)(control values were repeated from Figure 4.3 for comparison). Data are represented as mean 

± s.d. **p<0.01, ***p<0.001, two-tailed Mann–Whitney test. Scale bars: 5 µm. 

 

4.3.5 GRAF depletion and overexpression results in perturbation of Myosin II 

distribution at the contractile ring during cellularization  

  

We assessed the distribution of Myosin II heavy chain, Zipper in control and 

GrafCR57 fixed embryos using immunostaining. Zipper patches in GrafCR57 appeared larger 

than controls in early cellularization and Zipper was also enriched in between adjacent 

rings in mid cellularization (white arrowheads, Figure 4.6A). Quantitative analysis of 

zipper fluorescence at the furrow tip relative to the cytoplasm shows significantly 

increased intensity in GrafCR57 throughout cellularization as compared to control embryos 

(Figure 4.6B).  

 

 

 

 

 

https://elifesciences.org/articles/63535/figures#fig3
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Figure 4.6: Graf  depleted embryos show increased Myosin II in cellularization  

(A) Fixed images of control and GrafCR57 embryos (100%, n=31 embryos) stained with Dlg (green) and 

Zipper (red) showing higher Zipper intensity in early (white arrowhead shows Zipper foci), mid (white 

arrowhead shows Zipper ring enrichment in control and spreading in GrafCR57 mutant) and late 

cellularization (control n=16 embryos). (B) Cortex to cytosol ratio of Zipper antibody fluorescence shows a 

significant increase in GrafCR57 as compared to controls (n=30 rings, 10 per embryo, 3 embryos each). Data 

are represented as mean ± s.d. ***p<0.001, two-tailed Mann–Whitney test. Scale bars: 5 µm. 

 

Live imaging embryos containing Graf depletion and overexpression were used to 

analyse Myosin II distribution at the furrow tip and furrow extension dynamics. The 

fluorescence intensity of Sqh-mCherry initially increased from early to mid cellularization 

and then decreased during late cellularization in controls. We found that GRAF-OE 

embryos showed a delay in Sqh-mCherry enrichment at the furrow as compared to 

controls. GrafCR57 on the other hand showed a sustained Sqh-mCherry signal at the furrow 

throughout cellularization and it remained significantly higher at later stages of 

cellularization (Figure 4.7A,B). The delay in Sqh-mCherry recruitment at the furrow on 
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Graf overexpression and sustained Sqh-mCherry at the furrow on Graf depletion imply 

that the recruitment of Myosin II at the furrow is regulated by GRAF in cellularization.  

Sqh-mCherry recruitment to the furrow tip was used to estimate furrow lengths with 

respect to time in cellularization. The furrow ingression dynamics, which is divided into  

slow and fast phases, in GRAF-OE were similar to controls during cellularization (Figure 

4.7C) (Figard et al., 2013; He et al., 2016; Lecuit & Wieschaus, 2000; Merrill et al., 1988; 

Royou et al., 2004; Warn & Magrath, 1983). In contrast, the furrow ingression dynamics 

of GrafCR57 mutant shows an extended slow phase and the fast phase started at a later 

time point. The fast phase in GrafCR57 mutant embryos occurred at a slower rate compared 

to control embryos (Figure 4.7C).  Eventually, the final membrane length achieved was 

similar to control. 

 

GrafCR57 embryos contained sustained Sqh-mCherry recruitment on rings in late 

cellularization marked by the yellow region in the graph in Figure 4.7B. This yellow region 

represents the last 5 time points from late cellularization stages which are used to quantify 

Sqh-mCherry intensity per pixel from rings relative to the inter ring region (Figure 4.7B). 

This intensity is estimated in GRAF-OE, GrafCR57, GrafCR57; GRAFΔRhoGAP- GFP and 

GrafCR57; GRAF-GFP as a readout of the change in Myosin II recruitment (Figure 4.7D). 

The Sqh-mCherry intensity was indeed reduced in GRAF-OE whereas it is increased in 

GrafCR57 and GrafCR57; GRAFΔRhoGAP-GFP compared to controls (Figure 4.7D). The 

increased Sqh-mCherry recruitment phenotype in GrafCR57 embryos was suppressed in 

GrafCR57; GRAF-GFP (Figure 4.7D). Increased Sqh-mCherry and Zipper levels at the 

furrow on Graf depletion during cellularization implies that the Myosin II recruitment at the 

furrow tip is inhibited by GRAF. This inhibition is dependent specifically upon its RhoGAP 

domain. Thus, Myosin II acts as a downstream target that provides mechanistic insights 

into the enhanced constriction in Graf depleted embryos. 

https://paperpile.com/c/a1gJCX/1Vcq+ehw6+4Prh+QpBS+rdQd+YCRQ
https://paperpile.com/c/a1gJCX/1Vcq+ehw6+4Prh+QpBS+rdQd+YCRQ
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Figure 4.7: GRAF depletion and overexpression lead to perturb Myosin II distribution  

(A) Control, GRAF-OE and GrafCR57 embryos expressing Sqh-mCherry (grey) are shown in early (yellow 

arrowhead marks Sqh-mCherry foci), mid (yellow arrowhead marks Sqh-mCherry enrichment) and late 

cellularization (yellow arrowhead in sagittal sections marks the furrow tip). (B) Quantification of Sqh-

mCherry fluorescence in GRAF-OE embryos (each time point between 3 to 18 min is significantly different 

from controls and GrafCR57) shows a delay in Sqh-mCherry enrichment at the furrow as compared to 

controls. GrafCR57 embryos (each time point between 30 to 41 min is significantly different from controls) 

show sustained Sqh-mCherry in late-cellularization as compared to controls (n=15 rings, 5 per embryo, 3 

embryos). Data is represented as mean±s.d. (***P<0.001. Two-way ANOVA, Bonferroni post-tests where 

each genotype compared to control, time points 3 to 18 in GRAF-OE are statistically different from controls 

and GrafCR57, times points in the 30 to 41 min in GrafCR57 are statistically different from controls and GRAF-

OE). The last 5 time points are highlighted in the yellow shaded region. (C) Furrow length quantified from 

live imaging with Sqh-mCherry for controls, GrafCR57 and GRAF-OE show a similar trend of the slow and 

fast phase of ingression in GRAF-OE as compared to controls. The slow phase is extended in GrafCR57 and 

the final length is achieved at a later time in the fast phase (n=15 furrow lengths, 5 furrows per embryo, 3 

embryos). Data is represented as mean±s.d. ***P<0.001; One way ANOVA, Repeated Measure with 

Dunnett’s multiple comparison test, the GrafCR57 is statistically different from control and GRAF-OE. (D) 

Quantification of Sqh-mCherry in late cellularization (The last 5 time points in the yellow shaded region are 

used to estimate the ring intensity as a ratio to interring regions in different genotypes in Figure 7B) in 

GRAF-OE shows a reduction in intensity whereas Graf CR57 and Graf CR57; GRAFΔRhoGAP-GFP shows 

higher intensity as compared to controls. Graf CR57; GRAF-GFP shows a rescue in Sqh-mCherry as 

compared to Graf CR57 (n=75 rings, 5 rings per time point, 5 time points, 3 embryos each). Data is 

represented as mean±s.d.  *P<0.05, **P<0.01, ***P<0.001, two-tailed Mann-Whitney test. Scale bars: 5 

µm. 

4.3.6 Diaphanous recruitment to the contractile ring is severely reduced on GRAF 

depletion. 

Apart from Myosin II perturbation, disorganized actin networks could contribute 

towards premature and accelerated contractility of the actomyosin network. To investigate 

GRAF function in regulating actin regulators, we analysed Diaphanous (known as formin) 

recruitment in Graf depletion. To analyse its distribution in control and Grafi embryos, 

fixed embryos were stained with anti-Dia antibodies. In control embryos, Diaphanous is 

enriched at the contractile ring formed at the furrow base during cellularization (Figure 

4.8A). In contrast, Diaphanous recruitment is severely reduced and becomes cytoplasmic 

in Grafi embryos throughout all stages of cellularization (Figure 4.8B). Hence, the 
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Diaphanous recruitment defect is correlated with actin remodelling defect which might 

depend on increased Rho-GTP. 

 

 

Figure 4.8: Diaphanous recruitment to the contractile ring is severely reduced in Graf depletion. 

(A) Embryos stained with phalloidin (red) marking F-actin and Diaphanous (green) using an anti-Dia 

antibody during early, mid and late cellularization. The localization of Diaphanous is enriched at furrow tip 

during early, mid and late cellularization in control embryos. (B) In Grafi knockdown embryos, Diaphanous 

protein is reduced from contractile rings and becomes cytoplasmic during cellularization (100%, n=43 

embryos). Scale bar: 5μm. 
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4.3.7 Anillin, Peanut and PatJ distributions at the furrow tip are perturbed in Graf 

depletion. 

 

Contractile ring consists of an actomyosin network which is organized by key 

regulator proteins such as Anillin, Peanut and PatJ. Anillin and Peanut act as scaffolds 

which is important in contractile ring organization during cellularization (Christine M. Field 

et al., 2005; Manos Mavrakis et al., 2014). PatJ is shown to directly interact with MBS and 

reduce Myosin II dephosphorylation resulting in Myosin II activation (Sen et al., 2012). To 

analyse these protein distributions in control and Graf knockdown embryos, embryos 

were stained with Anillin and Peanut antibodies. The localization of Anillin protein was 

analysed in the early, mid and late stages of cellularization. In the control, Anillin was 

selectively enriched on the rings at the furrow tip throughout cellularization (Figure 4.9A). 

In Graf knockdown embryos, the Anillin recruitment shows a diffuse pattern with visible 

enrichment in the inter-ring space during early and mid cellularization when compared to 

the control. During late cellularization, Anillin is selectively more enriched at the 

hypercontractile rings when compared to controls (Figure 4.9A). The quantitative analysis 

of Anillin intensity shows a significantly increased signal in Graf knockdown when 

compared to control (Figure 4.9B). The perturbed Anillin distribution is similar to Myosin 

II distribution in Graf depletion. In addition, Peanut and PatJ qualitatively show diffuse 

localization at the contractile ring and in inter-ring space during mid cellularization (Figure 

4.9C). In summary, Anillin, Peanut and PatJ mislocalization in Graf depletion are likely to 

contribute towards ring architecture.  

 

 

 

https://paperpile.com/c/a1gJCX/gWMq+4uGI
https://paperpile.com/c/a1gJCX/gWMq+4uGI
https://paperpile.com/c/a1gJCX/U6Nc
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Figure 4.9: Anillin, Peanut and PatJ mislocalization at the furrow tip in Graf depletion. (A) Embryos 

were stained with Anillin, Peanut and PatJ in control and Graf depletion during cellularization. In control 

embryos, Anillin is recruited at the furrow tip during early, mid and late stages. In Graf depletion embryos, 

Anillin is more diffused and enriched at inter-ring space during early and mid stages whereas it becomes 

enriched at the hypercontractile ring during late stages (86.6%, n= 15 embryos). (B) The Anillin normalized 

intensity shows a significant increase in signal in Grafi embryos (Grafi n=66 rings, 3 embryos) when 

compared to control (Control n=68 rings, 4 embryos). (C) The Peanut (90%, n=11 embryos) and PatJ 

(85.7%, n=14 embryos) also show spread signal in between rings in Graf knockdown embryos when 

compared to control during mid stages. Data is represented as mean±s.d. **P<0.01, two-tailed Mann-

Whitney test. Scale bar: 5μm. 

4.4 Conclusion and discussion 

 

Rho-GTP is therefore likely to regulate the transition of Myosin II from the 

polygonal to the circular architecture. It is possible that Rho-GTP levels directly influence 

Myosin II activity to regulate the ring contractility. Laser ablation of the actomyosin 

network reveals enhanced contractility due to increased tension in the network. For the 

first time, we have shown that Rho-GTP marked by AnillinRBD-GFP shows a complete 

overlap with Myosin II throughout cellularization. Nevertheless, Myosin II assembles in 

patches and forms a polygonal network in early cellularization and drives ring constriction 

in mid cellularization (Krueger et al., 2019; Xue & Sokac, 2016). Our data show that GRAF 

shows a partial overlap with Myosin II assembly during early cellularization and a 

https://paperpile.com/c/a1gJCX/RsO0+z9W4
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complete overlap during mid cellularization. Myosin II activity is crucial for the constriction 

of the ring formed during mid cellularization. GRAF is lost from the furrow canal at late 

stages of cellularization, whereas AnillinRBD and Myosin II are still present. Graf 

depletion causes increased Rho-GTP levels and Myosin II recruitment in cellularization. 

Actomyosin network with sustained Rho-GTP levels in Graf mutant embryos correlates 

with increased Myosin II that likely leads to enhanced ring constriction throughout 

cellularization. The enhanced ring constriction in the absence of the RhoGAP domain of 

GRAF could be due to reduced Rho-GTP hydrolysis. GRAF directly or indirectly regulates 

the key contractile proteins such as Anillin, Peanut, PatJ and Diaphanous which are 

crucial in maintaining the integrity of contractile ring architecture during Drosophila 

cellularization (Figure 4.10). It is likely that depletion of Anillin and Peanut could suppress 

the constriction defect seen in Graf mutant embryos. 
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Figure 4.10:  GRAF is required for the recruitment of key contractile proteins during the Drosophila 

cellularization. GRAF (green) modulates the levels of contractile ring proteins such as Myosin II (red), 

Anillin (blue), Peanut (pink), PatJ (purple) and Diaphanous (yellow) in control embryos. Graf depletion 

shows sustained Myosin II, Anillin, Peanut and PatJ recruitment during late cellularization correlating with 

increased contraction in the ring. In contrast, Diaphanous get reduced in Graf mutants  

In this study, we have shown that the RhoGAP domain-containing protein GRAF 

inhibits ring constriction by regulating Myosin II levels at the furrow during cellularization. 

The RhoGAP domain deletion phenocopies the hypercontractility seen in Graf null mutant 

embryos. GRAF has been shown previously to bind RhoA with greater affinity as 

compared to other Rho family proteins (G. J. Doherty & Lundmark, 2009; J. T. Doherty et 

al., 2011; Hildebrand et al., 1996; Luo et al., 2017). This is consistent with previous studies 

showing increased RhoA-GTP levels seen in Xenopus embryo extracts obtained from 

GRAF1 morpholino injected embryos. This implies that the RhoGAP domain of GRAF is 

involved in Rho-GTP hydrolysis thereby decreasing Rho activity in constriction during 

cellularization.  GRAF1 GAP domain having point mutation(R412Q) lead to attenuated 

RhoA activity in cultured L6 cells and failed to induce skeletal muscle differentiation in 

C2C12 cells (J. T. Doherty et al., 2011). This residue can be mutated in Drosophila GRAF 

protein to check for conservation of GAP activity across the metazoans. Graf mutants 

also show sustained Rho-GTP levels during late cellularization correlating with increased 

ring constriction. This suggests that the absence of Rho-GTPase activity of GRAF might 

trigger increased Rho-GTP levels, leading to uncontrolled and untimely constriction 

events.  

 

Another RhoGAP containing protein, CGAP, is required for RhoA-GTP cycling to 

produce Myosin II pulses for apical constriction during gastrulation in Drosophila. C-GAP 

mutant embryos show premature and hyper constriction which phenocopies Graf 

depletion during cellularization (Mason et al., 2016). It is likely that C-GAP depletion in 

Graf mutant embryos would enhance the hyper constriction phenotype seen in 

cellularization. In addition, Bottleneck mutants show hyper constriction and sustained 

Myosin II recruitment at the furrow in cellularization (Krueger et al., 2019; Reversi et al., 

2014; Schejter & Wieschaus, 1993b) similar to Graf mutant embryos.  

https://paperpile.com/c/a1gJCX/PRTr+mGY2+WpGM+XdR5
https://paperpile.com/c/a1gJCX/PRTr+mGY2+WpGM+XdR5
https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/WyE4
https://paperpile.com/c/a1gJCX/RsO0+QzWM+p1HM
https://paperpile.com/c/a1gJCX/RsO0+QzWM+p1HM
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CHAPTER 5 

GRAF functions as a Rho-GAP in the Rho-dependent pathway 

to regulate constriction during cellularization 

 

 

5.1 Introduction 

 

RhoGEF2 (Rho-GTPase exchange factor2) is a well-studied molecule which 

activates Myosin II and is established as a crucial molecule in the Rho-dependent 

signalling pathway. DRhoGEF2 was identified in a genetic screen studying Rho signalling 

pathway components and maternal effects of zygotic lethal mutations (Barrett et al., 1997; 

Hacker & Perrimon, 1998; Padash Barmchi et al., 2005). RhoGEF2 is deposited 

maternally and is expressed ubiquitously throughout embryogenesis (Padash Barmchi et 

al., 2005). This molecule is localised to the actomyosin network at the furrow canal (Crest 

et al., 2012; Padash Barmchi et al., 2005) using its PDZ domain during cellularization 

(Wenzl, Yan, Laupsien, & Grosshans, 2010). RhoGEF2 depletion results in the inhibition 

of constriction of the actomyosin network. This leads to increased ring size and formation 

of multiple nucleated compartments during cellularization (Barrett et al., 1997; Hacker & 

Perrimon, 1998), DRhoGEF2 recruits apically and regulates cortical actin changes 

influencing epithelial cell shape changes during gastrulation (Barrett et al., 1997; Hacker 

& Perrimon, 1998).  In summary, RhoGEF2 localises at the furrow tip and functions in 

regulating ring constriction in cellularization (Barmchi et al., 2005; Grosshans et al., 2005; 

Wenzl, Yan, Laupsien, & Grosshans, 2010). 

 

DRhoGEF2 was established as a positive regulator of Rho1 by stimulating Myosin 

II via a Rho1 dependent pathway in Drosophila S2 cells. Overexpression of RhoGEF2 

leads to a contracted S2 cell morphology similar to overexpression of constitutively active 

Rho1 mutant, Rho1V14 (Rogers et al., 2004). In contrast, injection of the dominant-

negative form of Rho induced gross malformations in the actomyosin network which 

phenocopy RhoGEF2 depletion (Halsell et al., 2000). Perturbations in Rho1-GTP levels 

https://paperpile.com/c/a1gJCX/Dloe+Mxcd+Rs7L
https://paperpile.com/c/a1gJCX/Dloe+Mxcd+Rs7L
https://paperpile.com/c/a1gJCX/Rs7L
https://paperpile.com/c/a1gJCX/Rs7L
https://paperpile.com/c/a1gJCX/Rs7L+Ktzm
https://paperpile.com/c/a1gJCX/Rs7L+Ktzm
https://paperpile.com/c/a1gJCX/AjKZ
https://paperpile.com/c/a1gJCX/Dloe+Mxcd
https://paperpile.com/c/a1gJCX/Dloe+Mxcd
https://paperpile.com/c/a1gJCX/Mxcd+Dloe
https://paperpile.com/c/a1gJCX/Mxcd+Dloe
https://paperpile.com/c/a1gJCX/RJKp+AjKZ+JYue
https://paperpile.com/c/a1gJCX/RJKp+AjKZ+JYue
https://paperpile.com/c/a1gJCX/Bx8Z
https://paperpile.com/c/a1gJCX/CpnY
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modulate Rho-kinase (ROK) activation which in turn influences the actomyosin network. 

DROK depletion using RNAi or Y-27632 drug in the background of DRhoGEF2 

overexpression leads to a reduction in contracted morphological defects (Rogers et al., 

2004). Spatiotemporal activation of RhoGEF2 is sufficient to induce differential 

contractility in the actomyosin network during different stages of cellularization (Krueger 

et al., 2019). Optogenetic activation of RhoGEF2 during the priming phase and late stage 

leads to increased Myosin II levels which perturbs actomyosin network configurations and 

enhances constriction (Krueger et al., 2019). These studies provide evidence that 

RhoGEF2 is an upstream molecule that gives rise to Rho-GTP to activate the downstream 

effector, Rho-kinase. Rho-Kinase finally phosphorylates Myosin II which regulates the 

contraction process (Rogers et al., 2004).  

 

RhoGEF2 leads to the formation of RhoA-GTP which in turn activates the Rho 

kinases Drok and Drak for Myosin II phosphorylation. Embryos injected with a ROCK 

inhibitor, Y-27632 inhibits Myosin II recruitment at the cellularization front compared to 

control (Krajcovic & Minden, 2012; Royou et al., 2004). Myosin II is unevenly distributed 

in clumps with dramatically reduced phosphorylation in Drak mutant during cellularization. 

In addition, Drak mutant impairs actomyosin contractility by showing lower circularity 

compared to control embryos (Chougule et al., 2016). Phospho-deficient mutants of the 

light chain of Myosin II, Squash (SqhAA)and Drok mutants show increased ring perimeter 

suggesting loss of constriction during cellularization (Xue & Sokac, 2016). In addition, the 

small subunit of Myosin II phosphatase, MBS, helps restrict Myosin II activity during 

cellularization. Thus, inhibition of Myosin II using pharmacological inhibitor Y-27632, 

SqhAA, Drak and Drok mutants lead to the loss of constriction during cellularization. 

 

Previous studies established RhoGEF2 and Myosin II functions in modulating the 

constriction process, whereas a RhoGAP domain containing protein that inhibits 

contractility remains to be elucidated. The function of RhoGAPs during tissue 

morphogenesis has been generally less studied as compared to RhoGEFs. In contrast to 

RhoGEF2 function, RhoGAP domain containing proteins are likely to play a key role in 

inhibiting Myosin II activation. For example, depletion of RhoGAP containing proteins 

https://paperpile.com/c/a1gJCX/Bx8Z
https://paperpile.com/c/a1gJCX/Bx8Z
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/Bx8Z
https://paperpile.com/c/a1gJCX/69RC+YCRQ
https://paperpile.com/c/a1gJCX/npK0
https://paperpile.com/c/a1gJCX/z9W4
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RGA3 and RGA4 in the C.elegans embryo leads to enhanced contractility of the anterior 

cortex due to increased recruitment of Myosin II (Regev et al., 2017; Schmutz et al., 

2007). CGAP, a RhoGAP protein identified to play a role in Rho-GTP hydrolysis in 

Drosophila embryos, is involved in inhibiting apical constriction in gastrulation. It is 

enriched at the furrow canal and C-GAP mutant embryos also show increased 

constriction of actomyosin rings in cellularization (Mason et al., 2016). Thus, C-GAP is 

necessary for restricting ring constriction in cellularization. However, analysis of RhoGAP 

function in a spatio-temporal manner in regulating actomyosin ring contractility has not 

been studied in cellularization. 

 

Here we report the mechanism involving GRAF, another RhoGAP protein in 

regulating contractile ring formation and constriction in cellularization in Drosophila 

embryogenesis. This is the first demonstration that GRAF works along with RhoGEF2 in 

maintaining Rho-GTP levels. Loss of RhoGEF2 and Myosin II activation suppressed the 

hypercontractility phenotype of Graf mutants. Our studies show a crucial role for GRAF 

in inhibiting actomyosin contractility in cellularization. The appropriate level of GRAF at 

the furrow membrane is crucial for maintaining the balance between RhoGTP and 

RhoGDP which in turn regulates the temporal activity of Myosin II during contractile ring 

constriction in cellularization. Thus, GRAF is involved in the Rho-dependent pathway 

which regulates the constriction process. 

5.2 Material and methods 

5.2.1 Drosophila stocks  

Fly stocks and crosses were maintained in regular cornmeal agar. The detailed 

genotypes, stock numbers and source of stocks Table 5.1. 

Stock Genotype Source/Reference 

1 Canton-S Lab stock originally 

obtained Bloomington 

Drosophila Stock Center 

https://paperpile.com/c/a1gJCX/CQ8W+pm7k
https://paperpile.com/c/a1gJCX/CQ8W+pm7k
https://paperpile.com/c/a1gJCX/WyE4
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2 nanos-Gal4 Lab stock 

3 w; mat67-Gal4; mat15-Gal4 Girish Ratnaparkhi, 

IISER, Pune, India 

4 y[1] v[1]; P{TRiP.HMC03427}attP40 (GRAF 

shRNA1, Grafi) 

BDSC, #51853 

5 y[1] v[1]; P{TRiP.GL01207}attP40 (Myosin II 

binding subunit, MBS shRNA) 

BDSC, #41625 

6 y[1] sc[*] v[1] sev[21]; P{TRiP.HMS01118}attP2 

(RhoGEF2 shRNA) 

BDSC, #34643 

7 y[1] w[*]; P{UASpT7.RhoGEF2}5 (RhoGEF2 

overexpression) 

BDSC, #9386 

8 UASp-rok-shRNA (roki) (Yixie Zhang et al., 2018) 

9 y[1] w[67]c[23] P{EPgy2}Graf[EY09461] (GRAF 

overexpression) 

BDSC, #17571 

10 w;mat67 Spider-GFP-Sqh-mcherry/TM3ser (Martin et al., 2009)  

11 y[1] w[67]c[23] P{EPgy2}Graf[EY09461]/FM7a; 

P{UASpT7.RhoGEF2}5/Tb (GRAF-OE;RhoGEF2-

OE) 

This study 

12 y[1] sc[*] v[1] sev[21]; 

P{TRiP.HMC03427}attP40/cyo;P{TRiP.HMS01118}

attP2/Tb (Grafi;RhoGEF2i) 

This study 

13 y[1] sc[*] v[1] GRAF[CR57]/FM7a; 

P{TRiP.HMS01118}attP2/Tb (GrafCR57;RhoGEF2i) 

This study 

14 y[1] sc[*] v[1] GRAF[CR57]/FM7a; UASp-rok- This study 

https://paperpile.com/c/a1gJCX/pp3a
https://paperpile.com/c/a1gJCX/pIoU
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shRNA/Tb (GrafCR57;roki) 

15 y[1] w[67]c[23] P{EPgy2}Graf[EY09461]/FM7a; 

P{TRiP.GL01207}attP40/cyo (GRAF-OE;mbsi) 

This study 

16 y[1] sc[*] v[1] GRAF[CR57]/FM7a;mat67Sqh-

mCherry/cyo 

This study 

Table 5.1: Drosophila stocks and their source 

5.2.2 Live imaging of Drosophila embryos 

 

For live imaging, 2-2.5 hrs embryos were collected on sucrose agar plates and 

dechorionated with 100% bleach for 1 min and mounted on 2 well coverslip bottom Labtek 

chambers. Mounted embryos were filled with 1X PBS (Manos Mavrakis et al., 2008) and 

imaged using 40X/1.4NA oil objective on Zeiss or Leica SP8 microscope with a frame 

rate of 1.74s/frame and 2s/frame respectively. 

5.2.3 Immunostaining 

 

0-3.5 hrs embryos were collected on sucrose-agar plates, washed, dechorionated 

with 100% bleach and washed again. To visualize GRAF and Dlg immunostained 

embryos, dechorionated embryos were heat fixed with boiled 1X Triton salt solution (10x- 

0.5%Triton X-100 and 7%NaCl in water) for 1 min and instantly adding ice-cold 1X 

washing buffer. After cooling on ice, embryos were devitellinized in a 1:1 mix of MeOH 

and heptane followed by three washes in 1X PBST (1X PBS with 0.3% Triton X-100) for 

5 min each. After washing, embryos were blocked in 2% BSA in 1X PBST for 1 hr and 

then incubated in primary antibody (Table 2.4) overnight at 4 oC. This was followed by 

three 1X PBST washes and incubated in fluorescently coupled secondary antibodies 

(Molecular probes) at 1:1000 dilution for 1 hr at room temperature. Embryos were washed 

three times in 1X PBST for 5 min each. DNA was labelled with Hoechst 33258 (1:1000, 

Molecular Probes) for 5 min in the second 1X PBST wash. Finally, embryos were mounted 

in Slow fade Gold antifade (Molecular Probes).  

https://paperpile.com/c/a1gJCX/IA5J
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2.8 Analysis 

2.8.1 Quantification of mean fluorescence intensity from immunostainings 

 

The imaging of fixed control and mutant embryos immunostained with antibodies 

against GRAF along with Dlg and Zipper along with Dlg was carried out on the Leica SP8 

confocal microscope at the same laser power and gain settings. To estimate the mean 

fluorescence intensity of GRAF and Zipper from immunostaining, a single optical section 

from the Z-stack containing the brightest intensity at the furrow tip was chosen. 

Fluorescence intensity was obtained in this section by drawing ROIs using the segmented 

line tool around the ring to get the average intensity using Fiji software 

(http://fiji.sc/wiki/index.php/Fiji) (Rueden et al., 2017). The ring intensity obtained was 

divided by the cytosol intensity obtained from a large square ROI in the apical most region 

above the nuclei from the same image. This membrane to cytosol ratio for GRAF antibody 

fluorescence in control embryos, GrafCR57, GRAF-OE and Zipper antibody fluorescence 

in control and GrafCR57 was plotted for different stages of cellularization. 

2.8.2 Quantification of mean fluorescence intensity from live-imaging 

 

Live imaging of Sqh-mCherry expressing embryos in various genotypes was used 

to quantify fluorescence intensity change during the last five time points in late 

cellularization. To estimate these changes quantitatively across all genotypes, images 

were obtained with sum intensity per pixel across the Z-axis from a total of five stacks: 

two stacks above and two stacks below of the brightest section at the furrow tip covering 

a depth of 4 μm in late cellularization. The mean ring intensity per pixel was extracted by 

drawing a segmented ROI on the ring. The inter-ring intensity per pixel was extracted by 

drawing an ROI in between adjacent rings that had reduced Sqh-mCherry intensity. The 

ring intensity per pixel was expressed as a ratio to interring intensity per pixel. Finally, the 

normalized intensity of the ring was shown as a scatter plot.  

 

http://fiji.sc/wiki/index.php/Fiji
https://paperpile.com/c/a1gJCX/WNAy
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2.8.3 Quantification of the contractile ring area  

 

Live movies from embryos expressing Sqh-mCherry of different genotypes were 

used to quantify contractile ring area. Sqh-mCherry fluorescence images containing sum 

intensity were obtained across 5 optical sections at the base of the furrow with the 

brightest section in the middle. 5-10 rings were marked manually using a polygon tool in 

these images and the area was computed in ImageJ. The mean+s.d. for the area was 

computed and plotted with time using Graphpad Prism 5.0. 

2.8.4 Quantification of furrow membrane length 

 

Sqh-mCherry fluorescence was used to identify furrow tips during cellularization. 

Membrane length was measured using the ImageJ line tool every 2 mins in (5 furrow 

lengths per time point were recorded in each embryo). These lengths were plotted against 

time as a scatter plot using Graphpad Prism 5.0.  

5.2 Results 

5.2.1 GRAF overexpression driven loss of contractility is suppressed by an 

additional increase of RhoGEF2 

 

 The RhoGAP domain of GRAF is crucial for regulating ring constriction during 

cellularization. Delay in Myosin II recruitment and loss of contractility was seen in GRAF 

overexpression. This is likely due to decreased Rho-GTP levels resultant from increased 

RhoGTP hydrolysis via RhoGAP activity of GRAF. In contrast, hyper constriction 

phenotype on Graf depletion is likely to have occurred due to increased Rho-GTP. 

Previous reports show that the RhoGEF2 mutant causes the ring constriction inhibition 

during cellularization by lowering Rho-GTP levels (Barmchi et al., 2005; Grosshans et al., 

2005; Wenzl, Yan, Laupsien, & Großhans, 2010). GRAF overexpression, therefore, 

phenocopies the loss of RhoGEF2. Optogenetic activation of RhoGEF2 leads to 

increased constriction in early cellularization (Krueger et al., 2019) and phenocopy 

GrafCR57 mutant. Overexpression of RhoGEF2 (RhoGEF2-OE) leads to increased 

constriction of apical caps in the syncytial division cycles (Dey & Rikhy, 2020). We 

https://paperpile.com/c/a1gJCX/dC0C+RJKp+JYue
https://paperpile.com/c/a1gJCX/dC0C+RJKp+JYue
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/tHlg
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overexpressed RhoGEF2 maternally in embryos and imaged them live using Sqh-

mCherry in cellularization. Sqh-mCherry was found in patches that were more spread in 

RhoGEF2-OE embryos as compared to controls and similar to GrafCR57 mutant embryos.  

Relative levels and activity of GAP and GEF are likely to regulate the rate of contractility 

(Mason et al., 2016). Since overexpression of RhoGEF2 and GRAF are going to have 

opposing effects on levels of Rho-GTP, we tested if the constriction phenotype of 

RhoGEF2 could be inhibited by GRAF overexpression.  We found that similar to GrafCR57, 

overexpression of RhoGEF2 also caused ring hyper constriction as compared to controls 

in cellularization (Figure 5.1A,C). One possible way to rescue GRAF overexpression is 

RhoGEF2 overexpression, which leads to increased Rho-GTP levels. We further tested 

if overexpression of RhoGEF2 could be inhibited by GRAF overexpression. We found 

that the ring constriction dynamics in GRAF-OE; RhoGEF2-OE was similar to controls 

(Figure 5.1A,C). The phenotypes of ring inhibition in GRAF-OE and hyper constriction in 

RhoGEF2-OE were suppressed in GRAF-OE; RhoGEF2-OE embryos (Figure 5.1A,C). 

This suppression was also seen in actin architecture in fixed GRAF-OE; RhoGEF2-OE 

embryos stained with phalloidin (Figure 5.1B). It is interesting to note that GRAF-OE 

embryos stained for phalloidin show a change from the polygonal F-actin organization at 

the furrow tip to the circular ring stage but do not show ring constriction. RhoGEF2-OE 

embryos showed an increase in Sqh-mCherry at the ring relative to the inter-ring in late 

cellularization as compared to controls. This increase was suppressed in the GRAF-OE; 

RhoGEF2-OE combination (Figure 5.1D).  It is therefore likely that Rho-GTP levels were 

increased to an appropriate level in GRAF-OE; RhoGEF2-OE embryos to cause ring 

constriction at a level similar to controls, thereby restoring the rate of constriction similar 

to controls. 

https://paperpile.com/c/a1gJCX/WyE4
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Figure 5.1: GRAF overexpression driven loss of ring constriction is suppressed by RhoGEF2 

overexpression in cellularization.  
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(A) The increased constriction seen in RhoGEF2-OE embryos is suppressed in GRAF-OE similar to 

controls when imaged live with Sqh-mCherry (grey)(yellow arrowhead marks furrow tip in sagittal sections, 

white arrowhead marks Sqh-mCherry foci in RhoGEF2-OE) and (B) when stained with phalloidin (B, GRAF-

OE 100% show loss of constriction n=50 embryos, RhoGEF2-OE 96.15% show enhanced constriction n=52 

embryos, GRAF-OE; RhoGEF2-OE 57.69% show constriction comparable to controls n=52 embryos). (C) 

Quantification of contractile ring area from Sqh-mCherry shows a decreased area in RhoGEF2-OE, an 

increased area in GRAF-OE and normal area in GRAF-OE; RhoGEF2-OE as compared to controls (n=15 

rings, 5 rings per embryo, 3 embryos) (control values were repeated from Figure 4.3 and GRAF-OE values 

were repeated from Figure 4.5 for comparison). Data is represented as mean±s.d. ***P<0.001, One-way 

ANOVA, Repeated measure with Dunnett’s multiple comparison test, the GRAF-OE, RhoGEF2-OE is 

statistically different from controls and GRAF-OE; RhoGEF2-OE. (D) Quantification of Sqh-mCherry in late 

cellularization in RhoGEF2-OE shows increased intensity as compared to controls and GRAF-OE; 

RhoGEF2-OE shows Sqh-mCherry intensity a reduced intensity as compared to RhoGEF2-OE and is 

similar to controls (control and GRAF-OE values were repeated from Figure 4.7 for comparison) (n=75 

rings, 5 rings per time point, 5 time points, 3 embryos each). Data is represented as mean±s.d. ns, non-

significant ***P<0.001, two-tailed Mann-Whitney test. Scale bars: 5 µm 

5.2.2 GRAF depletion induced hypercontractility in cellularization is suppressed by 

additional depletion of RhoGEF2 

 

RhoGEF2 mutant leads to shortened furrow length and cap expansion in the 

syncytial division cycles. In contrast, overexpression of RhoGEF2 overexpression leads 

to constricted apical caps in the syncytial division cycles (Dey & Rikhy, 2020). RhoGEF2 

depletion is known to inhibit ring constriction during cellularization by inhibiting the levels 

of Rho-GTP (Barmchi et al., 2005; Grosshans et al., 2005; Wenzl, Yan, Laupsien, & 

Großhans, 2010). We depleted RhoGEF2 by driving maternal expression of RNAi against 

RhoGEF2 (RhoGEF2i) to visualize furrow length and ring dynamics with Sqh-mCherry in 

cellularization. RhoGEF2i expressing embryos showed polygonal organization in mid 

cellularization and this phenotype was similar to GRAF overexpression. The previous 

report suggests that RhoGEF2i expressing embryos showed loss of constriction in 

cellularization (Figure 5.2A) (Barmchi et al., 2005; Wenzl, Yan, Laupsien, & Großhans, 

2010). Sqh-mCherry fluorescence was present in a polygonal shape and appeared 

diffuse at the furrow tip in cellularization. In our previous study, quantification of Sqh-

mCherry and Zipper in RhoGEF2i embryos shows a loss of membrane signal in syncytial 

https://paperpile.com/c/a1gJCX/tHlg
https://paperpile.com/c/a1gJCX/dC0C+RJKp+JYue
https://paperpile.com/c/a1gJCX/dC0C+RJKp+JYue
https://paperpile.com/c/a1gJCX/RJKp+dC0C
https://paperpile.com/c/a1gJCX/RJKp+dC0C
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division cycles (Dey & Rikhy, 2020). Both RhoGEF2i and GrafCR57 show antagonistic 

constriction defects; this combination can be tested to check whether defects can be 

rescued. The GrafCR57; RhoGEF2i combination showed ring constriction similar to control 

embryos in early and mid cellularization (Figure 5.2A,C). This combination showed better 

recruitment of Sqh-mCherry similar to control embryos in early and mid cellularization 

(Figure 5.2A,C). The GrafCR57; RhoGEF2i was shown to suppress the hypercontractility 

defect of GrafCR57 in late cellularization (35-45 min, Figure 5.2C) even though this was not 

completely suppressed when compared to controls. RhoGEF2i embryos showed reduced 

Sqh-mCherry fluorescence in the ring relative to the inter-ring region as compared to 

controls in late cellularization. GrafCR57; RhoGEF2i embryos showed a decrease in Sqh-

mCherry levels as compared to GrafCR57 even though it remained higher than controls 

(Figure 5.2D). The suppression of hyper constriction and ring expansion seen in GrafCR57; 

RhoGEF2i is also observed in fixed Grafi; RhoGEF2i embryos stained with fluorescent 

phalloidin (Figure 5.2B). The suppression of ring constriction in the GrafCR57; RhoGEF2i 

and Grafi; RhoGEF2i combinations is likely due to restoration of Rho-GTP levels similar 

to control embryos. Finally, balanced Rho-GTP levels result in ring constriction regulation 

to the same extent as in control embryos.  

This suggests that Rho-GTP was indeed present in RhoGEF2 depleted embryos. It is 

also possible that RhoGEF2 inhibition was incomplete in RhoGEF2i embryos or another 

RhoGEF2 compensated Rho-GTP levels to balance the lack of RhoGTPase activity in 

GrafCR57 mutants.  

https://paperpile.com/c/a1gJCX/tHlg
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Figure 5.2: GrafCR57 hyper constriction phenotype is suppressed by RhoGEF2 depletion. 
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(A) GrafCR57 shows hyper constriction, RhoGEF2i shows loss of constriction and GrafCR57; RhoGEF2i 

combinations shows ring sizes comparable to control embryos when imaged live with Sqh-mCherry (grey) 

(yellow arrowhead denotes furrow tip). (B) Grafi shows hyper constriction, RhoGEF2i shows loss of 

constriction and Grafi; RhoGEF2i combination shows ring sizes comparable to control embryos when 

stained with fluorescent phalloidin (B, Grafi 95.71% show enhanced ring constriction n=70, RhoGEF2i 

78.5% show loss of constriction n=14, Grafi; RhoGEF2i 57.14%, rings comparable to controls n=21).(C) 

Quantification of contractile ring area from Sqh-mCherry expressing embryos shows decreased area in 

GrafCR57, increased area in RhoGEF2i and rescued area in GrafCR57 ; RhoGEF2i (n=15 rings, 5 rings per 

embryo, 3 embryos) (control values were repeated from Figure 4.3 and GrafCR57 values were repeated from 

Figure 4.3 for comparison). Data is represented as mean±s.d. ***P<0.001 One-way ANOVA, Repeated 

measure with Dunnett’s Multiple comparison test, the GrafCR57 and RhoGEF2i  statistically different from 

controls and GrafCR57; RhoGEF2i. (D) Sqh-mCherry intensity in late cellularization in RhoGEF2i  is 

decreased as compared to controls. GrafCR57; RhoGEF2i shows a decrease in Sqh-mCherry intensity as 

compared to Graf CR57 and rescue in comparison with RhoGEF2i (control and GrafCR57 values were repeated 

from Figure 4.7 for comparison)(n=75 rings, 5 rings per time point, 5 time points, 3 embryos each). Data is 

represented as mean±s.d. ***P<0.001, two-tailed Mann-Whitney test. Scale bars: 5 µm 

 

5.2.3 RhoGEF2 overexpressed and depleted embryos retain GRAF protein at the 

contractile ring during cellularization 

 

RhoGEF2-OE embryos were stained with GRAF antibody along with Dlg, 

membrane marker. GRAF antibody staining in RhoGEF-OE embryos showed recruitment 

of GRAF at contractile rings in early and mid cellularization. GRAF immunostaining was 

seen at an increased level in late cellularization in RhoGEF2-OE embryos as compared 

to controls (Figure 5.3A). Immunostaining of RhoGEF2i with GRAF and Dlg antibodies 

showed that GRAF recruitment occurred at the furrow in early and mid stages of 

cellularization and was lost in the late stage similar to controls (Figure 5.3B). The furrow 

extension dynamics in RhoGEF2 depleted embryos with the slow and fast phase of 

cellularization were similar to control (Figure 5.3C). The rate of furrow extension of 

RhoGEF2-OE was decreased in the fast phase (Figure 5.3C). Although, RhoGEF2 

perturbation effect the furrow dynamics but GRAF retains at the furrow tip during 

cellularization. 
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Figure 5.3: RhoGEF2 depletion and overexpression retain GRAF recruitment. 

(A) Fixed embryos stained with GRAF and Dlg antibodies show increased staining of GRAF in nanos-Gal4; 

RhoGEF2 (RhoGEF2-OE) embryos in mid and late cellularization (100% embryos show increased GRAF 

staining as compared to controls, n=20 embryos). The furrow tip is organised as a ring in RhoGEF2-OE in 

early cellularization as compared to controls. (B) Fixed embryos stained with GRAF and Dlg antibodies 

show similar GRAF staining in nanos-Gal4; RhoGEF2 RNAi expressing embryos knockdown as compared 
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to controls (100% embryos show GRAF staining comparable to controls, n=14 embryos). The furrow tip is 

organized as a polygon in RhoGEF2i in mid and late stages as compared to rings in controls.(C) Furrow 

length is quantified from live imaging of controls, RhoGEF2i and RhoGEF2-OE embryos. RhoGEF2i shows 

similar dynamics or furrow extension as compared to controls. RhoGEF2-OE shows a significantly shorter 

length compared to controls in the slow phase and the fast phase. The final furrow length at 45 min remains 

significantly shorter than controls. Data is represented as mean±s.d. ***P<0.001 One-way ANOVA, 

Repeated Measure with Dunnett’s Multiple comparison test, Rho-GEF2-OE is statistically different from 

controls and RhoGEF2i. Scale bars: 5 µm  

5.2.4 Hyper constriction defects in MBS depleted embryos are suppressed by 

GRAF overexpression 

 

Rho-kinase is known to phosphorylate and deactivate Myosin II phosphatase 

(Amano et al., 2010; Kimura et al., 1996; T. Mizuno et al., 1999). Mutants of the Myosin 

II binding subunit (MBS) of Myosin II phosphatase were unable to execute Myosin II 

deactivation (Tomoaki Mizuno et al., 2002; Tan et al., 2003). We maternally expressed 

RNAi against MBS (mbsi) and stained embryos with phalloidin to check ring architecture. 

We found that mbsi expression is likely to increase Myosin II activation in cellularization. 

As expected, mbsi expression leads to hyper constriction of the ring at the furrow 

throughout cellularization (Figure 5.4). The hyper constriction phenotype in mbsi 

expressing embryos was suppressed by GRAF overexpression. 

 

 

 

https://paperpile.com/c/a1gJCX/vFhH+KG6w+dKU2
https://paperpile.com/c/a1gJCX/OlU1+LE5k
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Figure 5.4: GRAF overexpression suppresses the hyper constriction phenotype in MBS depleted 

embryos. 

Embryos stained with fluorescently coupled phalloidin show enhanced constriction in nanos-Gal4, MBS 

RNAi (mbsi) embryos (100% show constriction, n=36 embryos). The mbsi; GRAF-OE combination shows 

suppression (60% show constriction similar to controls, n=10 embryos) of the hyper constriction defects 

seen in mbsi embryos. Scale bars: 5 µm 

5.2.5 GRAF depletion induced hypercontractility in cellularization is lost by 

additional depletion of ROK 

 

Myosin II levels were sustained at the furrow in GrafCR57 mutant embryos. 

Drosophila Rho Kinase (Rok) activates Myosin II by phosphorylation in a Rho-GTP 

dependent manner (Chougule et al., 2016; Xue & Sokac, 2016). We depleted Rho-kinase 

in order to test if activated Myosin II was responsible for the hypercontractility phenotype 

in GrafCR57 embryos. Rho-kinase maternal depletion was achieved using RNAi against 

ROK (roki) along with Sqh-mCherry in the background of control and GrafCR57 embryos. 

As expected, roki expressing embryos showed a diffused signal of Sqh-mCherry with loss 

of ring constriction, having a larger ring area than control embryos in cellularization 

(Figure 5.5 A, B). The roki expression in the background of GrafCR57 shows a diffused 

https://paperpile.com/c/a1gJCX/npK0+z9W4
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distribution of Sqh-mCherry similar to roki embryos.  The combination of GrafCR57; roki led 

to a loss of hyper-constriction phenotype seen in GrafCR57 embryos (Figure 5.5A,B). Rho-

GTP was likely to be unaffected in roki mutant embryos as ROK acts downstream of Rho-

GTP. It is interesting to note that the ring area in the GrafCR57; roki combination mutant 

embryos were significantly higher as compared to controls due to the absence of active 

Myosin II. 

 

The Sqh-mCherry intensity in the ring compared to the inter-ring in both roki and 

GrafCR57; roki was decreased as compared to controls (Figure 5.5C). The suppression of 

the Graf mutant phenotype of hyper constriction with Rok depletion shows that Myosin II 

activation is a cause of the phenotype. Myosin II activation is a necessary step to execute 

ring constriction in cellularization.  
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Figure 5.5: The hyper constriction phenotype of GrafCR57 embryos is suppressed by additional 

depletion of Rok 

(A) GrafCR57 shows hyper constricted contractile rings, roki shows loss of ring constriction and the 

GrafCR57;roki combination shows suppression of the hyper constriction phenotype seen in GrafCR57 when 

imaged live with Sqh-mCherry (grey) (yellow arrowhead denotes furrow tip). (B) Quantification of contractile 

ring area from Sqh-mCherry embryos shows a decreased area in GrafCR57, an increased area in roki and 

increased area in GrafCR57;roki compared to controls (n=15 rings, 5 per embryo, 3 embryos) (control values 

were repeated from Figure 3 and GrafCR57  values were repeated from Figure 4.3 for comparison). Data is 

represented as mean±s.d. ***P<0.001 One-way ANOVA, Repeated measure with Dunnett’s multiple 

comparison test, the GrafCR57, roki and GrafCR57;roki ring area are statistically different from controls. (C) 

Quantification of Sqh-mCherry intensity in late cellularization in roki and GrafCR57;roki shows decreased 

intensity in comparison to controls (control and GrafCR57 values were repeated from Figure 4.7 for 

comparison) (n=75 rings, 5 rings per time point, 5 time points, 3 embryos each). Data is represented as 

mean±s.d. ns, non-significant ***P<0.001, two-tailed Mann-Whitney test. Scale bars: 5 µm 

5.2.6 GRAF is a bonafide Rho-GAP protein that acts as a negative regulator for 

constriction during cellularization 

 

The spatial pattern of GRAF recruitment varies with the dynamics of the 

actomyosin network. GRAF localizes precisely to the furrow tip in early cellularization, 

increases in mid cellularization and finally becomes cytoplasmic at late stages (Figure 

5.6). Graf depletion showing pre-mature and hyper constriction defects are caused by 

inhibition of Rho-GTPase hydrolysis resulting in increased Rho-GTP levels. This 

increased Rho-GTP levels, in turn, activate Myosin II which is essential for ring 

constriction. In contrast, ROK depletion, which inactivates Myosin II, in Graf depletion 

background shows expanded rings due to inhibition of constriction (Figure 5.6) (Sharma 

& Rikhy, 2021). This suggests that the constriction process is dependent on Myosin II 

activity. In summary, our findings show that the RhoGEF activity of RhoGEF2 and the 

RhoGAP activity of Graf is required to maintain appropriate levels of Rho-GTP for 

activation of Myosin II for ring constriction during cellularization. 

 

https://paperpile.com/c/a1gJCX/2ePi
https://paperpile.com/c/a1gJCX/2ePi
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Figure 5.6: GRAF is a bonafide Rho-GAP protein that requires Myosin II activity for constriction 

during cellularization. Schematic shows that GRAF plays a role in regulating Rho-GTP levels as a 

RhoGAP. GRAF is uniformly present at the contractile ring during mid stage and becomes cytosolic in late 

stages to drive the contraction process. Graf depletion shows a hyper constriction phenotype and Rok 

depletion suppresses the hyper constriction phenotype seen in Graf mutant embryos. Graf mutant embryos 

show Myosin II accumulation at the ring in mid and late cellularization and in the inter ring region in mid 

cellularization.   

5.3 Conclusion and discussion 

 

In this study, we have shown that the GRAF inhibits ring constriction dependent 

on Myosin II activity at the furrow during cellularization. Myosin II activity is regulated by 

Rho-GTP generated in Rho GDP-GTP cycling. This Rho-GTP cycling is therefore 

regulated in a spatiotemporal manner by RhoGEF2 and RhoGAP domain of GRAF during 

cellularization. This further suggests that an increase in Rho-GTP levels leads to hyper 

constriction of the contractile ring. Moreover, RhoGEF2 overexpression does not affect 

the recruitment of GRAF on the furrow. This suggests that GRAF recruitment is 

independent of perturbation in RhoGEF2 levels. RhoGEF2 and Myosin II inactivation in 

Rok depletion suppresses the hypercontractility phenotype in Graf mutant embryos. 
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Taken together, our study shows that spatiotemporal recruitment of GRAF might be 

required for fine-tuning of RhoA activity which ensures regulated constriction events 

during various stages of cellularization.  

 

GRAF functions in clathrin-independent endocytosis of the EGFR receptor in 

hematopoiesis in Drosophila  (Kim et al., 2017). GRAF1 is associated with small G-protein 

Cdc42 to carry out clathrin independent endocytosis (Lundmark et al., 2008). The small 

GTPase Arf1 recruits the human homologue of GRAF, ArhGAP10 which is required in 

clathrin independent endocytosis of GPI anchored proteins (Kumari & Mayor, 2008). In 

Drosophila, Arf1 is activated by Steppke (ArfGEF). Steppke is enriched at the furrow tip 

during early cellularization and induces local endocytosis leading to restricted actomyosin 

activity. Interestingly, Steppke mediated endocytosis at the leading edge of the 

cellularization furrow plays a role in limiting Rho1 activity. Depletion of Drosophila ArfGEF, 

steppke shows decreased endocytosis driven tubule formation at the furrow and 

enhanced Rho1 induced hyper constriction in cellularization (D. M. Lee & Harris, 2013). 

The steppke mutant partially phenocopies Graf defect, giving rise to reduced endocytosis 

with enhanced actomyosin activity via Rho1 activation. Thus, it provides the clue that 

ArfGEF might be important in the recruitment of GRAF in Drosophila cellularization. Even 

though GRAF has been found to play a role in endocytosis in other systems, GRAF 

staining did not mark vesicles during cellularization. However, it is possible that GRAF 

and ArfGEF work either in the same or independent pathways to regulate endocytic 

processes at the furrow and in turn regulate Rho1 activity during constriction. 

  

Surprisingly, homozygous GrafCR57 mutant flies are viable. The other homozygous 

Graf1 mutant generated with an imprecise P-element excision strategy is also viable (Kim 

et al., 2017). Although in our study, the GrafCR57 mutant adults show sterility defects. This 

suggests that there could be other RhoGAP domain containing proteins that regulate 

RhoA-GTP levels in the absence of GRAF in cellularization. RhoGAP92B is another 

uncharacterised BAR, RhoGAP and SH3 domain containing protein expressed in early 

embryogenesis (Contrino et al., 2012). Whether it contributes to the regulation of RhoA-

GTP levels remains to be ascertained. RhoGAP containing protein CGAP is required for 

https://paperpile.com/c/a1gJCX/Tk9h
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/rUam
https://paperpile.com/c/a1gJCX/Nljr
https://paperpile.com/c/a1gJCX/Tk9h
https://paperpile.com/c/a1gJCX/Tk9h
https://paperpile.com/c/a1gJCX/9oyo
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RhoA-GTP cycling to produce Myosin II pulses for apical constriction during gastrulation 

in Drosophila.  CGAP mutant embryos also show hyper constriction during cellularization 

which phenocopies Graf defects (Mason et al., 2016). In addition, RhoGAP68F is also 

required for coordinated apical constriction during gastrulation (Sanny et al., 2006). It is 

likely that GRAF, RhoGAP92B, CGAP and RhoGAP68F together regulate ring 

constriction during cellularization and apical constriction during gastrulation. Therefore, 

even if one of the proteins is absent, cellularization is likely to continue normally due to 

the redundancy in the RhoGAP function. It is possible that C-GAP protein depletion in 

Graf mutant embryos may enhance the phenotype of hyper constriction seen in 

cellularization. This redundancy of function in the RhoGAP proteins appears as a general 

feature and is seen in many organisms. RGA3 and RGA4 are examples of two RhoGAP 

proteins which regulate RhoA activity in early embryogenesis in C. elegans (Schmutz et 

al., 2007). In order to dissect redundancy, screening could be performed with perturbed 

levels of RhoGEF2 and RhoGAP proteins in Graf depletion background, to check for 

enhancers or repressors contributing towards constriction defects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/a1gJCX/WyE4
https://paperpile.com/c/a1gJCX/pS9J
https://paperpile.com/c/a1gJCX/CQ8W
https://paperpile.com/c/a1gJCX/CQ8W
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CHAPTER 6 

GRAF domain function in contractility and recruitment of 

protein at the contractile ring during cellularization 

 

 

6.1 Introduction 

 

GRAF is a multidomain protein containing N-terminal BAR, PH, RhoGAP and C-

terminal SH3 domains (Lundmark et al., 2008). Originally this molecule was identified with 

RhoGAP domain which influences the GTPase activity of RhoA and the SH3 domain 

which binds to the C-terminal domain of FAK. The members of the GRAF protein family 

are ArhGAP42/GRAF3 (Bai et al., 2013), ArhGAP26/GRAF (Hildebrand et al., 1996), 

ArhGAP10/GRAF2/ PSGAP (X. R. Ren et al., 2001; Shibata et al., 2001), Oligophrenin-

1 (Billuart et al., 1998) and others. All members of this protein family are RhoGAPs 

consisting of BAR-PH and C-terminal SH3 domains, with the exception of Oligophrenin-

1 (OPHN1) protein related to X-linked mental retardation, in which the SH3 domain is 

absent (Billuart et al., 1998). GRAF gene in other organisms such as Drosophila (Dm 

Graf, CG8948) and C. elegans (T04C9.1) also share similar domains.  

 

The BAR domain of GRAF1 functions in sculpting the membrane, as is evidenced 

by its labelling of tubular and punctate structures in NIH 3T3 and HeLa cells. Mutation of 

specific residues in the BAR domain (KK131/132EE) results in the loss of its affinity to 

bind membranes, becoming cytoplasmic in cells (Lundmark et al., 2008).  Lipid bending 

is compromised in BAR domain deletion and mutation in specific residues within the BAR 

domain (K121E/K131E/K132E). Cells carrying this deletion or mutation show a dramatic 

reduction in the induction of multinucleated myotubes. Thus, membrane bending or 

sculpting depending on the BAR domain is specifically required for myoblast fusion (J. T. 

Doherty et al., 2011).  

 

https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/nVbo
https://paperpile.com/c/a1gJCX/WpGM
https://paperpile.com/c/a1gJCX/VICn+0dKq
https://paperpile.com/c/a1gJCX/kqav
https://paperpile.com/c/a1gJCX/kqav
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/mGY2
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ArhGAP42 BAR domain shows an autoinhibitory role towards the GAP activity. As 

revealed by studies in which expression of BAR domain deletion resulting in decreased 

active RhoA levels and increased stress fibers, focal adhesion dynamics and cell 

migration (Luo et al., 2017). In vitro and in vivo studies show that BAR domain deletion 

leads to lowered Rho-GTP levels. This suggests that the BAR domain is inhibitory 

towards the Rho-GAP domain (Eberth et al., 2009; Luo et al., 2017). Similarly, the GAP 

domain also shows an autoinhibitory function to the BAR-PH domain. When the 

ArhGAP42 GAP domain is deleted, it results in enhanced tubulovesicular membrane 

formation in vitro and membrane tubulation in cells (Luo et al., 2017). OPHN1 and GRAF1 

(GRAF subfamily) BAR domains show an intramolecular interaction towards the GAP 

domain, masking it to suppress the GAP activity. GRAF proteins in their inhibited state, 

are able to bind and generate lipid tubules in vitro and in vivo. Thus, the BAR domain 

plays a dual role in membrane binding and regulation of GAP activity (Eberth et al., 2009). 

 

In vitro studies show that GRAF1 BAR and PH domains localize specifically to 

PI(4,5)P2-enriched, tubular lipid structures (Lundmark et al., 2008). Clathrin-independent 

endocytosis requires BAR and PH domains of GRAF1 that remodel membranes to 

generate or stabilize endocytic tubules in vivo.  BAR and PH domains of GRAF1 are 

sufficient to mediate membrane binding resulting in a reduction of surface tension (G. J. 

Doherty & Lundmark, 2009; J. T. Doherty et al., 2011; Lundmark et al., 2008). The purified 

PH domain of GRAF1 shows weak interaction with PS or PI(4,5)P2-enriched liposomes, 

suggesting that BAR and PH domain both form a combined lipid interacting structural unit 

that facilitates efficient binding to the membrane. Positive ridge and hydrophobic amino 

acids in the GRAF1 PH domain contributes towards membrane binding, which was shown 

by mutating residues in the positive ridge (K277E/R278Q) and hydrophobic amino acids 

(F280 and F303 to alanines) in cells and in vitro. GRAF1 PH domain residue 

(K277E/R278Q) and GAP-domain (R412D) mutant show increased stress fibers. Thus, 

the dual activity of BAR and PH domain is required for membrane recruitment of GRAF1 

protein which suppresses membrane blebbing to spatially regulate GAP activity (Holst et 

al., 2017).  

 

https://paperpile.com/c/a1gJCX/XdR5
https://paperpile.com/c/a1gJCX/4ERt+XdR5
https://paperpile.com/c/a1gJCX/XdR5
https://paperpile.com/c/a1gJCX/4ERt
https://paperpile.com/c/a1gJCX/3qHI
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pleckstrin-homology-domain
https://paperpile.com/c/a1gJCX/PRTr+mGY2+3qHI
https://paperpile.com/c/a1gJCX/PRTr+mGY2+3qHI
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alanine
https://paperpile.com/c/a1gJCX/9RgQ
https://paperpile.com/c/a1gJCX/9RgQ
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GRAF overexpression phenocopies the microinjection of C3 exoenzyme (rho 

inhibitor) showing reduced Rho activity giving rise to filopodia-like extensions in growing 

cells (J. M. Taylor et al., 1998, 1999).  In vitro assay of ArhGAP42 demonstrates GTPase 

activity towards RhoA and cdc42 but not Rac1, similar to other members of the GRAF 

RhoGAP family (Billuart et al., 1998; Hildebrand et al., 1996; X. R. Ren et al., 2001). Graf 

deficient mice show increased Rho-GTP levels and enhanced Myosin II foci in isolated 

blood vessels (Bai et al., 2013). RhoGAP domain specifically regulates the GTPase 

activity of RhoA. In addition, GRAF1 GAP activity which limits RhoA regulates induction 

of skeletal muscle differentiation (J. T. Doherty et al., 2011). 

 

GRAF1 SH3 domain is shown to bind the Dynamin1 purified from brain cytosol 

and HeLa cell lysates. The SH3 C-terminally deleted GRAF1 gets recruited on long static 

tubules which shows that Dynamin and GRAF1 interact to regulate the scission and 

stability of these tubules (Lundmark et al., 2008). GRAF SH3 mediated protein 

interactions are needed for inducing skeletal muscle differentiation as shown by 

decreased tropomyosin expression in the SH3 domain (E719Q) mutant (Hildebrand et 

al., 1996). ArhGAP42 (human GRAF) acts as a regulator of cytoskeletal dynamics and 

cell adhesion where the SH3 domain was necessary for protein recruitment to actin stress 

fibers and focal adhesions (Luo et al., 2017). It is possible that the SH3 domain binds 

indirectly to actin filaments through bridging proteins, such as targeting of srGAP2 to actin 

via formin-like protein 1 (FMNL1) (Mason et al., 2011).  

 

We assessed the role of GRAF domain deletions on contractile ring formation in 

Drosophila cellularization. We found that GRAF domain deletion affects GRAF protein 

recruitment and dissociation from the ring during cellularization. 

6.2 Material and methods 

6.2.1 Drosophila stocks  

Fly stocks and crosses were maintained in regular cornmeal agar. The detailed 

genotypes, stock numbers and source of stocks are a part of Table 6.1.  

https://paperpile.com/c/a1gJCX/WSt6+KZgf
https://paperpile.com/c/a1gJCX/kqav+VICn+WpGM
https://paperpile.com/c/a1gJCX/nVbo
https://paperpile.com/c/a1gJCX/mGY2
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/WpGM
https://paperpile.com/c/a1gJCX/WpGM
https://paperpile.com/c/a1gJCX/XdR5
https://paperpile.com/c/a1gJCX/RiDS
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Stock Genotype Source/Reference 

1 y[1] sc[*] v[1] GRAF[CR57]/FM7a;mat67Sqh-

mCherry/cyo 

This study 

2 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF 

EGFP G1] attp40/cyo 

This study 

3 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[pUASp GRAF 

ΔRhoGAP-EGFP] attp40/cyo  

This study 

4 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp-GRAF 

ΔBAR- GFP] attp40/cyo 

This study 

5 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp-GRAF 

ΔPH-GFP P1] attp40/cyo 

This study 

6 y[1] sc[*] v[1] GRAF[CR57]/FM7a; p[UASp-GRAF 

ΔSH3- GFP] attp40/cyo 

This study 

Table 6.1: Drosophila stocks and their source 

6.2.2 Live imaging of Drosophila embryos 

 

For live imaging, 2-2.5 hrs embryos were collected on sucrose agar plates and 

dechorionated with 100% bleach for 1 min and mounted on 2 well coverslip bottom Labtek 

chambers. Mounted embryos were filled with 1X PBS (Manos Mavrakis et al., 2008) and 

imaged using 40X/1.4NA oil objective on Zeiss or Leica SP8 microscope with a frame 

rate of 1.74s/frame and 2s/frame respectively. 

6.2.3 Quantification of mean fluorescence intensity from live-imaging 

 

Inter-ring Sqh-mCherry intensity during mid stages  

Live imaging of embryos containing different genotypes (GrafCR57, GrafCR57;GRAF 

-GFP, GrafCR57;GRAFΔBAR-GFP, GrafCR57;GRAFΔPH-GFP, GrafCR57;GRAFΔRhoGAP-

GFP and GrafCR57;GRAFΔSH3-GFP) were used to quantify the Sqh-mCherry intensity in 

https://paperpile.com/c/a1gJCX/IA5J
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interring region during mid stages (13µm). To estimate these changes quantitatively 

across all genotypes, images were obtained with sum intensity per pixel across the Z-axis 

from a total of five stacks: two stacks above and two stacks below of the brightest section 

at the furrow tip covering a depth of 4 μm by taking five time points during the mid 

cellularization. The mean ring intensity per pixel was extracted by drawing a segmented 

ROI on the ring. The inter-ring intensity per pixel was extracted by drawing an ROI in 

between adjacent rings that had increased Sqh-mCherry intensity. The inter-ring intensity 

per pixel was expressed as a ratio to ring intensity per pixel (mean ring intensity 

subtracted cytosol intensity). Finally, the normalized intensity of the ring was shown as a 

scatter plot. 

 

Ring Sqh-mCherry intensity during late stages 

Live imaging of embryos containing different genotypes (GrafCR57, GrafCR57; GRAF-

GFP, GrafCR57;GRAFΔBAR-GFP, GrafCR57;GRAFΔPH-GFP, GrafCR57;GRAF ΔRhoGAP-

GFP and GrafCR57;GRAFΔSH3-GFP) were used to quantify the Sqh-mCherry intensity at 

rings during late stages (30µm). To estimate these changes quantitatively across all 

genotypes, images were obtained with sum intensity per pixel across the Z-axis from a 

total of five stacks: two stacks above and two stacks below of the brightest section at the 

furrow tip covering a depth of 4 μm in late cellularization. The mean ring intensity per pixel 

was extracted by drawing a segmented ROI on the ring. The inter-ring intensity per pixel 

was extracted by drawing an ROI in between adjacent rings that had reduced Sqh-

mCherry intensity. The ring intensity per pixel was expressed as a ratio to interring 

intensity per pixel. Finally, the normalized intensity of the ring was shown as a scatter 

plot.  

 

GRAF domain deletions intensity during mid and late stages 

Live imaging of embryos containing different genotypes (GrafCR57;GRAF-GFP, 

GrafCR57;GRAFΔBAR-GFP, GrafCR57;GRAFΔPH-GFP, GrafCR57;GRAFΔRhoGAP-GFP 

and GrafCR57;GRAFΔSH3-GFP) were used to quantify the GFP fluorescence intensity 

change during mid (13µm) and late stages (30µm). Images with Z projection of sum 

intensity were obtained from two stacks above and two stacks below of the brightest 
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section at the furrow tip covering a depth of 4 μm. ROIs across the furrow tip from 5 or 10 

rings were drawn in these images for each time point to obtain the mean signal intensity. 

The mean intensity obtained at each time point was represented as a ratio to the cytosolic 

mean fluorescence value obtained across cellularization within each embryo and finally 

plotted as a ‘normalized intensity vs stages’. 

6.3 Result 

6.3.1 GRAF BAR, PH, RhoGAP and SH3 domains are necessary for regulation of 

ring constriction during cellularization. 

In order to dissect the function of GRAF’s domains in regulating actomyosin ring 

constriction, we generated fluorescently tagged GRAF transgenes lacking individual 

domains in the protein. These domains are expressed with UAS elements using maternal 

gal4 in the background of GrafCR57 mutant. In the mutant background, embryos expressing 

GFP tagged domain deletion protein are used for live imaging along with Sqh-mCherry, 

which marks the actomyosin ring during cellularization.  

GrafCR57 shows hypercontractility defect during cellularization when compared to 

control, as shown earlier. We expressed GRAF-GFP full-length protein in GrafCR57 

background, GrafCR57; GRAF-GFP, which rescued the hypercontractility defect. In 

contrast, expressing GrafCR57; GRAF△RhoGAP-GFP, lacking the RhoGAP domain, 

retains hypercontractility when compared to GrafCR57; GRAF-GFP embryos in mid and 

late cellularization. Hence, we established that GRAF protein requires the RhoGAP 

domain to regulate contractility. We expressed the GrafCR57; GRAF△BAR-GFP and 

GrafCR57; GRAF△PH-GFP constructs with Sqh-mCherry lacking BAR and PH domains. 

These domain deletions show hyper constriction defects with 50% penetrance in the mid 

and late stages of cellularization (Figure 6.1A). We took these defective embryos for 

further ring area quantification. The quantification of mid and late cellularization stages 

were performed corresponding to the 13µm and 30µm membrane lengths. The ring area 

in GrafCR57; GRAF△RhoGAP-GFP, GrafCR57; GRAF△BAR-GFP and GrafCR57; 

GRAF△PH-GFP are significantly reduced during mid and late stages when compared to 

control (Figure 6.1B,C). 
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We maternally expressed GRAF transgene lacking the SH3 domain in the 

background of GrafCR57 mutant, GrafCR57; GRAF△SH3-GFP with Sqh-mCherry. 

Interestingly, GrafCR57; GRAF△SH3-GFP qualitatively shows hyper constriction defect 

when compared to GrafCR57; GRAF-GFP (Figure 6.1A). It results in significantly reduced 

ring area compared to GrafCR57; GRAF-GFP during mid and late cellularization (Figure 

6.1B,C). However, there is a decrease in hyper constriction defect as shown by the 

increased ring area when compared to GrafCR57. Hence, the SH3 domain of GRAF plays 

a significant role in the regulation of ring area during cellularization.  

Taken together, all domain deletions of GRAF protein show constriction defects. 

Hence, all domains are required in ring constriction during mid and late cellularization 

6.3.2 GRAF BAR, PH, RhoGAP and SH3 domain deletions lead to altered 

distribution of Myosin II in cellularization. 

Living embryos expressing GRAF lacking BAR, PH, RhoGAP and SH3 domain 

each in the GrafCR57 background along with Sqh-mCherry were used for assessing 

Myosin II recruitment analysis during mid and late stages.  Qualitatively, these domain 

deletions exhibit an enriched distribution of Sqh-mCherry between neighbouring rings 

during mid stages compared to the control and GrafCR57; GRAF-GFP (Figure 6.1A). The 

Sqh-mCherry intensity was quantified using the ratio of inter-ring intensity to the ring 

intensity during mid cellularization.  All domain deletions as well as GrafCR57 mutant 

showed a significantly increased Myosin II intensity in between the rings as compared to 

GrafCR57; GRAF-GFP during mid cellularization (Figure 6.1D). In addition to this, these 

domain deletions show retention of Sqh-mCherry signal at the rim of the ring during late 

cellularization to varying degrees (Figure 6.1A). The Sqh-mCherry intensity was 

quantified using the ratio of ring intensity to the inter-ring intensity during late 

cellularization. During late cellularization, all domain deletions as well as GrafCR57 show 

significantly higher Myosin II intensity at the rim of the rings when compared to GrafCR57; 

GRAF-GFP (Figure 6.1E). In summary, all domain deletions result in a perturbation of 

Myosin II recruitment at the furrow tip during mid and late stages. Hence, all the domains 

of GRAF likely play a role in regulating Myosin II activity during cellularization.   
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Figure 6.1: GRAF BAR, PH, RhoGAP and SH3 domains are necessary for ring constriction regulation 

via Myosin II recruitment during cellularization. 

(A) Live embryos showing contractile ring visualized using Sqh-mCherry in GrafCR57; GRAF-GFP, GrafCR57; 

GRAF△BAR-GFP, GrafCR57; GRAF△PH-GFP, GrafCR57; GRAF△RhoGAP-GFP, GrafCR57; GRAF△SH3-

GFP and GrafCR57 during mid (furrow length 13μm) and late (furrow length 30μm) cellularization. (B-C) Area 

analysis in all genotypes at (B) mid and (C) late cellularization. All the domain deletion and GrafCR57 mutants 
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show significantly reduced area when compared to GrafCR57; GRAF-GFP during mid and late stages. The 

spread-out signal in the inter ring region at mid stage and concentrated accumulation of Sqh-mCherry at 

the rings at a late stage. (D-E) Quantification of Sqh-mCherry intensity in all domain deletions show 

increased intensity during (D) mid and (E) late cellularization when compared to GrafCR57; GRAF-GFP.   

 n=75 rings, 5 rings per time point, 5 time points per embryo, 3 embryos of all genotypes. Data represented 

as mean±s.d. ***P<0.001, two-tailed Mann Whitney test. Scale bars: 5 μm. 

6.3.3 The BAR and SH3 domains are necessary for the enrichment of GRAF on the 

ring  

In order to analyse the effect of the particular domain in recruiting GRAF protein to 

the furrow tip during cellularization, we used the maternally expressed GFP tagged 

domain deletion transgenes in the GrafCR57 background. The GrafCR57; GRAF-GFP tagged 

protein gets specifically recruited at the furrow tip during cellularization. It has been 

observed previously that GRAF is enriched selectively during the transition from the 

polygonal network to the ring stage and is gradually lost from the furrow tip during late 

cellularization. In this experiment, we checked recruitment of the BAR and SH3 domain 

deletions specifically during mid and late cellularization. We observed that the 

GRAFΔBAR-GFP protein shows reduced localization to the furrow tip when compared to 

GRAF-GFP during mid cellularization. In contrast, GRAFΔBAR-GFP protein is reduced 

on the ring during late cellularization when compared to the GRAF-GFP (Figure 6.2A). 

GRAFΔBAR-GFP shows significantly reduced intensity during mid cellularization when 

compared to control (Figure 6.2B). In contrast, the intensity was not significantly different 

when compared to GrafCR57; GRAF-GFP intensity during late cellularization (Figure 6.2C).  

GRAFΔSH3-GFP protein also shows a severe reduction in localization to the 

furrow tip with much more cytosolic signal when compared to GRAF-GFP during mid 

cellularization. Qualitatively, there is no visible enrichment of the GrafCR57; GRAFΔSH3-

GFP protein on the ring relative to the cytosol and shows cytoplasmic distribution during 

mid cellularization compared to GRAF-GFP (Figure 6.2A). GRAFΔSH3-GFP shows 

significantly reduced intensity during mid and late cellularization when compared to 

control (Figure 6.2 B, C). Thus, GRAFΔSH3-GFP shows lower enrichment at the ring 

when compared to GRAFΔBAR-GFP throughout mid and late cellularization.  
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In summary, both BAR and SH3 domains of GRAF protein are crucial for the 

recruitment of the protein to the rings during mid cellularization. 

 

Figure 6.2: The BAR and SH3 domains are necessary for the GRAF on the ring.  

(A)  Distribution of the GFP tagged protein at the furrow tip in GrafCR57; GRAF-GFP, GrafCR57; GRAFΔBAR-

GFP, GrafCR57; GRAFΔSH3-GFP at mid and late cellularization. GrafCR57; GRAFΔBAR-GFP, GrafCR57; 

GRAFΔSH3-GFP show cytoplasmic signal during mid cellularization when compared to control. Scale bar: 

5um. (B-C) Quantification of enrichment of the GRP signal on the membrane relative to the cytosol at (B) 

mid and (C) late cellularization. GrafCR57; GRAFΔBAR-GFP is significantly reduced during mid stages and 
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it becomes non-significant during late stages. GrafCR57; GRAFΔSH3-GFP show reduced signal at mid and 

late cellularization. n=75 rings, 5 rings per time point, 5 time points per embryo, 3 embryos of all genotypes. 

Data represented as mean±s.d. ns, non-significant, ***P<0.001, two-tailed Mann Whitney test. 

 

6.3.4 The PH and RhoGAP domains are important for the dissociation of GRAF from 

the ring. 

In order to dissect the effect of the particular domain in dissociating GRAF protein 

from the furrow tip during cellularization, we used the maternally expressed GFP tagged 

domain deletion transgenes in the GrafCR57 background. In GrafCR57; GRAF-GFP the 

protein is enriched at the furrow tip during mid stage and then gradually dissociates during 

late cellularization. In this experiment, we checked PH and Rho-GAP domain deletion 

recruitment and its role in dissociation from the ring during mid and late cellularization. 

We observed GRAFΔPH-GFP protein showing more spread signal at the contractile ring 

when compared to GRAF-GFP during mid cellularization. In contrast, GRAFΔPH-GFP 

protein signal is retained at the ring during late cellularization when compared to the 

GrafCR57; GRAF-GFP (Figure 6.3A). GRAFΔPH-GFP shows significantly reduced 

intensity during mid cellularization when compared to control (Figure 6.3B). In contrast, 

the intensity was significantly higher when compared to GRAF-GFP intensity during late 

cellularization (Figure 6.3B).  

Similar to GRAFΔPH-GFP, we observed that GRAFΔRhoGAP-GFP protein shows 

enriched signal with intense punctae at the furrow tip when compared to GRAF-GFP 

during mid cellularization. It retains signal with punctae during late cellularization when 

compared to the GRAF-GFP (Figure 6.3A). GRAFΔRhoGAP-GFP shows significantly 

increased intensity during mid and late cellularization when compared to control (Figure 

6.3 B,C). Thus, GRAFΔRhoGAP-GFP shows higher enrichment consistently throughout 

mid and late cellularization relative to GRAF-GFP.  

In summary, both PH and Rho-GAP domains of GRAF protein are required for the 

dissociation of the protein from the furrow tip during late cellularization. 
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Figure 6.3: The PH and RhoGAP domains are important for the dissociation of GRAF from the ring. 

(A)  Distribution of the GFP tagged protein at the furrow tip in GrafCR57;GRAF-GFP, GrafCR57; GRAFΔPH-

GFP, GrafCR57;GRAFΔRhoGAP-GFP at mid and late cellularization.GrafCR57 ; GRAFΔPH-GFP, 

GrafCR57;GRAFΔRhoGAP-GFP show retained signal during late cellularization when compared to control. 

Scale bar: 5um. (B-C) Quantification of enrichment of the GRP signal on the membrane relative to the 

cytosol at (B) mid and (C) late cellularization. GrafCR57;GRAFΔPH-GFP show significantly reduced signal 

at mid cellularization and enhanced signal at late cellularization. GrafCR57;GRAFΔRhoGAP-GFP shows 

significantly enhanced signal at mid and late cellularization.  n=75 rings, 5 rings per time point, 5 time points 
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per embryo, 3 embryos of all genotypes. Data represented as mean±s.d. ***P<0.001, two-tailed Mann 

Whitney test. 

6.4 Conclusion and discussion 

The domains of GRAF are each required for restricting Myosin II dependent 

contractility. We find that the loss of each domain shows Myosin II dependent 

hypercontractility. SH3 and BAR domains of GRAF regulate its recruitment at the furrow 

tip during mid cellularization whereas RhoGAP and PH domains regulate the protein 

dissociation during late cellularization (Figure 6.4). The loss of BAR and SH3 domain 

may indirectly lead to decrease in RhoGAP activity which is required at the furrow tip 

thereby causing hyper contractility. In addition, the loss of PH and RhoGAP domains 

deletion results in increased localization at the furrow tip and hyper contractility, possibly 

due to increased RhoGAP activity. All domains rescue the hyper contractility defect as 

compared to the Graf mutant. This indicates that GRAF inhibits ring constriction 

through multiple mechanisms and not just by mechanism of the RhoGAP activity. 

The RhoGAP domain activity is likely to be important in regulating constriction 

based on the hyper constriction defect being the most severe and closer to the Graf 

mutant. The SH3 domain also seems to play a crucial role in constriction and is needed 

for the recruitment of some unknown protein interactor(s) which in turn regulate 

constriction. The BAR and PH domains play important roles in regulating ring constriction 

might function at membrane curvature or binding regions of furrow tip. Thus, GRAF multi-

domain architecture is likely to regulate its own RhoGAP activity, Myosin II activity, GRAF 

membrane recruitment and coordinate the recruitment of other contractile ring proteins 

during contractile ring formation and constriction. 
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Figure 6.4: GRAF domains are necessary for Myosin II dependent ring constriction. GRAF 

recruitment regulates Myosin II levels needed for actomyosin assembly and constriction in control embryos. 

The BAR and SH3 domains of GRAF regulate its recruitment to the furrow tip during mid stage whereas 

PH and RhoGAP domain controls the dissociation of protein during late stage 
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Lipid co-sedimentation assay of GRAF1 BAR and PH shows the highest binding 

towards PI(4,5)P2-enriched liposomes. GRAF1 PH domain mutation (K277E/R278Q) 

significantly reduced binding to PI(4,5)P2 in vitro and impaired membrane recruitment in 

Hela cells (Holst et al., 2017). These domains work together to generate and stabilize 

endocytic tubules in vivo (Lundmark et al., 2008). GRAF1 BAR domain containing point 

mutation (KK131/132EE) does not recruit to tubular membrane structures and is 

cytoplasmic. This suggests that the BAR domain is sensitive towards membrane 

curvature. The mislocalization of the protein seen in the BAR domain deletion might be 

indicative of a failure in curvature sensing at the furrow tip during cellularization.  

The phospholipid, PI(3,4,5)P2 is enriched at the base of contractile rings in the 

slow phase and its presence is important for limiting actomyosin contractility and ring 

constriction (Reversi et al., 2014). Bottleneck protein is a key regulator of actin 

organization in cellularization (Schejter & Wieschaus, 1993b). Bottleneck mutants show 

hyper constriction and sustained Myosin II recruitment at the furrow in cellularization, 

similar to GRAF mutant embryos. An increase in PI(4,5)P2  leads to a phenotype of hyper 

constriction similar to Bottleneck and GRAF mutant embryos (Reversi et al., 2014).  In 

vitro studies suggest that GRAF BAR and PH domains act as a structural unit to regulate 

membrane curvature and binding. The BAR and PH domains of GRAF show interaction 

with PI(4,5)P2 containing liposomes (G. J. Doherty & Lundmark, 2009; Holst et al., 2017; 

Lundmark et al., 2008). Thus, GRAF BAR and PH domain are likely to maintain PI(4,5)P2 

levels to regulate constriction. The 50% penetrance defects shown by the 

hypercontractility phenotype in both GrafCR57; GRAFΔBAR-GFP and GrafCR57; 

GRAFΔPH-GFP provides clues related to some compensation in absence of either 

domain. Thus, GRAF BAR and PH domain might work synergistically as reported by other 

F-BAR domain proteins. 

 

Interestingly SH3 domain deletion causes complete mislocalization of the protein 

throughout cellularization. The reason for this mislocalization is that GRAF SH3 domain 

is required for protein-protein interaction and hence contribute towards further hyper-

constriction defects. Previous studies have shown using pulldown assay that GRAF C-

terminal SH3 interacts with focal adhesion kinase which regulates cortical actin and stress 

https://paperpile.com/c/a1gJCX/9RgQ
https://paperpile.com/c/a1gJCX/3qHI
https://paperpile.com/c/a1gJCX/p1HM
https://paperpile.com/c/a1gJCX/QzWM
https://paperpile.com/c/a1gJCX/p1HM
https://paperpile.com/c/a1gJCX/9RgQ+PRTr+3qHI
https://paperpile.com/c/a1gJCX/9RgQ+PRTr+3qHI
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fibers in mammalian cells (Hildebrand et al., 1996; Luo et al., 2017). The GRAF SH3 

domain may interact with key actin regulatory proteins and regulate its recruitment to the 

ring. Graf1 SH3 domain used as bait for rat brain cytosol is shown to interact with 

Dynamin, GIT1 and FAK (J. T. Doherty et al., 2011; Häsler et al., 2020; Lundmark et al., 

2008). Thus, it is possible that Dynamin is required for the membrane recruitment of 

GRAF. Another binding partner of the SH3 domain could be actin-binding and cross-linker 

proteins which are crucial for regulating actin-dependent contractility. Depletion of one of 

the actin crosslinkers, Cheerio, causes hyper constriction defects (Krueger et al., 2019)  

which phenocopies Graf mutant. Hence, Cheerio could be a potential interactor that might 

function in GRAF recruitment. In addition, this domain shows interaction with Rab-binding 

proteins such as WDR44 and MICAL1 which allows GRAF mediated trafficking (Häsler 

et al., 2020). In summary, the recruitment defect seen in SH3 domain deletion is likely 

due to the perturbation in its interaction with a wide range of endocytic regulators, actin 

regulators and trafficking molecules. In contrast to recruitment defects, SH3 domain 

deletion provides less severe hyper constriction defects as compared to loss of the 

RhoGAP domain. This could be due to the better resistance towards hyper constriction 

contributed by the RhoGAP domain regulating Rho-GTP activity which partially rescues 

the hypercontractility defect even in the absence of the SH3 domain. 

 

In vitro studies have shown an autoinhibitory interaction between the BAR-PH and 

RhoGAP domains (Eberth et al., 2009). It is possible that in the absence of the RhoGAP 

domain, the BAR domain is released from autoinhibition to promote more stable 

recruitment of GRAF protein.  A similar effect on releasing autoinhibition of RhoGAP 

domain is likely to occur on the loss of BAR and PH domain respectively. RhoGAP domain 

deletion shows the maximum hyper constriction defect when compared to control and 

other domain deletions. So, this suggests that the function of the RhoGAP domain 

involved in regulating Rho-GTP levels, which in turn activates Myosin II, plays a 

predominant role in regulating the constriction process. 

 

This analysis suggests that the GRAF multi-domain protein is likely to have 

intramolecular interactions and autoregulation which contribute towards regulation of 

https://paperpile.com/c/a1gJCX/WpGM+XdR5
https://paperpile.com/c/a1gJCX/auzr+mGY2+3qHI
https://paperpile.com/c/a1gJCX/auzr+mGY2+3qHI
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/auzr
https://paperpile.com/c/a1gJCX/auzr
https://paperpile.com/c/a1gJCX/4ERt


162 
 

constriction through Myosin II activation. BAR and SH3 domains may act as one 

functional unit which regulates the initial recruitment to the furrow tip, acting in tandem 

with unknown interacting partners. PH and RhoGAP domains act as another functional 

unit which is necessary for the dissociation of protein from furrow tip. 
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CHAPTER 7 

 

Thesis summary and future perspectives 

 

 

 

GRAF protein recruitment is enriched from early to mid stages and becomes 

cytoplasmic during late stages of cellularization. GRAF protein function is involved in 

inhibiting ring constriction. Graf mutants give rise to hyper constriction defects that result 

in squeezing nuclei and thus are important in maintaining nuclear integrity (Figure 7.1A). 

Hyper-constriction is due to increased tension in the actomyosin network which is 

revealed by increased recoil velocity during laser ablations. GRAF-OE shows loss of 

constriction defects in all stages of cellularization. Taken altogether, Graf mutant and 

GRAF overexpression show antagonistic phenotypes leading to the conclusion that 

GRAF is a regulator of contractile machinery during the Drosophila cellularization. 

 

GRAF also regulates Dia, Anillin, Peanut levels and recruitment at the contractile 

ring (Figure 7.1B). GRAF protein shows colocalization with Myosin II and Rho-GTP during 

the early and mid stages. Rho-GTP and Myosin II signal at the furrow canal persists 

during late cellularization whereas GRAF is lost from the furrow canal. Graf depletion 

shows sustained Rho-GTP levels which causes increased Myosin II which promotes 

hypercontractility defects. This is further checked by RhoGAP domain deletion which is 

likely to have increased Rho-GTP levels giving rise to hyper constriction defects. GRAF 

is a bonafide Rho-GAP molecule acting along with RhoGEF2 to regulate Rho-GTP levels. 

Furthermore, the evidence in regulating Rho GDP-GTP cycling is provided by the 

suppression of Graf depletion hyper constriction by RhoGEF2 depletion. GRAF depletion 

along with ROK depletion shows relaxed rings and suppresses the hypercontractility 

phenotype in Graf mutant embryos. GRAF mediated contractility is dependent on Myosin 

II activation by Rho-kinase. Taken together, our study dissects the mechanism of spatio-

temporal recruitment of GRAF which is necessary to provide appropriate RhoA levels to 

execute regulated constriction during cellularization (Figure 7.1C). 
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GRAF domain analysis provides further insights into each domain’s contribution 

towards hyper constriction defects during mid and late stages. These domain deletions 

show increased Myosin II, suggesting that each domain is either directly or indirectly 

involved in regulating the Myosin II dependent constriction process. BAR and SH3 

domains are required to guide protein recruitment at the contractile ring during mid stage 

whereas PH and RhoGAP domains are crucial for the dissociation of the protein from the 

ring during the late stage (Figure 7.1D). Finally, GRAF acts as a negative regulator which 

is likely to mediate a systematic transition from contractile ring formation to ring 

constriction, regulating the precise timings of the actomyosin contraction process. 

7.1 Recruitment of GRAF: association and dissociation dynamics at the 

contractile ring 

 

RhoGEF (Pbl) is shown to bind Rho-GTPase-activating protein (RacGAP50C) of 

the centralspindlin complex and preferentially recruit at the contractile ring (Crest et al., 

2012; Somers et al., 2003).  Rho1 activation is initiated once RhoGEF2 gets recruited at 

the contractile ring. In contrast, how GRAF recruitment is temporally controlled is still 

unknown. 

 

Multi domain proteins like GRAF containing membrane binding and RhoGAP 

domains are poised to regulate RhoA-GTP levels in a highly regulated manner ― spatially 

and temporally― during an actomyosin contractility driven process. A study on dormant 

cells, demonstrated that the activation of PI3K pathway and attachment of integrin α5β1 

to fibronectin result in GRAF recruitment. In contrast, integrin α5β1 and PI3K inhibition 

lead to reduced membrane recruitment of Graf (Barrois et al, Cancer Microenviron. 2009). 

PI3K and FAK mutants may be upstream molecules which lead to GRAF recruitment 

during cellularization. Another strategy which can be employed is to find the possible 

interactors of GRAF protein using a pull down assay, which could provide the potential 

upstream molecules regulating its recruitment dynamics. 

  

GRAF BAR domain has been shown to play a role in clathrin independent 

endocytosis. The small GTPase Arf1 recruits the human homologue of GRAF, ArhGAP10 

https://paperpile.com/c/a1gJCX/47xu+Ktzm
https://paperpile.com/c/a1gJCX/47xu+Ktzm
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in clathrin independent endocytosis of GPI anchored proteins (Kumari & Mayor, 2008). 

Interestingly, endocytosis at the cellularization furrow plays a role in controlling Rho1 

activity. Mutants of ArfGEF, steppke in Drosophila are deficient in endocytosis and shows 

enhanced Rho1 induced hyper constriction phenotype in cellularization. It is possible that 

in steppke mutants GRAF recruitment is perturbed which gives rise to similar hyper 

constriction defects through the Rho pathway. Thus, Steppke might act as an upstream 

molecule regulating GRAF recruitment dynamics. 

 

Future studies will be focused on finding upstream proteins that are involved in 

GRAF recruitment at the contractile ring and its dissociation from the contractile ring. It 

would be interesting to check whether the same upstream molecules are sufficient to fine 

tune the association and dissociation of GRAF or whether it requires different molecules. 

7.2 GRAF function in regulating actin network during cellularization  

 

This study focuses on dissecting the pathway where GRAF protein is involved in 

activating Myosin II to regulate constriction. Future studies can focus on the function of 

actin regulators in orchestrating ring constriction in the Graf mutant background. The C-

terminally deleted SH3 mutant of GRAF may interact with key actin regulatory proteins 

and regulate its recruitment to the ring. Previous studies have shown that GRAF 

colocalizes to cortical actin and stress fibers, with paxillin and FAK at focal adhesions in 

mammalian cells. GRAF recruitment leads to stabilized cortical actin and cell spreading 

(Barrios & Wieder, 2009). GRAF SH3 domain was shown to directly interact with FAK 

protein involved in regulating actin stress fibers in migrating cells (Hildebrand et al., 1996; 

Luo et al., 2017). In our study, we have shown that the SH3 domain of GRAF is necessary 

for its membrane recruitment. This recruitment is likely dependent on some interacting 

partners. Hence, biochemical assays involving pulldown followed by mass spectrometry 

can be aimed at finding interacting partners of the GRAF SH3 domain.  

 

The ring constriction process involves the actomyosin network containing actin 

regulatory proteins comprising nucleators, crosslinkers, depolymerizing proteins, scaffold 

https://paperpile.com/c/a1gJCX/rUam
https://paperpile.com/c/a1gJCX/ZAx8
https://paperpile.com/c/a1gJCX/WpGM+XdR5
https://paperpile.com/c/a1gJCX/WpGM+XdR5
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proteins and phospholipid regulatory proteins (Adam et al., 2000; Afshar et al., 2000; 

Christine M. Field et al., 2005; Grosshans et al., 2005; Krueger et al., 2019; Manos 

Mavrakis et al., 2014). Similar to Graf mutants, ring hyper constriction has been seen in 

mutants of actin cross-linker proteins Cheerio and Bottleneck. On the other hand, Fimbrin 

mutant, also an actin cross-linker protein, phenocopies GRAF overexpression, showing 

a lack of constriction in cellularization (Krueger et al., 2019). Actin crosslinkers such as 

Fimbrin show retention of polygonal shape during late cellularization whereas Bottleneck 

and Cheerio mutants show hyper constriction defects during early stage (Krueger et al., 

2019).  Mutants in F-actin stabilising proteins Anillin and the septin Peanut show defects 

in a ring shape (Christine M. Field et al., 2005; Manos Mavrakis et al., 2014). Mutants of 

actin nucleators such as Diaphanous cause decreased constriction and ingression 

defects during cellularization (Afshar et al., 2000; Grosshans et al., 2005). The role of 

these actin crosslinkers and nucleator in influencing actin architecture can be checked in 

the background of Graf depletion in regulating constriction. Another aspect to be checked 

is F-actin organization and dynamics in defective hyper constricted rings at high resolution 

in GrafCR57 mutants. 

7.3 GRAF interaction with cadherin and associated proteins involved in membrane 

trafficking regulation during cellularization  

 

GRAF was shown to recruit to cell-cell junctions that overlap with E-cad. Its 

depletion results in attaining cell migrating ability with loss of epithelial integrity (Yao et 

al., 2015). In MCF10A cells, this epithelial E-cadherin is replaced by mesenchymal N-

cadherin which is a hallmark of EMT transition (Regev et al., 2017). During cellularization, 

apicobasal polarity is being established in epithelial cells. Thus, it would be interesting to 

observe any disruption in epithelial integrity in Graf depletion background.  

 

GRAF BAR-PH and GRAF2 knockdown show reduced export of neosynthesized 

E-cadherin. GRAF2 and Rab8 are colocalized with intracellular puncta of E-cadherin 

during vesicular trafficking (Häsler et al., 2020). C-GAP depletion disrupts E-cad 

localization which spreads across the apical surface compared to control (Mason et al., 

2016). It is possible that Graf depletion causes E-cad localization defects during late 

https://paperpile.com/c/a1gJCX/mQ90+1y8l+gWMq+JYue+RsO0+4uGI
https://paperpile.com/c/a1gJCX/mQ90+1y8l+gWMq+JYue+RsO0+4uGI
https://paperpile.com/c/a1gJCX/mQ90+1y8l+gWMq+JYue+RsO0+4uGI
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/RsO0
https://paperpile.com/c/a1gJCX/gWMq+4uGI
https://paperpile.com/c/a1gJCX/1y8l+JYue
https://paperpile.com/c/a1gJCX/Gy9f
https://paperpile.com/c/a1gJCX/Gy9f
https://paperpile.com/c/a1gJCX/pm7k
https://paperpile.com/c/a1gJCX/auzr
https://paperpile.com/c/a1gJCX/WyE4
https://paperpile.com/c/a1gJCX/WyE4
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cellularization. The enriched apical E-cad can disrupt the actomyosin network required 

for constriction during ventral furrow invagination. 

7.4 GRAF role in conventional cytokinesis 

 

Modifications in human GRAF1 gene in the form of truncations, mutations, and 

deletions are associated with myeloid malignancies such as AML(acute myeloid 

leukaemia) and MDS (myelodysplastic syndrome) (Bojesen et al., 2006; Borkhardt et al., 

2000; Panagopoulos et al., 2004; J. Qian et al., 2011; Z. Qian et al., 2010). In AML blood 

cells overproliferate whereas in MDS cells are not formed properly. Drosophila Graf 

mutant larvae show elevated plasmatocytes than control due to increased cellular 

proliferation (Kim et al., 2017). It could be possible that this increased cellular proliferation 

is due to cytokinetic defects. In cytokinesis, actomyosin is organized in a contractile ring 

and further gets contracted to form daughter cells. This study from specialized 

cellularization showing the spatio-temporal regulation of contractile rings can be further 

extended to cytokinetic cells. It will be necessary to elucidate how GRAF functions in 

cytokinesis―either by affecting Myosin II recruitment or activation. One can exploit the 

Drosophila mitotic domain, mitosis 14 stage which is found in the head region of the 

embryo to check for cytokinetic defects in Graf mutants.  

https://paperpile.com/c/a1gJCX/UB6c+FSvE+dJBn+xv3B+DnsD
https://paperpile.com/c/a1gJCX/UB6c+FSvE+dJBn+xv3B+DnsD
https://paperpile.com/c/a1gJCX/Tk9h
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Figure 7.1: Summary models. (A) GRAF protein spatio-temporal recruitment transition from mid to late 

cellularegulates contractility during the Drosophila cellularization. GRAF shows enrichment at the furrow tip 

till mid cellularization which could be directly involved in regulating the precise timings of actomyosin 

contraction process. (B) GRAF is required for recruitment of key contractile proteins during the Drosophila 

cellularization. Graf depletion shows sustained Myosin II, Anillin, Peanut and PatJ recruitment during late 

cellularization correlating with increased contraction in the ring. In contrast, Diaphanous get reduced in Graf 

mutants. (C) GRAF is a bonafide Rho-GAP protein that requires Myosin II activity for constriction during 

cellularization GRAF plays a role in regulating Rho-GTP levels as a RhoGAP to drive the contraction 
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process. Graf depletion shows a hyper constriction phenotype and Rok depletion suppresses the hyper 

constriction phenotype seen in Graf mutant embryos. Graf mutant embryos show Myosin II accumulation 

at the ring in mid and late cellularization and in the inter ring region in mid cellularization. (D) GRAF domains 

are necessary for Myosin II dependent ring constriction. GRAF recruitment regulates Myosin II levels 

needed for actomyosin assembly and constriction in control embryos. The BAR and SH3 domains of GRAF 

regulate its recruitment to the furrow tip during mid stage whereas PH and RhoGAP domain controls the 

dissociation of protein during late stage 
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Appendix 

 
 

 

A.1 Screening based on RNAi mediated knockdown of BAR domain proteins and 

its assessment using embryonic lethality, phenotype and localization.  

 

BAR domain proteins were selected based on embryonic developmental 

expression modENCODE data (modENCODE Consortium et al., 2010). The 

modENCODE development RNA-Seq data provides temporal mRNA expression data 

for specific genes during the development (modENCODE Consortium et al., 2010). 

Using 0-2 hr embryo expression profile, BAR domain proteins were selected on the 

basis of their expression profile in the early embryo. The shRNA of these BAR domain 

proteins were crossed with maternal nanosgal4 at 290C to generate specific BAR 

domain protein knockdown during embryonic stages (Table A3). These BAR domain 

protein knockdown embryos were used to score for embryonic lethality after 48 hours 

at 290C temperature. Among these BAR domain knockdown embryos, nostrin depleted 

embryos showed the highest lethality (98%) whereas MIM showed the lowest lethality 

(8.42%). In addition, specific BAR domain protein immunostaining shows localization 

in the syncytial and cellularization embryonic stages. Islet cell autoantigen-69 (ICA-69) 

staining shows puncta throughout cellularization and ASAP shows cytoplasmic puncta 

and membrane signal in syncytial stages. Centaurin beta1A (CenB1A) shows nuclear 

staining whereas RhoGAP92B shows membrane signal in cellularization (Table A). The 

phenotypes were assayed using phalloidin which mark F-actin in these BAR domain 

knockdown embryos. MIM knockdown embryos showed severe membrane ruffling 

along with punctate actin-rich structures. The pseudo cleavage membranes in these 

embryos were morphologically disorganized in the syncytial stages. Sorting nexin16 

knockdown showed an increased cytoplasmic actin signal along with an absence of 

pseudocleavage furrows in the syncytial stages. RhoGAP92B shows shorter or 

defective furrows in syncytial stages (Figure 1). Further analysis is needed to check the 

efficient knockdown of these proteins using immunostaining and western blotting.  

 

https://paperpile.com/c/a1gJCX/96v1
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CenB1A CRISPR mutant embryos show apical actin aggregation defects during 

cellularization. During early cellularization, the apical most region is increased in size 

when compared to control. During mid cellularization, mutant embryos show huge actin 

aggregates that are present at the apical region when compared to control and are 

retained during late cellularization (Figure 2). Thus, Centaurin beta1A protein might be 

involved in the endocytosis which regulating membrane trafficking during 

cellularization. 

 

 

Table A: BAR domain proteins screening based on embryonic lethality, phenotype and localization 

during Drosophila syncytial and cellularization stage. BAR domain proteins are classified based on the 

domain class such as F-BAR, PH/PX-BAR, N-BAR and I-BAR. The maternal knockdown embryos were 

used to carry out embryonic lethality. The defects were further checked using phalloidin staining and 

localization using antibody staining. 
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Figure 1: Knockdown of BAR domain proteins MIM, sorting nexin16 and RhoGAP92B show 

disorganized actin architecture. Phalloidin staining marks cortical F-actin in control embryos in cycle12 

syncytial stages. In MIM knockdown embryos, loose cortical actin is observed with actin puncta in the 

cytoplasmic region (100%, n=9 embryos). In sorting nexin 16 depletion (100%, n=6 embryos), the diffuse 

cytoplasmic actin staining is observed whereas RhoGAP92B shows shorter furrows (37.5%, n=8 embryos) 
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Figure 2: CenB1A mutant embryos shows actin clumps during mid and late cellularization. 

Control embryos show apical F-actin during cellularization.  Apical actin aggregation with huge 

clumps are observed in centaurin beta 1a (77.41%, n=62 embryos) depletion during mid and late 

cellularization when compared to controls the apical most region is increased in size when 

compared to control. 

 

A.2 RhoGAP domain proteins screening based on RNAi mediated knockdown to 

check for embryonic lethality. 

 

The RhoGAP domain proteins screening were carried out using a maternal 

knockdown strategy where shRNA against RhoGAPs were crossed with mat67;mat15 

gal4 (Table C). The crosses were set up at 290C temperature test for embryonic lethality 

at different time points-5 days old and 2 weeks old, at 290C temperature. RhoGAP71E 

and RhoGAP19D provided the highest lethality when compared to others when 5 days 

old whereas RhoGAP1A and RhoGAP54D provided the highest lethality when compared 

to when 2 weeks old (Table B).  
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Female adults having tumbleweed knockdown did not lay any eggs whereas those 

with RhoGAP15B knockdown laid very few embryos. The F1 female flies of tumbleweed 

and RhoGAP15B were taken to check for ovary defects. The phalloidin staining reveals 

that cortical F-actin is collapsed and aggregated with ring canals in tumbleweed depletion 

(Figure 3). The compartments to form nurse cells were no longer present in tumbleweed 

depletion when compared to control. The actin aggregation in the form of huge clumps in 

the oocyte compartment is seen in RhoGAP15B knockdown when compared to control 

(Figure 3). Thus, ovary defects of tumbleweed and RhoGAP15B perturb oocyte 

development, thereby contributing towards defective egg-laying. 

 

 

Table B: RhoGAP domain proteins screening based on embryonic lethality from 5 days and 2 weeks 

old flies at 290C temperature. RhoGAP71E and RhoGAP19D provide the highest lethality when compared 

to others at 5 days old whereas RhoGAP1A and RhoGAP15B provide the highest lethality when compared 

to others at 2 weeks old. 
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Figure 3: Tumbleweed knockdown in the ovary shows nurse membrane collapse and actin 

aggregation in developing oocyte in RhoGAP15B depletion. Control ovary shows F-actin marking 

the ring canal and membrane.  Severe defects were observed affecting membrane and ring canal 

collapse in tumbleweed depletion (100%, n=56 ovarioles) when compared to control. Actin clumps are 

observed in developing oocytes in RhoGAP15B depletion (85.7%, n=28 ovarioles) when compared to 

control. 

 

 

Stock Genotype Source/Reference 

1 Canton-S Lab stock originally 

obtained Bloomington 

Drosophila Stock 

Center 

2 nanos-Gal4 Lab stock 

3 w; mat67-Gal4; mat15-Gal4 Girish Ratnaparkhi, 

IISER, Pune, India 

4 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL01145}attP2/TM3, 

Sb[1] (Nostrin shRNA) 

BDSC, #42776 

5 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] BDSC, #38992 
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v[+t1.8]=TRiP.HMS019 08}attP40 (Sorting nexin16 

shRNA) 

6 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMS012 85}attP2 (EndophilinB shRNA) 

BDSC, #34935 

7 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMS002 68}attP2 (RhoGAP92B shRNA) 

BDSC, #33391 

8 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.GL015 

68}attP40 (MIM shRNA) 

BDSC, #43223 

9 y1 v1; P{TRiP.HMJ23704}attP40/CyO (RhoGAP5A 

shRNA) 

BDSC, #62349 

10 y1 sc* v1; P{TRiP.GL00580}attP2 (RhoGAP68F 

shRNA) 

BDSC, #36620 

11 y1 sc* v1; P{TRiP.HMS01201}attP2/TM3, Sb1 (OCRL 

shRNA) 

BDSC, #34722 

12 y1 sc* v1; P{TRiP.HMS01440}attP2 (RhoGAP93B 

shRNA) 

BDSC, #35027 

13 y1 v1; P{TRiP.HMS03522}attP40 (RhoGAP54D 

shRNA) 

BDSC, #54051 

14 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00267} 

attP2/TM3, Sb[1] (RhoGAP1A shRNA) 

BDSC, #33390 

15 y1 v1; P{TRiP.HMJ02052}attP40 (RhoGAPp190 

shRNA) 

BDSC, #43987 

16 y1 v1; P{TRiP.HMS02391}attP40/CyO (RhoGAP18B 

shRNA) 

BDSC, #56856 
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17 y1 sc* v1; P{TRiP.HMS00412}attP2 (RhoGAP71E 

shRNA) 

BDSC, #32417 

18 y1 sc* v1; P{TRiP.HMS00352}attP2 (RhoGAP19D 

shRNA) 

BDSC, #32361 

19 y1 v1; P{TRiP.HMJ02093}attP40/CyO (RhoGAP15B 

shRNA) 

BDSC, #42527 

20 y1 sc* v1; P{TRiP.HMS01417}attP2 (Tumbleweed 

shRNA) 

BDSC, #35007 

Table C: Drosophila stocks used for BAR domain and RhoGAP proteins screening 
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