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ABBREVIATIONS 

Arm Armadillo 

AS amnioserosa 

Capu Cappuccino 

Cas9 CRISPR-associated protein 9 

CC coiled-coil  

Cdc42 Cell division control protein 42 homolog 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CyO Curly of Oster 

DAAM Dishevelled associated activator of morphogenesis 

DAD diaphanous autoinhibition domain  

DC dorsal closure 

DD dimerization domain  

Dia Diaphanous 

DID diaphanous inhibition domain  

DNA Deoxyribonucleic Acid 

Dpp Decapentaplegic 

DRF Diaphanous-related formin 

EGFP Green fluorescent protein 

en engrailed 

F-actin Filamentous actin 

FH1 formin homology 1 

FH2 formin homology 2 
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FHOD formin homology domain-containing proteins 

Fhos Formin homology 2 domain-containing  

FL full length 

FMN Formin 

Form3 Formin3 

Frl formin-related proteins in leukocytes  

GBD GTPase binding domain  

GFSTF EGFP-FlAsH-StrepII-TEV-3xFlag 

GTP guanosine triphosphate 

HRP Horseradish peroxidase  

INF inverted formin  

JNK Jun N-terminal kinase 

LE leading edge 

LOF loss-of-function 

LSM laser point scanning confocal microscope 

Moe Moesin 

MT microtubule 

Mtl Mig-2-like 

n.d. not done 

ns not significant 

PCR Polymerase chain reaction 

Rho Ras homologous 

RNA Ribonucleic Acid  
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ROCK Rho kinase 

TGFβ Transforming growth factor beta 

TM3 Third Multiple 3 

twi twist 

UAS Upstream Activation Sequence 

WT wild type 

ZASP52 Z band alternatively spliced PDZ-motif protein 52  
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INTRODUCTION 

Drosophila embryonic dorsal closure (DC) is an excellent model to study cell shape changes 

and cytoskeleton rearrangements. During this late morphogenetic process, a dorsal hole, filled 

with the extraembryonic amnioserosa (AS) tissue, closes through the elongation of the lateral 

epidermal cell sheets. The closure is based on dynamic cell shape changes by coordinated forces 

which requires dynamic cytoskeletal rearrangements. The main cytoskeletal component 

involved is the actin cytoskeleton which can be regulated by numerous proteins. One of these 

proteins is the well-characterized formin protein family from which two members have been 

already proved to participate in the regulation of DC (Dehapiot et al., 2020; Homem and Peifer, 

2008; Homem and Peifer, 2009; Nowotarski et al., 2014). In this study, we present a 

comprehensive analysis of four members of the six Drosophila formins which are needed to 

bring about proper fusion of the epithelia.  

1. The major steps of dorsal closure 

The establishment of tissue integrity during development or after injury often requires the 

fusion of two epithelial sheets. Drosophila embryonic dorsal closure is a broadly used model 

system to study the in vivo mechanisms of such closure processes. DC is a late morphogenetic 

process where after the germ band retraction, an extraembryonic tissue occupied oval-shaped 

gap of the dorsal epithelium closes (reviewed in (Hayes and Solon, 2017)). This is a rather 

complex process that requires the combined effort of two tissues, the epidermal cells and the 

amnioserosa. 

The process of DC can be subdivided into four major steps (Jacinto et al., 2002).  

The initiation is at stage 12 of embryogenesis, right after the germ band retracts (Figure 1A). 

During this phase, the AS cells begin to reduce the size of their apical surface while there is no 

apparent movement of the front of the epithelial cells, called leading edge (LE) cells.  

The second phase is the epithelial sweeping at stage 13 when the LE cells begin to produce an 

actin cable around the dorsal gap (Figure 1B). The assembly of this actin cable promotes the 

transformation of the wavy LE front into a stretched one. Simultaneously, the LE cells elongate 

dorsoventrally, and together with the help of contraction of the AS cells, reduction of the dorsal 

hole begins. The third step, called zipping, takes place at stage 14 when the two opposite 

epithelial sheets are close enough to reach each other with filopodia and lamellipodia emerging 

from the LE cells (Figure 1C). These cellular protrusions play a key role in ensuring correct 

matching of the two opposite epithelial sheets. In addition to the force of the zipping process, 
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size reduction of the dorsal gap is also supported by contractions of the AS cells. The final 

phase of DC is called termination at stage 15, which includes the seaming process, when the 

two epidermal layers form a seamless contact along the midline (Figure 1D). 

 

Figure 1. The major steps of dorsal closure in Drosophila embryos. Scanning electron 

microscopic images and schematic figures represent the four main steps of the closure process. 

(A) Initiation at stage 12, (B) epithelial sweeping at stage 13, (C) zipping at stage 14, and  

(D) termination at stage 15 of embryogenesis. (Jacinto et al., 2002) 

2. Cytoskeletal elements involved in dorsal closure 

DC is a complex process in which several forces contribute at the same time to succeed. 

One of its main regulatory elements is the actomyosin network consisting of F-actin and  

non-muscle Myosin II. This network is present in two tissues, the AS cells and the LE cells. In 

AS cells, it is located in the medioapical region (Figure 2A) and in a cortical ring at the adherens 

junctions (Figure 2B), while in the LE cells it is present at the anterior part of the cells, at the 

junction of the epidermal and AS cells (Figure 2C) (Blanchard et al., 2010; Kiehart et al., 2000).  

 

 

Figure 2. Schematic drawing of the localization of the actomyosin network during DC. 

The actomyosin network displays a medioapical enrichment (A) and a belt-like junctional 

localization (B) in AS cells, while in the LE cells it forms a ring around the dorsal gap (C). 

Modified figure (Agarwal and Zaidel-Bar, 2019). 
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During DC, there are at least three different forces contributing to the success of the process: 

contraction of the AS cells, the stretching effect of the actin cable in the LE cells, and zipping 

of the two epithelial sheets (Figure 3). The main force is produced by the actomyosin network 

in AS cells which is responsible for the pulsing apical contractions which gradually pull the 

surrounding epidermis dorsally (Kiehart et al., 2000). We distinguish three main phases of  

AS cell contractions: early, slow and fast phases. At the beginning of the early phase, the  

AS cells fluctuate with a large amplitude and have a long cycle length while during the last 

phase they have lower amplitudes and shorter cycles (Blanchard et al., 2010). During these 

contractions, transiently appearing F-actin/non-muscle Myosin II foci are present in the 

medioapical region of the AS cells, in addition, level of the junctional myosin changes 

(Blanchard et al., 2010). It is not only the presence of the foci but also their actomyosin content 

which determines the extent of the cells contractions: low levels lead to low-frequency 

fluctuations just as in the early phase of DC, while high levels lead to the formation of a 

coherent, but dynamic, sheet of actomyosin across cells that is strongly contractile and which 

is typical during the fast phase (Blanchard et al., 2010). 
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Figure3. Schematic drawing of the process of dorsal closure in Drosophila embryos. Red 

arrows indicate the contraction of the actin cable around the dorsal gap. Red magnified region: 

a w1118 embryo stained for actin (in magenta) and non-muscle Myosin II (in green) in the LE 

and the AS cells. Note that the actin and myosin stainings co-localize at the actin cable 

(arrowhead). Green arrows indicate the zipping forces at the LE cells. Green magnified region: 

LE cells from a single hemisegment of an en-Gal4, UAS-Moe::mCherry embryo, exhibiting 

filopodia. Blue arrows indicate the contraction of the AS cells. Blue magnified region:  

AS cells from an Arm::GFP ex-pressing embryo, indicating the displacement of the cell 

boundaries at two time points (t1 and t2) of the contraction. Scale bars: 5 μm. 

The supracellular actomyosin cable around the dorsal gap is produced by the LE cells 

(Young et al., 1993) in response to Jun N-terminal kinase (JNK) activation (Riesgo-Escovar et 

al., 1996; Young et al., 1993). Besides the actomyosin network, another essential building block 

of this cable is the Z band alternatively spliced PDZ-motif protein 52 (ZASP52) (Ducuing and 

Vincent, 2016) which is a crucial component of highly specialized cytoskeleton structures, like 

sarcomeres in muscle fibers (Jani and Schöck, 2007). In addition, it was shown that the heavy 

and light chain components of non-muscle Myosin II are essential to build the actomyosin cable 

(Blanchard et al., 2010; David et al., 2010; Young et al., 1993). The cable itself forms a 

supracellular structure connected via specialized adhesion sites between the neighboring  

LE cells (Franke et al., 2005; Kiehart et al., 2000; Young et al., 1993). These adhesion sites 

include E-cadherin, Integrin, and Catenin (Kiehart et al., 2017; Levayer and Lecuit, 2013; 

Martin et al., 2010; Narasimha and Brown, 2004; Rauzi et al., 2010). Interestingly, this cable is 
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not entirely continuous, as some LE cells do not appear to produce it. The explanation for this 

is that in some cases, some cells of the LE change fate at the anterior-posterior compartment 

boundary, and these cells will then be replaced from the second cell row of the dorsal epidermis 

(Ducuing and Vincent, 2016; Gettings et al., 2010). Those cells are however not able to produce 

an apical actin cable, thereby creating a discontinuous actin ring around the dorsal gap.  

The main role of this cable is to provide line tension that straightens the epidermis front and 

restricts the protrusive activity of the LE cells (Pasakarnis et al., 2016), in addition it is 

responsible for stabilization of the cellular interactions and preventing scarring of the 

embryonic tissue (Ducuing and Vincent, 2016). 

In contrast to the presence of the actin cable, contraction of the AS cells was shown to be 

indispensable for proper morphogenesis. While in the absence of the actin cable DC can be 

successfully completed, in the absence of the contractile behavior of the AS cells, the embryos 

fail to close the dorsal hole (Ducuing and Vincent, 2016; Pasakarnis et al., 2016). The AS cell 

contractions are already needed from the onset of DC, when the future LE cells fuse at the 

anterior and posterior ends of the AS tissue (Pasakarnis et al., 2016).  

The other dominant structures during DC are the actin and microtubule (MT) bundles in the 

LE filopodia, which guarantee the seamless zipping of the epithelium (Figure 4 A,B) (Eltsov et 

al., 2015; Jacinto et al., 2000; Jacinto et al., 2002; Jankovics and Brunner, 2006; Kiehart et al., 

2000). During this process, the opposing LE cells with identical parasegmental information 

recognize each other and form adhesion sites while they push the AS tissue down inside the 

embryo, which ultimately forms a tube below the AS-LE contacts (Eltsov et al., 2015). Three 

phases of zipping can be distinguished: early, mid and late zipping (Eltsov et al., 2015). During 

the early phase, the opposite LE cells make filopodia contacts and develop adhesion sites 

(Figure 4C), while in the mid-phase these adhesions are matured further, and the lamellar 

overlap areas of the opposing cells get shortened (Figure 4 D,E) (Eltsov et al., 2015). In late 

zipping, the overlapping areas are shortened further, and the adhesion sites expand (Figure 4 F) 

(Eltsov et al., 2015). Already before the onset of the zipping, hexagonal actin filaments  

(Eltsov et al., 2015) and antiparallel MTs are observed in filopodia (Jankovics and Brunner, 

2006) (Figure 4 A), the proximity of which suggests a direct contact between the two 

cytoskeletal elements. It is known that MTs are organized into multiple, dynamic parallel 

bundles at the apical cell surfaces where they are oriented such that the MT plus ends grow into 

the cell protrusions (Jankovics and Brunner, 2006). However, during the later phases of zipping 
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the MTs change their dynamics, and more shrinking than growing MTs are present in the 

shortening lamellar overlap regions of the opposing LE cells (Eltsov et al., 2015). 

 

 

Figure 4. The zipping process during DC. (A) Longitudinal tomographic slice of a filopodia 

emerging from an LE cell. Note that both actin filaments and MTs are present in this 

protrusion. The magnified region shows a hexagonal actin structure. (B) Actin (red) and MTs 

(green, indicated by arrows) co-localize in filopodia. (C-G) Schematic model of the zipping 

process. (C) Early, (D,E) mid-, and (F) late zipping. (G) The final seamless connected 

epithelium. Modified figure (Eltsov et al., 2015). 

3. Regulatory factors involved in dorsal closure 

Research over the last few decades has identified a plethora of proteins that contribute to 

the formation and regulation of the actomyosin systems in DC. For example, the JNK and Dpp 

signaling pathways promote the formation of the supracellular actomyosin cable around the 

dorsal gap (Ducuing et al., 2015; Hou et al., 1997; Riesgo-Escovar and Hafen, 1997). During 

this regulation, the JNK pathway is upregulated in the first row of the epidermal cells thereby 

designating LE cells, while it is downregulated in the AS cells (Reed et al., 2001).  

The contractions of the actin cable, and the formation of filopodia and lamellipodia in the 

LE cells are regulated by Rho GTPases such as Rho, Rac and Cdc42 (Harden, 2002; Jacinto et 

al., 2000; Jacinto et al., 2002). Actin cable formation is dependent on RhoA, which exerts its 

effects through several effector proteins. The most important of these is Rho kinase (ROCK) 
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which is able to increase the level of non-muscle Myosin II light chain phosphorylation, 

resulting in increased activity of non-muscle Myosin II (Ridley, 2001). In the absence of RhoA 

or upon expression of a dominant negative form of RhoA, the embryos exhibit an “open back” 

phenotype (Harden et al., 1999; Magie et al., 1999). The Rac1 small GTPase plays a role in the 

formation of lamellipodia. In embryos mutant for all three Rac genes (Rac1, Rac2, and Mtl), 

actin does not accumulate in the LE cells and no filopodia and lamellipodia are formed  

(Hakeda-Suzuki et al., 2002). Expression of the dominant negative form of Rac1 leads to 

disruption of the cytoskeleton in the LE cells, the typical cell elongation is not visible in the 

epithelium, and DC does not occur (Harden et al., 1995). Cdc42 also plays a role in the 

formation of LE filopodia, however, Cdc42 mutant embryos exhibit a different dorsal closure 

phenotype than the Rac and Rho mutants, which resembles to the mutations affecting 

components of the TGFβ pathway (Harden et al., 1999). In contrast to the effect of the Rac1 

mutations, actin accumulation in the LE cells is not impaired by the loss of Cdc42, yet filopodia 

fail to form (Harden et al., 1999). 

In addition to the JNK and DPP pathways and Rho GTPases, two members of the 

Diaphanous-related formins (DRFs), actin assembly factors representing another class of the 

Rho effectors, have also been shown to play a role in the process of DC (Dehapiot et al., 2020; 

Homem and Peifer, 2008). 

3.1 The formin protein family 

The formin protein family belongs to the major cytoskeleton regulators as they act as de 

novo actin nucleators and support filament elongation (reviewed in (Kovar, 2006)). Beyond 

actin regulation, some formins were shown to be able to interact with microtubules as well and 

they play a role in crosslinking of the actin and microtubule cytoskeleton ((Bartolini  et al., 

2008; Foldi et al., 2017; Gaillard et al., 2011; Roth-Johnson et al., 2014; Szikora et al., 2017; 

Young et al., 2008; Zhou et al., 2006). The most characteristic domain of all formin proteins is 

the FH2 (formin homology 2) domain, which is directly responsible for actin assembly.  

This domain is functionally highly conserved, and its protein sequence was used for 

comparative phylogenetic analysis of the formins. Based on this, the mammalian formin genes 

can be divided into 7 groups, including Formin (FMN) (Fmn1 and Fmn2), Diaphanous (Dia) 

(mDia1, mDia2, mDia3), Dishevelled associated activator of morphogenesis (DAAM) 

(mDaam1, mDaam2), formin homology domain-containing proteins (FHOD), inverted formins 

(INF) (INF1 and INF2), formin-related proteins in leukocytes (Frl) (mFRL1, mFRL2, mFRL3) 
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and Delphilin (mDelphilin) (Liu et al., 2010). Whereas the vertebrate genomes encode  

15 formin genes, there are only 6 formins in Drosophila, Dia, Frl, DAAM, Formin homology 

2 domain-containing (Fhos), Cappuccino (Capu) and Formin3 (Form3).  

Five of the 6 Drosophila formins Dia, Frl, DAAM, Fhos and Capu belong to the DRF 

family, and they are thought to function as direct effectors of the Rho GTPases. These proteins 

can be subdivided into two functionally distinct regions, the N- and C-terminal regions (Figure 

5A). The C-terminal region contains the FH2 domain flanked by another highly conserved 

region, the formin homology 1 (FH1) domain. These regions are responsible for actin assembly, 

and the presence of these domains is a universal characteristic of all formins. The FH1 domain 

contains a proline-rich region capable of binding the profilin protein (Chang et al., 1997; 

Evangelista et al., 1997; Watanabe et al., 1997), which binds the ATP-bound actin monomers, 

the polymerization competent form of actin. The most important function of the FH1 domain 

is to provide actin monomers for nucleation and polymerization through profilin-actin. The FH2 

domain plays a direct role in the actin nucleation and elongation activity of formins. The FH2 

domain is only active in a homodimeric form, acquiring a flexible doughnut shape (Figure 5B). 

Unlike other actin nucleating factors, formins remain attached to the (+) end of the actin 

filaments through the FH2 domain after the nucleation step, thereby protecting the (+) end of 

the filament from the binding of capping proteins and promoting the incorporation of additional 

actin monomers (Harris et al., 2004; Moseley et al., 2004; Romero et al., 2004). In addition to 

the formin homology domains, this part of the protein contains the diaphanous autoregulatory 

domain (DAD) as well, which is involved in the regulation of the actin assembly activity.  

Other functionally important part of the DRF formins is the N-terminal region, which performs 

regulatory functions. This region contains the GTPase binding domain (GBD), the diaphanous 

inhibitory domain (DID), a dimerization domain (DD) and a coiled-coil (CC) region (Figure 5). 

The N-term region also acquires a dimeric structure through the DD, while more importantly, 

the DID domain is able to make an intramolecular contact with the DAD domain and lock the 

protein in an inactive state. This autoinhibitory interaction can be relieved upon activated  

Rho GTPase binding to the GBD domain (Figure 5B) (Alberts, 2001; Lammers et al., 2005; Li 

and Higgs, 2005). 
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Figure 5. The domain structure and regulation of a DRF formin. (A) GTPase binding 

domain (GBD), diaphanous inhibitory domain (DID), dimerization domain (DD),  

coiled-coil region (CC), formin homology 1 (FH1), and 2 (FH2) domains, and the diaphanous  

auto-regulatory domain (DAD). (B) The auto-inhibited inactive form, where the DID and 

DAD domains keep the protein in a closed form, and the active form, where this connection 

between the two domains is released by a Rho GTPase. Modified figure (Szikora et al., 2017). 

Form3 is the only Drosophila formin which belongs to the inverted formin (INF) subfamily. 

In this family the FH domains are located near the N-terminus (Higgs and Peterson, 2005), 

whereas the C-terminal region contains various other elements with loosely defined functions. 

Although, the exact position of the FH2 domain is not strictly defined in members of this 

subfamily, the phylogenetic analysis of their FH2 domain sequences showed that the inverted 

formins all belong to a single subfamily (Pruyne, 2016). The regulation of these formins is not 

yet revealed, although some INF formins, such as Drosophila Form3, have a DID but lack  

an obvious DAD motif. Moreover, even if DID- and DAD-like sequences are both present  

in an inverted formin, they only show a weak autoinhibitory interaction and are subject to  

an unusual regulatory mechanism (Ramabhadran et al., 2013; Sun et al., 2011) that remains to 

be deciphered by future investigations. 

3.2 Roles of the formins in different tissues 

Formins play a role in Drosophila development in many different stages and tissues. Of the 

six Drosophila formins, Dia is thought to be indispensable during cytokinesis (Afshar et al., 

2000; Castrillon and Wasserman, 1994; Grosshans et al., 2005), and it is required for 

stabilization of the adherens junctions and regulation of non-muscle Myosin II during dorsal 

closure (Homem and Peifer, 2008). Furthermore, Dia affects the formation of filopodia in both 

the LE and AS cells (Homem and Peifer, 2009; Nowotarski et al., 2014). Frl is the other formin 

linked to DC by promoting the assembly of a medioapical actin subpopulation in AS cells 

(Dehapiot et al., 2020). Together with DAAM, they regulate axonal growth in the mushroom 
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body of the adult brain of Drosophila (Dollar et al., 2016), and Frl also seems to be involved in 

the establishment of planar cell polarity in the developing compound eye by contributing to 

ommatidial rotation (Dollar et al., 2016). Moreover, DAAM is involved in the development of 

the embryonic, larval, and adult nervous system of Drosophila (Gombos et al., 2015; Matusek 

et al., 2008; Migh et al., 2018; Szikora et al., 2017). Fhos is known to regulate actin-dependent 

remodeling of the muscle cytoskeleton, it was also linked to autophagic programmed cell death, 

and it directs macrophage migration during cellular immune response (Harbison et al., 2004; 

McClure et al., 2008; Shwartz et al., 2016; Spradling et al., 1999). Capu is required for oocyte 

polarity establishment and female fertility (Dahlgaard et al., 2007; Emmons et al., 1995). 

Formin3 participates in embryonic tracheal fusion (Tanaka et al., 2004) and in dendrite 

formation in the larval sensory neurons (Das et al., 2021). 
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AIMS OF THE STUDY 

Drosophila embryonic dorsal closure is a fairly complex process involving different 

tissues and forces which are based on dynamic cell shape changes and cytoskeletal 

rearrangements. To better understand how this process takes place, we need to understand how 

the different cytoskeletal elements are regulated in it. The main cytoskeletal component 

involved is the actin cytoskeleton which can be regulated by numerous proteins. One of these 

proteins is the well-characterized formin protein family, two members of which, Dia and Frl, 

have already been shown to be involved in the regulation of DC. Dia has a role in adherens 

junction stabilization in the LE and AS cells and it is also responsible for the formation of 

filopodia and lamellipodia in these two cell types (Homem and Peifer, 2008; Homem and Peifer, 

2009; Nowotarski et al., 2014). Frl promotes the assembly of a specific medioapical  

actin-subpopulation in the AS cells (Dehapiot et al., 2020). Interestingly, LOF analysis of these 

formins revealed that none of them is essential for the closure process, rather they affect the 

cellular dynamics of DC. These results highlight the robustness of the process and suggest that 

the different actin-regulatory proteins may contribute to the regulation of different actin 

subpopulations. Thus, it is possible that additional formin-type of actin regulators may play a 

role in DC and possibly affect other actin networks than the ones regulated by Dia and Frl. To 

address this question, we decided to perform a comprehensive analysis of the 6 Drosophila 

formins during embryonic DC. We wanted to study the morphological changes as well as that 

of the dynamics of DC in all relevant formin mutants. To this end, we had to create a formin 

null mutant strain for form3 and develop a new method to measure the required dynamic 

parameters.  
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MATERIALS AND METHODS 

1. Drosophila stocks and genetics 

Flies were raised at 25°C under standard conditions. The following mutant strains were 

used: w1118 (BL #3605), Form3-GFSTF (BL #65385), Capu-GFSTF (BL #66507), Arm::GFP 

(BL #8556) and 69B-Gal4 (BL #1774) provided by the Bloomington Drosophila Stock Center, 

dDAAMEx4 (Gombos et al., 2015), en-Gal4,UAS-Moe::mCherry (Jankovics et al., 2011), frl59 

(Dehapiot et al., 2020); dia1/CyO (Castrillon et al., 1993) and form31 (see below). Where 

necessary, zygotic mutants were selected by using a CyO, twi-Gal4, UAS-EGFP or TM3,  

twi-Gal4, UAS-EGFP balancer chromosome; protein and mRNA expression data were 

retrieved through FlyBase, the Drosophila databank (Larkin et al., 2020). The UAS-FL-Form3 

and UAS-FL-Form3 I450A transgenic lines were generated with standard cloning techniques 

by using the pTWF-attB vector. 

The form31 mutant was generated by the CRISPR/Cas9 technique. Two 20 bp long gRNAs 

(TCGCCACCTGTCCTCCGGA and TGGGTCGCATGAAGCTGCT), were designed with 

homology to the first intron and the last coding exon of form3 and cloned into the pCFD4 

vector. To facilitate the identification of the expected deletions, we used an insertional mutant 

that carried a GFP marker in the gene (BL #23411). After co-injection of the guide RNA 

expressing plasmid with Cas9 into this stock, we selected for loss of the GFP marker in the 

larval progeny, candidates picked up this way were subsequently validated by PCR and 

sequencing. Based on the sequencing data, the expected 13,559 bp deletion was detected from 

the genomic DNA of the mutant strain. Because in this stock only 37 bps remain from the 

coding region, we consider form31 as a protein null allele, which is homozygous viable and 

fertile, although it exhibits reduced viability and fertility when compared to wild type. 

2. Antibody generation 

Frl antibody was generated in rat after immunization with a purified recombinant protein 

containing the amino acid residues 687-1183 of Frl. The sera were collected with standard 

methods, and the specificity of the antibody was confirmed by Western blot (Figure 8). 

3. Immunohistochemistry 

Fixation and immunostaining of Drosophila embryos were performed as described in 

Jankovics and Brunner (Jankovics and Brunner, 2006). The following primary antibodies were 

used: rabbit anti-Zipper (Chougule et al., 2016) 1:100, rabbit anti-Dia (a kind gift from  
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S. Wasserman, University of California, San Diego, La Jolla, CA) 1:200, rat anti-Frl (described 

above) 1:500, rabbit anti-DAAM-R4 (Gombos et al., 2015) 1:500, rat anti-FHOS (Shwartz et 

al., 2016) 1:200, chicken anti-GFP (Abcam) 1:1000, mouse anti-Flag (Sigma) 1:500, mouse 

2A12 (Developmental Studies Hybridoma Bank) 1:40. As secondary antibodies, we used the 

appropriate Alexa-488 or Alexa-546 coupled antibodies (ThermoFisher Scientific) 1:600. Actin 

was labeled with Alexa-488, Alexa-546 or Alexa-647 coupled phalloidin (ThermoFisher 

Scientific) 1:80. The embryos were mounted in the ProLong Gold antifade reagent  

(Life Technologies). 

Imaging was performed on a Zeiss LSM880 confocal microscope with an Airyscan detector, 

using 40x/NA 1.3 oil or 63x/NA 1.4 oil objectives. Images were restored using the Huygens 

Professional (Scientific Volume Imaging) and Fiji (Schindelin et al., 2012) software.  

4. Western blot analysis 

Western blots were performed by using standard procedures. Rat anti-actin (1:10.000, MAC 

237, Abcam), rabbit anti-Dia (1:2000, a gift from S. Wasserman, University of California),  

rat anti-Frl (1:1000, described above), rabbit anti-DAAM-R4 (1:5000, (Gombos et al., 2015)) 

and mouse anti-Flag (1:1000, M2, Sigma-Aldrich) were used as primary antibodies. Anti-

Rabbit-HRP (1:10.000; Jackson) and anti-mouse IgG-HRP (1:5000, Dako) were used as 

secondary antibodies, proteins were visualized with the chemiluminescent Millipore 

Immobilon kit. 

5. Live imaging and image analysis 

Embryos were dechorionated in 50% bleach, mounted in water onto a glass-bottom cell 

culture dish (MatTek), and imaged with Zeiss LSM880 confocal laser scanning microscope 

using 40x/NA 1.3 oil or 20x/NA 0.8 dry objectives. Every video was acquired at 25 ̊C. For the 

analysis of dorsal closure (acquired with 20x objective), we performed Z-series of 14 planes 

separated by 1.2 µm and acquired every 4 minutes. For AS dynamics (acquired with  

40x objective), we filmed Z-series of 11 planes separated by 0.9 µm and acquired every  

30 seconds. 

All image processing and data analysis were performed using Fiji (Schindelin et al., 2012) 

and Microsoft Excel 2016.   
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6. Trachea analysis 

We determined the number of discontinuous fusion points from the nine anastomosis sites 

in the dorsal trunk. 

7. AS cell dynamics 

To measure AS cell contractility, Z-series were maximum-projected and were segmented 

using Fiji plugin Tissue Analyzer (Figure 6A). If required, we manually corrected the 

segmentation results. Using the wand tool in Fiji, we measured the apical AS cell surface area 

of the six most central AS cells per embryo in a 15 min time window which began when the 

dorsal gap was 50 μm wide (Figure 6A). The selected time window roughly corresponding to 

the middle of the closure process, and it is suitable for standardization as well as for high quality 

live imaging. The relative apical area change was normalized as described in Pasakarnis et al.  

(Pasakarnis et al., 2016). Using “IF” and “AND” equitation in Excel, we calculated the height 

and the number of the amplitude from the normalized relative apical area change. 

 

Figure 6. Measuring the dynamic parameters of the AS cells. (A) Z-projection of  

time-lapse images from an Arm::GFP expressing embryo when the dorsal hole is 50 μm wide, 

and segmentation of the Z-projection. Scale bar 10 μm. (B) An example for the segmented AS 

cell boundary and the fitted convex hull (both in yellow). Scale bars 5 μm. 

8. AS cell shape 

To measure the regularity of AS cell shape we divided the actual cell shape area (ASarea(tx)) 

when the dorsal gap was 50 μm wide by the surface of the fitted convex hull (Charea(tx))  

(Figure 6B), and we continued it until the 15 min time window ended. This way, we obtained 

a ratio that indicates the convolution level of the segmented cell shape:  
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𝑁(𝑡𝑥) = 𝐴𝑆𝑎𝑟𝑒𝑎(𝑡𝑥) 𝐶ℎ𝑎𝑟𝑒𝑎⁄ (𝑡𝑥) 

The measured AS cells were the same as the ones analyzed for AS cell contractility. 

9. AS cell area 

We used the wand tool to measure the AS cell area from the segmented Z-series when the 

dorsal gap was 50 μm wide. The measured AS cells were the same we used for AS cell shape 

determination. 

10. Filopodia number and length 

Filopodia number and length were calculated with the line tool within six en-Gal4 stripes 

per embryo when the LEs were 30-50 μm apart from each other.  

11. Dorsal closure parameters 

The width and height of the dorsal hole were measured on maximum-intensity Z-projections 

using the line selection tool in Fiji. Timepoint zero was defined right after the germ band was 

retracted and head involution began. The convergence speed of the LE was measured as 

described in Pasakarnis et al. (Pasakarnis et al., 2016). The zipping speed was calculated as 

follows:  

𝑣(𝑡𝑥) = ((𝑙𝑒𝑛𝑔𝑡ℎ(𝑡𝑥) − 𝑙𝑒𝑛𝑔𝑡ℎ(𝑡𝑥+1)) ∆⁄ 𝑡 

where v(tx) is the zipping speed, length(tx) is the length of the dorsal hole in a given frame, 

length(tx+1) is the length of the dorsal hole in the following frame and ∆t is the time interval 

between the frames. 

12. Statistics and figures 

Statistical analysis was carried out using Prism 8 (GraphPad Software Inc.). The 

D’Agostino-Pearson omnibus test was used to assess the normality of the data. Significance 

levels: ns p > 0.05, * p ≤ 0.05, ** p ≤0.01, *** p ≤ 0.001, **** p ≤ 0.0001. At least three 

independent experiments were used in the statistical analysis, a summary of the sample numbers 

and significance levels is shown in Table 1. Figures and drawings were created in Illustrator 

CS6 (Adobe).  
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Table 1. Summary table of the sample numbers used and the significance levels obtained during 

analysis of the effects of the formin mutants on the different aspects of the dorsal closure 

process. All mutant embryos were compared to the WT control. n.d. = not done, ns= non-

significant. 

  WT DAAMEx4 frl59 form31 dia1 

D
o
rs

al
 c

lo
su

re
 

Closure phenotype 
n=53 

embryos 

p < 0.0001 

n=44 

p = 0.0196 

n=48 

p < 0.0001 

n=54 

p < 0.0001 

n=42 

DC duration 
n=38 

embryos 

ns 

n=37 

ns 

n=40 

p = 0.0002 

n=46 

p < 0.0001 

n=44 

LE convergence speed 
n=23 

embryos 

ns 

n=17 

p = 0.0019 

n=14 

ns 

n=17 

p = 0.0247 

n=8 

zipping speed 
n=23 

embryos 

p = 0.0075 

n=17 

p < 0.0001 

n=14 

p = 0.0065 

n=17 

p < 0.0001 

n=8 

length/width ratio 
n=40 

embryos 

ns 

n=39 

p = 0.0104 

n=39 

ns 

n=47 

ns 

n=42 

A
m

n
io

se
ro

sa
 

AS cell area 
n=54 

cells 

p = 0.0387 

n=54 

p < 0.0001 

n=54 

p < 0.0001 

n=54 

p < 0.0001 

n=54 

AS cell perimeter 
n=54 

cells 

ns 

n=54 

p < 0.0001 

n=54 

ns 

n=54 

p = 0.018 

n=54 

AS cell contraction 
n=54 

cells 

p < 0.0001 

n=54 

p = 0.0002 

n=54 

p < 0.0001 

n=54 

p < 0.0001 

n=54 

AS cell shape 
n=54 

cells 

p < 0.0001 

n=54 

ns 

n=54 

p < 0.0001 

n=54 

p < 0.0001 

n=54 

AS cell pulsation 
n=54 

cells 

ns 

n=54 

ns 

n=54 

ns 

n=54 

ns 

n=54 

F
il

o
p
o
d
ia

 filopodia number 
n=72 

embryos 

ns 

n=64 

ns 

n=75 

ns 

n=64 
n.d. 

filopodia length 
n=69 

embryos 

ns 

n=64 

ns 

n=75 

ns 

n=64 
n.d. 
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RESULTS 

1. Dia, Frl, DAAM and Form3 localize to AS and epidermal cells during the dorsal 

closure 

Based on previous works (Dehapiot et al., 2020; Homem and Peifer, 2008) we know that 

two DRFs formins, Dia and Frl participate in the regulation of dorsal closure, however, potential 

involvement of the other 4 Drosophila formins remained unclear. LOF analysis of dia5 maternal 

and zygotic mutant embryos revealed defects in epidermal sheet alignment and reduced 

filopodia numbers, indicating that Dia is primarily required in the LE cells and explaining the 

slow down of the closure process (Homem and Peifer, 2008; Homem and Peifer, 2009). Frl is 

involved in AS cell contractions, and the maternal and zygotic loss of frl reinforces the 

pulsatility of the AS cells. Importantly, however, the lack of Dia or Frl does not prevent the 

fusion of the epidermis. Given that the complex process of DC is based on a series of 

cytoskeletal rearrangements in at least two different tissues, we hypothesized that additional 

actin nucleation factors may also be required, thus, we examined the role of all six Drosophila 

formins to shed light on some of these proteins. To begin this analysis, we performed 

immunostaining experiments to determine which formins are actually localized to the tissues 

involved in DC (Figure 3). Consistent with previous reports (Homem and Peifer, 2008), we 

detected Dia in the cell cortex of both the epidermal and the AS cells, as well as at the apical 

adherens junctional region of LE cells (Figure 7A). FRL is mostly present in the cytoplasm of 

the AS cells, although a weaker staining is present in the cortex of the AS cells and that of the 

epidermal cells as well (Figure 7B). In addition, the Frl signal was found in the nuclei of AS 

cells and along the LE actin cable (Figure 7B). Similar to the findings of Flores-Benitez and 

Knust (Flores-Benitez and Knust, 2015), DAAM showed a significant accumulation in the 

cortex of the epidermal cells and it was also present in the AS cells (Figure 7C), while Formin3 

exhibited a similar localization pattern as DAAM, although it is stronger in the cytoplasm of 

the AS cells (Figure 7D). In the cases of Fhos and Capu, we detected only background staining 

(Figure 7E,F).  
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Figure 7. Localization pattern of the formin proteins during dorsal closure. (A–C’’,  

E–E’’) w1118 embryos, (D–D’’) Form3-GFSTF, and (F–F’’) Capu-GFSTF embryos. Antigens 

are as indicated. (A–A”) Dia exhibits a strong cortical localization (arrowheads) both in the 

LE and AS cells, as well as a junctional accumulation (arrow) in the DME cells. (B–B”) Frl 

displays a weak cortical localization (yellow arrowheads) in the DME and AS cells, a weak 

accumulation along the LE actin cable (white arrowhead), and a non-uniform cytoplasmic 

accumulation and a mostly punctual nuclear signal in the AS cells (yellow arrow). (C–C”) 

DAAM exhibits a cortical localization (arrowheads) in the LE cells and a somewhat weaker 

one in the AS cells, together with a weak accumulation in the cytoplasm of the AS cells.  

(D–D”) The Form3 protein is also present both in the LE and AS cells with a weak cortical 

and a more profound cytoplasmic accumulation in both cell types (arrowheads). We failed to 

detect a specific staining pattern in the cases of Fhos (E–E”) and Capu (F–F”). Scale bars:  

10 μm. 

For Capu and Form3, in the absence of available antibodies, we used the GFSTF stocks, 

therefore, to demonstrate the specificity of these stainings, we performed two control 

experiments (Figure 8) when anti-GFP was tested in a form3 mutant background (Figure 8B) 

and anti-FLAG was tested in wild type embryos (Figure 8D). Consistent with our former 

interpretation of the staining data, the anti-GFP pattern in Form3 mutants resembles a  

non-uniform background, much alike the anti-FLAG pattern in wild type embryos. Thus, the 

embryonic protein expression pattern of the Drosophila formins indicates that 4 of the 6 formin 

proteins are present in the tissues contributing to DC, and the different localization of these four 

formins may indicate different functions during the process. 
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Figure 8. Specificity of GFP and Flag stainings in the GFSTF strains. A-A”: Form3-

GFSTF, B-B”: form31, C-C”: Capu-GFSTF, D-D”: w1118. Form3, detected by anti-GFP in  

A-A”, exhibits a cortical and cytoplasmic localization in the LE and AS cells (arrowheads), 

whereas in wild type embryos (B-B”) we could only detect a low-level non-specific anti-GFP 

pattern. In the case of Capu (detected by anti-Flag) no specific pattern was detected (C-C”), 

which highly resembled the result of an anti-Flag control staining in wild type embryos  

(D-D”). Scale bars: 10 μm. 

2. The formin LOF mutations used during our studies 

To investigate the contribution of these four formins to DC, we used loss-of-function 

approaches to reduce each protein level. Because upon the complete maternal and zygotic 

absence of Dia the oogenesis is severely disrupted, we used dia1, a hypomorphic allele causing 

a comparably strong reduction in Dia level as the formerly used alleles (Figure 9) (Homem and 

Peifer, 2008) and frl59, a homozygous viable protein null allele (Figure 9) (Dehapiot et al., 

2020). To explore the function of DAAM, we selected the DAAMEx4 allele (Gombos et al., 

2015). This is also a homozygous viable allele, strongly reducing the expression of the DAAM-

PB isoform (Figure 9), which is the major embryonic DAAM isoform until stage 15 of 

embryogenesis. 
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Figure 9. Western blot analysis of stage 13 embryos. Genotypes and antigens as indicated. Note 

the strongly reduced DAAM protein level in DAAMEx4, the complete absence of Frl in frl59 and the 

reduced Dia level in dia1 mutant embryos. Actin is used as the loading control. 

Since there was no suitable form3 allele that could be used as a null mutant, we used the 

CRISPR/Cas9 technique to generate a novel null allele, form31 (Methods), that is a 13.5 kb 

deletion in form3 removing 99% of the coding region, including the functionally indispensable 

two formin homology domains (FH1 and FH2). The form31 allele is semilethal, although 

homozygous fertile adults hatch and the allele can be maintained as a homozygous stock. Based 

on previous work, point mutant alleles of form3 affect the fusion of the main tracheal airways 

(Tanaka et al., 2004). This phenomenon is caused by the so-called fusion cells located at the 

boundaries of each segment, which are unable to connect the main tracheal airways at the 

segment boundaries due to inadequate actin or E-Cadherin accumulation, and because of this, 

it will be discontinuous. Thus, to verify our new allele, we investigated the tracheal system in 

form31 homozygous embryos. We found that similar to the findings of Tanaka and colleagues 

(Tanaka et al., 2004), about 13% of the form31 embryos exhibit a discontinuous lumen in the 

dorsal trunk of their tracheal system, which is significantly higher as compared to wild type 

controls (Figure 10A,B). We were able to rescue this phenotype by the expression of a wild 

type UAS-Form3 transgene in form31 null mutant embryos by using the 69B-Gal4 driver line 

(Figure 10A,B), and therefore, these results further confirm the role of form3 in trachea 

development. Furthermore, it is known that the actin cytoskeleton has an important role during 

embryonic trachea formation, therefore, we also considered it important to test an actin-

processing mutant form of form3 in this process. It has already been proved that in the case of 

formins, the FH2 domain contains the primary actin-binding site which is marked by a 

conserved isoleucine (Ile,I) residue (Lu et al., 2007; Xu et al., 2004). The mutation of this 

residue strongly reduces the actin-processing activity of several formins (Breitsprecher and 

Goode, 2013). In this study, we expressed the INF2 I643A mutation equivalent UAS-Form3 

I450A actin-processing mutant transgene (INF2 is the human ortholog of Drosophila Form3) 
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in form31 embryos, and we found that, in contrast to the wild type, the actin-processing point 

mutant is unable to restore the continuity of the main airways, suggesting that Formin3 indeed 

affects development of the trachea through regulation of the actin cytoskeleton (Figure 10A,B). 

 

 

Figure 10. Form3 is required for tracheal development. (A) Stage 17 embryos of the 

genotypes indicated and stained for 2A12 to label the lumen of the tracheal system. Unlike 

wild type, form31 mutant embryos display gaps in their main airways (arrowheads), that can 

be rescued with the expression of UAS-FL-Form3. Scale bar: 50 μm. (B) Quantification of the 

tracheal gap phenotype of the embryos indicated in panel A. w1118 was used as wild type (WT) 

control. 

To verify the embryonic localization of the 3 formins for which reliable antibodies exist, 

we investigated the staining pattern of these formins in formin mutant embryos at the stages of 

the closure process. Consistent with the western blot analysis and the hypomorphic nature of 

the dia1 allele, in the case of Dia we could detect a weak signal in the embryos, mainly obvious 

at the LE (Figure 11A). In the DAAM and frl mutants no specific signal was observed (Figure 

11B,C). 

 



28 
 

 

Figure 11. Localization pattern of the formin proteins in mutant embryos. A-A”: dia1,  

B-B”: DAAMEx4, C-C”: frl59. (A-A”) Dia accumulates as dots at the LE (arrowhead). We could 

not detect a specific formin staining in DAAM (B-B”) and Frl (C-C”) mutants. Antigens as 

indicated. Scale bar: 10 μm. 

3. Formins influence the process of DC 

To monitor the morphological changes and the dynamic parameters of the closure process 

in formin mutants, we used live-imaging microscopy where the adherens junctions in AS and 

epidermal cells were labelled by Armadillo::GFP. Armadillo is the Drosophila homolog of 

mammalian beta-catenin, a highly conserved adherens junction component. An analysis of the 

different formin mutant embryos revealed that during the closure process the dorsal gap is not 

always intact and fully stretched. The different phenotypes that appeared were classified into 

six major groups: wild type, puckered, unstretched LE, AS falls apart, malformed chantus and 

arrested DC (due to death of the embryo). As expected, a majority (about 76%) of the dia1 

embryos exhibited an altered gap morphology during DC (Figure 12A,B). The most frequent 

defect (in about 45% of the embryos) is puckering of the dorsal epidermis, which is thought to 

be caused by mismatching of the opposite epithelial sheets (Pasakarnis et al., 2016) (Figure 

12A,B). In addition, 12% of the embryos display an unstretched LE (Figure 12A,B). 

Furthermore, 10% have a malformed canthus (Figure 12A,B) meaning that either the anterior 

or the posterior canthus is missing, and in 10% of the embryos the AS falls apart (Figure 

12A,B). In the case of the frl59 mutant embryos 44% presented a distorted closure where we 
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detected errors in canthus formation (17%), arrested DC (10%), puckering (8%), and AS falling 

apart (in 8% of the embryos) (Figure 12A,B). As compared to these, 81% of the form31 mutant 

embryos exhibited DC defects that were highly similar to the ones observed in dia1 (Figure 

12A,B). In DAAMEx4 we revealed DC defects in nearly 60% of the embryos, most of which 

were puckering (36%) or a failure in canthus formation (14%) (Figure 12A,B). Based on these 

results we conclude that all four formins affect DC at this gross morphological level. The effects 

of dia and form3 are much alike by impairing three aspects of DC, puckering, LE stretching 

and AS development. In contrast to this, frl has a stronger effect on canthus formation and a 

significant portion of the embryos die before DC is completed, whereas the most profound 

effects of DAAM are puckering and impaired canthus formation beside the arrested DC 

phenotype. 
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Figure 12. Comparison of the dorsal closure phenotypes in formin mutants.  

(A) Representative images of the dorsal closure phenotypes observed in Arm::GFP-expressing 

formin mutant embryos. Arrowheads point to the puckered dorsal midline and the malformed 

canthi, an arrow indicates the unstretched DME, and an asterisk marks the place of missing 

AS cells. Scale bar 20 μm. (B) Quantification of the morphological defects observed in formin 

mutant embryos during dorsal closure. The color code represents the previously described 

categories. Arm::GFP was used as the wild-type (WT) control in B–E, and the mutants were 

compared to the WT control in B–C. (C) Scatter dot plot of DC duration in the formin mutants. 

Values are mean ± SD. (D–E) Diagram of the temporal change in the width of the dorsal hole 

(D) and that of LE convergence speed (E) in formin mutant embryos. Values indicate the 

average of several embryos. The inset in D highlights the first phase of the process to illustrate 

that, in frl mutants, the curve is linear, while it is sigmoid in all the other cases. For statistical 

analysis, we used the Chi-square test (B) and the Kruskal–Wallis test p < 0.0001, followed by 

Dunn’s multiple comparisons tests (C). ns = non-significant, * p ≤ 0.05, *** p ≤ 0.001,  

**** p ≤ 0.0001. 

Despite the different defects in gap morphology, these embryos can still successfully 

complete DC even in the total absence of these formins. However, the different morphological 

phenotypes have an effect on the duration of the closure process. In control embryos closure of 

the dorsal hole was completed within 174 ± 44 minutes, while in the case of frl59 we could 

detect an increased time requirement (204 ± 68 min) (Figure 12C), which is comparable to the 

rate measured in a recent study (Dehapiot et al., 2020). In DAAMEx4 we also found an increased 
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duration (219 ± 84 min), that has further increased in the form31 (245 ± 87 min) and dia1 

 (274 ± 79 min) mutants (Figure 12C). To investigate further the duration of the closure, we 

measured the convergence of the two opposite epithelial sheets (Figure 12D,E). Decrease of the 

dorsal hole width followed a sigmoidal curve in wild-type, DAAMEx4, form31 and dia1embryos, 

however, in frl59 mutants the curve appears nearly linear (at least until 150 minutes) (Figure 

12D). In DAAMEx4 embryos width of the hole initially decreased with identical dynamics as in 

the wild type until 150 minutes, when the closure was arrested for about 100-120 minutes 

(Figure 12D), causing a delay in the completion of the process. In cases of the other three  

mutants, the closure curves also revealed a temporal stop between 100-140 minutes, just as in 

DAAMEx4 embryos, with the difference that arrests in closing the gap last for nearly 200 minutes 

in the form31, dia1 and frl59 mutants (Figure 12D).  

At ~40 minutes after the initiation of head involution, wild type embryos reached the 

highest LE convergence speed and then this speed gradually decreased in the next 60 minutes 

(Figure 12E). The DAAMEx4 embryos followed this tendency, however, the maximum speed 

was not as high as in controls (Figure 12E). In form31 and dia1 the initial speed of the LE 

displacement was much lower than in the control (wt: 0.55 µm/min, form31: 0.28 µm/min, dia1: 

0.27 µm/min) (Figure 12E), and in dia1 there was a 12 minutes delay in reaching the maximum 

speed (Figure 12E). In the case of frl59, the maximum speed was strongly reduced as compared 

to the wild type (wt: 1.12 µm/min, frl59: 0.71 µm/min) (Figure 12E), which might explain the 

nearly linear change in decreasing the width of the dorsal hole (Figure 12D).  

Since rescue experiments have already been performed with DAAMEx4, frl59 and dia1 

mutants in different tissues, but in the case of the form31 mutant only the tracheal phenotype 

was rescued, we carried out rescue experiments in form31 mutant embryos related to DC. To 

perform this test, we used the ubiquitously expressing 69B-Gal4 driver. The significantly longer 

duration of the closure in the case of form31 and form31,69B-Gal4 (245 ± 67 min) embryos 

were successfully rescued by expression of the wild type UAS-Form3 transgene in form31 

embryos (203 ± 56 min) (Figure 13). 
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Figure 13. The rescue of DC length. form31 embryos show a longer DC, which can be 

rescued by the expression of UAS-FL-Form3 with the ubiquitously expressed 69B-Gal4 

driver. Genotypes as indicated. Statistical analyses were performed by Kruskal-Wallis tests 

P˂0.0001, followed by Dunn’s multiple comparisons test. ns=non-significant, * p ≤ 0.05,  

**** p ≤ 0.0001. 

Collectively, these observations suggest that the lack of DAAM has the weakest effect 

on the duration of the closure process and the convergence of the LE. Similar to the 

morphological phenotypes, the lack of Form3 and Dia has a very similar effect on these 

dynamic parameters, dia having a slightly stronger effect in these contexts than form3. 

Curiously, in these formin mutants sealing of the dorsal hole temporally halts after 120-150 

minutes when roughly 2/3 or 3/4 of the process is already completed, and the last steps will 

only be finished after another 150-200 minutes, that is much slower than in wild type. We 

interpret these findings as indications that during the first two hours of DC the functions of Dia 

and Form3 are largely dispensable, but then they play a role during the final phases of sealing 

the epithelium. With regard to Frl, we revealed a considerably different effect on the dynamics 

of the LE convergence than that of the other three formins. Although Frl has a marginal effect 

on DC duration, the course of the closure curves exhibits a marked difference both as compared 

to wild type and to the other formin mutants, indicating an alteration in the dynamics of the 

process already from the first steps until the end of it. Thus, Frl appears to display a differential 

temporal contribution that is most likely paralleled with a differential spatial requirement as 

compared to the other three formins. 
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4. Form3, DAAM and Frl mediate the zipping of the epithelial sheets 

In vivo imaging of the closure process revealed that in some embryos the dorsal hole was 

abnormally narrow. To quantify this phenotype, we measured the length-to-width ratio of the 

hole in all formin mutants at an appropriate timepoint when the width was 30 m. This ratio 

was not affected by dia or form3, while it was significantly increased in the case of frl59 and 

exhibited a decreasing tendency in DAAM mutants (Figure 14A). Because it is thought that an 

increased length-width ratio indicates an impairment of the zipping process (Takacs et al., 

2017), we next measured the zipping speed in the formin mutant set. 
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Figure 14. Formin mutants impair zipping of the dorsal hole. Arm::GFP was used as the 

wild-type (WT) control in A–C, whereas en-Gal4,UAS-Moe::mCherry was used as the control 

in D and E. (A) Scatter dot plot of the length-to-width ratio in formin mutants. Note that only 

frl59 shows a significant difference as compared to WT, resulting in an elongated dorsal hole. 

(B) Diagram of the temporal changes of zipping speed in formin mutants. (C) Diagram of the 

average zipping speed in the first 84 min of DC (corresponding to the first, very dynamic phase 

of zipping in WT) in formin mutant embryos. (D) Scatter dot plot showing the average 

filopodia number per engrailed positive stripe in formin mutant embryos. (E) Scatter dot plot 

of the average filopodia length in formin mutants. Statistical analyses were performed by 

Kruskal–Wallis tests p < 0.0001 (A,C) p = 0.0005 (E), followed by Dunn’s multiple 

comparisons tests (A,C,E) and by ordinary one-way ANOVA test p = 0.3206, followed by 

Dunnett’s multiple comparisons test (D). Mutants were compared to the WT unless indicated 

otherwise. Data are presented as mean ± SD; ns = non-significant. * p ≤ 0.05, ** p ≤0.01,  

**** p ≤ 0.0001. 

In wild type embryos, the zipping speed linearly increases from 0.7 µm/min up to  

1.7 µm/min in about 90 minutes (Figure 14B), which is followed by a largely steady speed 

phase for 100 minutes, to result in a second boost in the speed (up to 2.5 µm/min) during the 

last 20-30 minutes of DC (Figure 14B). As compared to this zipping speed curve, the lack of 

any of the four formins examined here impairs the zippering process. The DAAMEx4 and form31 

mutants reach their maximum speed during the first phase at the same time as the wild type, 
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however, their maximum is significantly lower (1.2-1.1 µm/min in DAAMEx4 and form31 versus 

1.7 µm/min in wild type) (Figure 14B). In form31 this speed will then decrease below  

1.0 µm/min for 250 minutes, and increase again to 1.5 µm/min during the final 30 minutes 

(Figure 14B). We observed a rather similar tendency in DAAMEx4, with the exception that 

during the 150 minutes long decreasing phase the speed exhibited much higher fluctuations 

than in form3 (Figure 14B). In cases of dia1 and frl59, the mutants reached their first maximum 

speed much later than the controls (48 min delay in dia1 and 68 min delay in frl59) (Figure 14B), 

suggesting that the first phase of the process was less efficient than in wild type (Figure 14B). 

Moreover, the speed at the beginning of the zipping process was significantly lower in these 

two cases (0.4 µm/min for frl59, 0.6 µm/min for dia1 and 0.7 µm/min for wild type), whereas 

the average zipping speed during the first 84 minutes of DC (when the most intensive phase of 

zipping is taking place) also exhibited strong reductions in the formin mutants (0.7 µm/min for 

DAAMEx4, 0.4 µm/min for frl59, 0.7 µm/min for form31, 0.5 µm/min for dia1 and 1.1 µm/min 

for wild type) (Figure 14C).  

The zipping process is mediated by lamellipodia and filopodia-like protrusions 

produced by the LE cells. It is known that formins are the key regulator of filopodia formation 

in several different cell types (reviewed in (Mellor, 2010)), furthermore Drosophila Dia can 

regulate filopodia formation both in the AS cells and at the LE during the DC (Homem and 

Peifer, 2009; Nowotarski et al., 2014). Therefore, we examined the number and length of the 

filopodia in the LE cells in the absence of the formins. Surprisingly, by quantifying these 

parameters, no significant differences were found when compared to wild type controls (Figure 

14D,E), although filopodia length in frl59 is significantly longer when compared to DAAMEx4 or 

form31 mutants (Figure 14E). The finding that, unlike dia (Homem and Peifer, 2009), these 

formins are not required for filopodia formation in the LE cells might indicate that their 

contribution to zipping is independent of filopodia, and implicit to this scenario is that they 

affect another actin population than the one present in filopodia. An alternative explanation 

could be an effect on filopodia dynamics instead of filopodia morphology. Finally, it also 

remains possible that the formin functions are highly redundant with regard to filopodia 

formation but non-redundant regarding a filopodia-independent aspect of the zipping process.  

5. Formins differently regulate the shape of the AS cells  

We noted during the live imaging experiments that in some cases the AS cells appear more 

regularly shaped than in wild-type embryos. Since it is known that AS contractions can 



36 
 

autonomously drive DC (Ducuing and Vincent, 2016; Pasakarnis et al., 2016; Wells et al., 

2014), the cell shape and area changes can be important factors in the regulation of the closure 

process. To quantify the cell shape changes we used a method where a convex hull is fitted on 

the segmented cells (Methods, Figure 6B) and we found that, in contrast to the wavy shaped 

cells in wild-type and frl59 embryos (Figure 15A,B), most AS cells of DAAMEx4, form31 and 

dia1 mutants exhibit a more regular, more round shape (Figure 15A,B). In addition, the AS cells 

appear significantly bigger in form31, dia1 and frl59 embryos, while in DAAMEx4 we detected 

only a slight increase in cell area (Figure 15C). To further investigate this phenomenon, we 

measured the perimeter of the AS cells (Figure 15D), and it was indeed the biggest in frl59 

mutants, supporting that the AS cells are big and wavy in this case while in the case of the other 

formin mutants, the cell perimeter did not change greatly, indicating that they have bigger and 

rounder AS cells than that of wild type.  
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Figure 15. Loss of formins affects the shape and the size of the AS cells. Arm::GFP was 

used as wild type (WT) control. (A) Representative images of the AS cell shapes. WT and frl59 

embryos show a wavy AS cell border, while the other mutants show a stretched cell border. 

Scale bar 5 µm.  (B) Scatter dot plot of AS cell shape quantification by determining the ratio 

of AS area and the area of the fitted convex hull (Ch) in formin mutant embryos.  

(C) Scatter dot plot of the AS cell area in formin mutants when the dorsal hole is 50 µm wide. 

(D) Scatter dot plot of the AS cell perimeter in formin mutant embryos. Data sets were 

analyzed by Kruskal–Wallis tests p < 0.0001, followed by Dunn’s multiple comparisons tests 

(A,C) and Ordinary one-way ANOVA p < 0.0001, followed by Dunnett’s multiple 

comparisons test (D). Mutants were compared to the WT. Data are presented as mean ± SD; 

ns = non-significant. * p ≤ 0.05, **** p ≤ 0.0001. 

6. Formins are crucial for proper contraction of the AS cells 

Next, we asked whether the impaired AS cell shape observed in the formin mutants 

affects the behavior of the AS cells. One of the most striking features of the AS cells is their 

pulsed contractions, shown to be critically important for DC (Ducuing and Vincent, 2016; 

Pasakarnis et al., 2016). To quantify the amplitude of the AS cell contractions, we used a  

15 minutes long time window starting at the point of 50 μm gap width (Methods). A decrease 

in the amplitude of the cell contractions is obvious in the case of all four formin mutants 

examined (Figure 16A), and this effect is well visible in color-coded time projection images 

where the width of the line at the cell cortex is proportional to the degree of contractions  

(Figure 16B). The level of reduction was very similar in all mutants, falling into the range of 

50-60%. We also measured the pulsation frequency in the same time window and we found that 

in DAAMEx4 and frl59 embryos the number of pulsations is decreased as compared to the  
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wild-type (Figure 16C), while the pulsation frequency is slightly increased in the case of the 

form31 and dia1 mutants (Figure 16C). Collectively, these observations indicate that each formin 

is required for efficient contraction of the AS cells, but again, as implied by the opposite effect 

on the pulsation frequency, DAAM and Frl might have a differential contribution as compared 

to Form3 and Dia. Interestingly, in form3 and dia mutants the changes in AS cell shape are also 

very similar to each other, however, AS cell shape in DAAM and frl mutants differ from one 

another, suggesting that AS cell shape alone is not telling about the dynamics of the 

contractions. 

 

 

Figure 16. Loss of formins affects the dynamic parameters of the AS cells. Arm::GFP was 

used as wild type (WT) control. (A) Scatter dot plot of the amplitude of AS cell contractions 

in formin mutants, measured in a 15 min time window. (B) Representative time projections of 

the AS cell contractions observed in the formin mutants. The width of the line at the cell cortex 

is proportional to the degree of contractions. Scale bar 10 µm. (C) Scatter dot plot of the 

number of AS cell pulsations during a 15 min time window. Note that the DAAMEx4 and frl59 

embryos show a slightly decreased pulsation activity, while the form31 and dia1 mutants show 

a slightly increased pulsation activity. Data sets were analyzed by Kruskal–Wallis tests  

p < 0.0001, followed by Dunn’s multiple comparisons test (A) and ordinary one-way ANOVA 

p < 0.0001, followed by Dunnett’s multiple comparisons test (C). Mutants were compared to 

the WT. Data are presented as mean ± SD; ns = non-significant, *** p ≤ 0.001,  

**** p ≤ 0.0001. 

It was reported that overexpression of the constitutively active form of Dia in the AS 

increases myosin levels (Homem and Peifer, 2008). Likewise, overexpression of Frl causes an 

increased medial F-actin level in the AS cells (Dehapiot et al., 2020), while in the absence of 

frl the density of this actin network is decreased (Dehapiot et al., 2020). Therefore, to examine 



39 
 

how formins affect the actomyosin system of the AS cells, we performed immunostainings in 

all four mutants. By investigating the actin and myosin levels, we found a slight decrease in  

AS cell actin density in all mutants, but we did not find a convincing change in myosin density 

(Figure 17), and thus, these data are consistent with formins primarily being involved in actin 

regulation. 

 

 

Figure 17. The comparison of actin and non-muscle MyosinII distribution in the AS cells 

of formin mutant embryos. The apical region of the AS cells is shown from stage 14 embryos 

of the genotypes indicated, stained for actin and non-muscle MyosinII. In wild type, both actin 

and MyosinII exhibit a cortical enrichment and a largely diffuse cytoplasmic staining.  

In formin mutants, the cytoplasmic actin signal appears to be slightly reduced as compared to 

wild type. The MyosinII pattern in the formin mutants appears largely similar to that of the 

wild type. Scale bars 10 μm. 
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DISCUSSION 

Formins are well characterized actin nucleators and elongators. These proteins 

participate in actin cytoskeleton regulation in many different tissues. Such as in developing 

embryos during cytokinesis (Afshar et al., 2000; Castrillon and Wasserman, 1994; Grosshans 

et al., 2005), in embryonic, larval and adult nervous systems (Gombos et al., 2015; Matusek et 

al., 2008; Migh et al., 2018; Szikora et al., 2017), in developing compound eye (Dollar et al., 

2016), in developing muscle (Harbison et al., 2004; McClure et al., 2008; Ordonez et al., 2018; 

Shwartz et al., 2016; Spradling et al., 1999), in ovaries (Dahlgaard et al., 2007; Emmons et al., 

1995; Quinlan, 2013) and in developing trachea (Matusek et al., 2008; Tanaka et al., 2004). 

Furthermore, two formins, Dia and Frl, are proven to be involved in actin cytoskeleton 

regulation during the dorsal closure (Dehapiot et al., 2020; Homem and Peifer, 2008) as well. 

The contribution of formins in this process is not surprising, as the forces generated during the 

course of DC are mainly based on F-actin and actomyosin, and microtubule based cytoskeletal 

mechanisms. Whereas the contribution of branched actin networks is not reported, linear actin 

cables are required for pulsatile contraction of the AS cells, LE actomyosin cable formation and 

LE protrusions. Considering that most of the unbranched actin filaments are assembled by 

formin proteins, other formins than Dia and Frl are likely to be involved in the regulation of 

DC. At the cellular level, Dia is required for filopodia formation in the LE and AS cells (Homem 

and Peifer, 2008; Homem and Peifer, 2009; Nowotarski et al., 2014), while Frl is implicated in 

the formation of a persistent, medioapical actin subpopulation in the AS cells promoting the 

propagation of Myosin II-induced contractile forces (Dehapiot et al., 2020). These observations 

suggested that Dia and Frl are required in two different cell types, and consequently, they 

regulate at least two different actin populations. Importantly, it was also found that these two 

formins are not essential for dorsal closure, mainly the cell dynamics of the process that is 

impaired in the dia and frl mutant embryos. To clarify whether additional formins are involved, 

we performed a comprehensive analysis of all six Drosophila formins. These studies 

established that, in addition to Dia and Frl, Form3 and DAAM are also expressed in the LE and 

AS cells during DC, and in harmony with this, form3 and DAAM mutants exhibit various types 

of morphological alterations during DC. Thus, closing of the dorsal epidermis requires the 

concerted action of four formins, each displaying a different phenotype when analyzed in 

details.  

Immunostaining experiments revealed that only 4 of the 6 Drosophila formins are 

present in the embryonic tissues. Dia, Frl, Form3 and DAAM are detected in the lateral 
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epidermal cells as well as in the AS cells during DC, while Fhos and Capu do not exhibit a 

specific accumulation in these regions. Interestingly, the localization patterns of the 4 formins 

are different from each other. Dia strongly accumulates at the cortex of both the LE and  

AS cells, which is similar to the localization of DAAM, with the exception that the DAAM 

staining is less strong along the LE actin cable and it is more punctual along the cortex of the 

AS cells, and the cytoplasmic signal in the AS cells is stronger than for Dia. As compared to 

this, Frl and Form3 exhibit a relatively weak cortical accumulation in the epidermal cells, and 

a stronger, mostly cytoplasmic staining in the AS cells. Importantly, while Frl mainly 

accumulates into cytoplasmic foci in the medial region of the cells, the Form3 pattern is more 

uniform in a wide cytoplasmic zone along the cortex of the AS cells. The medioapical and 

mediolateral Frl enrichments are consistent with a role in the assembly of a persistent, 

medioapical actin network, as proposed recently (Dehapiot et al., 2020). In addition, the 

punctate nature of the cytoplasmic Frl accumulations indicates that the Frl-dependent actin 

cables emanate from spatially controlled foci. 

LOF experiments showed that in the absence of the four formins various phenotypic 

defects happened during DC, including morphological alterations and changes in the dynamic 

parameters of the process. The strongest morphological phenotypes were shown by formin3 and 

dia mutants (~80%), while penetrance of the DC phenotypes was 60% in the DAAM and 44% 

in the frl mutants. In the cases of form3, dia and DAAM majority of the defects is puckering of 

the dorsal epidermis, although form3 and dia also affect LE stretching and AS development, 

and DAAM impairs canthus formation. In the absence of Frl, canthus formation is often 

compromised, and a significant number of the mutant embryos die before DC is fully 

completed. Although we found that despite these diverse morphological defects most embryos 

can still close the dorsal hole, we revealed that DC dynamics is strongly affected by the lack of 

the formins. To provide a comprehensive picture, we measured a set of dynamic parameters in 

each formin mutant to follow the convergence of the LE, the zipping process and the contraction 

of the AS cells. These studies revealed that DC duration is longer in the formin mutants, in 

particular in the cases of form3 and dia, and the speed of LE convergence is reduced in all 

mutants. Moreover, in DAAM, form3 and dia mutant embryos convergence of the LE is largely 

normal during the first two hours of the process when a temporal stop appears to slow down the 

sealing of the gap. In contrast, in the absence of Frl, the closure curve shows an alteration in the 

closing process from the beginning of it. Thus, these data indicate that the effects of form3, dia 

and DAAM are similar to each other both with regard to the morphological phenotypes and to 
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DC dynamics, whereas frl has distinct effects in both respects. These differences are best 

explained by different temporal, and presumably, spatial requirements for the two classes of 

formins, i.e. Frl is required from the early phases of DC, while Form3, Dia and DAAM provide 

an important contribution only during the final phases. This hypothesis is in line with the 

formerly demonstrated role of Frl in AS cell contraction which is thought to be a major force-

generating process from the onset of DC (Dehapiot et al., 2020), and with the finding that Dia 

plays a role in zipping (Homem and Peifer, 2008; Homem and Peifer, 2009) which is thought 

to be more important in the second half of DC. Curiously, however, we found that zipping is 

slowed down in all formin mutants, including frl, and conversely, AS cell dynamics is not only 

affected by frl, but also by the other three formins. As to zipping, unlike Dia, Form3, DAAM 

and Frl are not required for filopodia formation, and unless they regulate filopodia dynamics, 

they may contribute to zipping by regulating a non-filopodial actin subpopulation. One 

candidate for this would be the supracellular actomyosin cable at the LE/AS boundary, which 

is however not significantly disrupted in the formin mutants, and therefore it might also be an 

as yet unidentified F-actin population. Regarding the behavior of the AS cells, our results 

indicate that each formin is required for the efficient contraction of these cells. Nevertheless, 

while DAAM and frl reduce, form3 and dia slightly increase the frequency of AS cell pulsation, 

revealing a differential contribution. Collectively, the analysis of DC dynamics in the formin 

mutants strongly suggests that each of the four formins is involved in zipping and AS cell 

contraction as well.  

Our study on DC dynamics also revealed that the different formins play different roles 

in the process which means that each formin regulates the assembly of distinct actin bundles in 

the LE and AS cells. Even so, it is noteworthy that the two formins exhibiting the most similar 

phenotypic effects, dia and form3, belong to two distinct formin subfamilies. Dia, together with 

DAAM and Frl, is a member of the DRF subfamily that is regulated by a well-characterized 

intramolecular autoinhibitory mechanism, whereas Form3 is the sole Drosophila inverted 

formin, the activity of which is regulated by an unknown mechanism. The activity of the DRF 

subfamily is regulated by Rho family small GTPases (Rho, Rac and Cdc42), all of which were 

already linked to DC (Abreu-Blanco et al., 2014; Harden et al., 1999; Homem and Peifer, 2008; 

Magie et al., 1999; Magie et al., 2002), making them good candidates for Dia, DAAM and Frl 

activation during DC. Indeed, Dia is likely to be regulated by Rho1 (Homem and Peifer, 2008), 

but the mechanism of Frl and DAAM activation in this context remained less clear (Dehapiot 

et al., 2020). Independent of their precise mode of activation, the phenotypic similarities 
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between dia and form3 indicate that, with the exception of filopodial actin, they may contribute 

to the formation of an at least partly overlapping set of actin populations, which are distinct 

from the Frl and DAAM dependent actin networks. Thus, we propose that the four formins 

promote the formation of numerous, and only partly identical actin structures, each with a 

specific role in DC mechanics. By considering that DC requires the orchestration of several 

different forces in several different cell types, the involvement of at least four actin assembly 

factors is entirely conceivable. 

Overall, we have shown in this study that four DC-related formins regulate the dynamics 

of embryonic dorsal closure differently. Although they play a significant role, none of the 

formins alone is essential to the success of the process, further confirming that this key 

morphogenetic event is particularly robust and secured by a variety of cytoskeletal mechanisms. 

The known molecular function of the formin protein family suggests that Dia, Form3, DAAM 

and Frl are required for the assembly of various F-actin subpopulations critical to proper force 

generation in the LE and AS cells during DC. So far, only one such Frl-dependent actin 

subpopulation was identified in the AS cells, and although LE filopodia formation is known to 

be Dia-dependent, identification of the additional formin dependent actin structures awaits 

future elucidations. 
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SUMMARY 

Closing the dorsal epidermis of the Drosophila embryos serves as an important 

paradigm to study the mechanisms of epithelial fusion, and that of wound healing, exhibiting 

remarkable similarities with dorsal closure. Investigations over the past decade provided us 

with a good understanding of the cellular movements and cell shape changes occurring during 

this process. Moreover, it has been established that F-actin and microtubule based cytoskeletal 

mechanisms play a pivotal role in this sealing process. Being required for the formation of 

contractile actomyosin cables and filopodia growth the contribution of unbranched actin 

filaments became particularly evident. Despite their fundamental importance, the assembly and 

regulation of these actin cables are, nevertheless, not well understood. 

In this study, we report a comprehensive analysis of all Drosophila members of the 

formin protein family, recognized as the major factors of unbranched actin filament formation 

in cells. We used a combination of protein expression studies and phenotypic analysis to 

demonstrate that of the six Drosophila formins, four members (Dia, Frl, DAAM and Form3) 

are needed to bring about proper fusion of the epithelia. Whereas, Dia and Frl were already 

shown to be involved in DC, we not only identified two additional players (i.e. DAAM and 

Form3), but we also revealed new roles for Dia and Frl. Careful analysis of the morphological 

and dynamic properties of the closure process in formin mutants showed a differential 

contribution for each formin. Collectively, our data strongly suggest that the four formins 

promote the formation of several actin structures, each with a specific role in the complex 

mechanics of DC. 
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ÖSSZEFOGLALÓ 

A Drosophila embriók háti hámrétegének összezáródása kitűnő modellrendszerként 

szolgál az epiteliális lemezek fúziójának tanulmányozására, mely figyelemreméltó 

hasonlóságot mutat a sebzáródás folyamatával. Az elmúlt évtized kutatásai által betekintést 

nyerhettünk a háti záródás során lejátszódó sejtes mozgások és sejtalakváltozások 

szabályozásának módjába, továbbá fény derült a záródás fő mozgató erejére, az F-aktin és 

mikrotubulus alapú sejtváz átrendeződésre is. A nem elágazódó aktin filamentumok aktomiozin 

kábel kialakításában és a filopódiumok növekedésében betöltött szerepe pedig rávilágított ezen 

sejtvázalkotó nélkülözhetetlen jelenlétére a folyamat során. Habár a fent említett aktin kötegek 

alapvető fontosságúak, létrejöttük és szabályzásuk módja közel sem tisztázott. 

Tanulmányunkban átfogó vizsgálatot végeztünk a nem elágazódó aktin filamentumok 

fő szabályozó elemeiről, a Drosophila modellállatban megtalálható formin fehérje család 

valamennyi tagjáról. Fehérje expressziós és fenotípusos vizsgálatok kombinációját alkalmazva 

bizonyítottuk, hogy a hat Drosophila formin közül négy (Dia, Frl, DAAM és Form3) fontos 

szerepet játszik az epidermisz megfelelő záródásában. Míg a Dia és az Frl forminokról már 

korábban kimutatták, hogy részt vesznek a háti záródás szabályzásában, mi nem csupán két új 

szereplőt, a DAAM és Form3 fehérjéket azonosítottunk, hanem a Dia és az Frl forminok új, 

eddig ismeretlen szerepeit is felfedtük a folyamat során. Az egyes formin mutánsok morfológiai 

és dinamikus paramétereinek alapos elemzése alapján megállapítottuk, hogy az egyes forminok 

eltérően járulnak hozzá a folyamat szabályozásához. Kutatásaink alapján összességében 

elmondható, hogy a négy formin különféle aktin struktúrák kialakulását segíti elő, melyek 

mindegyike specifikus szerepet tölt be a háti záródás mechanizmusában. 
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Abstract: Dorsal closure is a late embryogenesis process required to seal the epidermal hole on
the dorsal side of the Drosophila embryo. This process involves the coordination of several forces
generated in the epidermal cell layer and in the amnioserosa cells, covering the hole. Ultimately,
these forces arise due to cytoskeletal rearrangements that induce changes in cell shape and result in
tissue movement. While a number of cytoskeleton regulatory proteins have already been linked to
dorsal closure, here we expand this list by demonstrating that four of the six Drosophila formin type
actin assembly factors are needed to bring about the proper fusion of the epithelia. An analysis of the
morphological and dynamic properties of dorsal closure in formin mutants revealed a differential
contribution for each formin, although we found evidence for functional redundancies as well.
Therefore, we propose that the four formins promote the formation of several, and only partly
identical, actin structures each with a specific role in the mechanics of dorsal closure.

Keywords: dorsal closure; actin; formin; Drosophila

1. Introduction

The establishment of tissue integrity during development or after injury often requires
the fusion of two epithelial sheets. Drosophila embryonic dorsal closure (DC) is a broadly
used model system to study the in vivo mechanisms of such closure processes. DC is a late
morphogenetic process occurring after germ band retraction that leaves a hole on the dorsal
side of the embryo, covered by the extraembryonic amnioserosa (AS) cells (reviewed in [1]).
The closure of the epidermal gap is achieved by the migration of the two lateral epidermal
cell sheets towards the dorsal midline, where they meet and fuse together while the AS
cells contract and ultimately die by apoptosis. The initiation of DC begins at stage 12 when
cells of the AS start to reduce the size of their apical surface through a series of rhythmic
contractions, lasting until the completion of DC [2]. At stage 13, during the second phase of
the process, the dorsal-most epidermal cells (DME) elongate in a dorsoventral direction,
and they begin to produce a contractile, supracellular actin cable around the dorsal gap [2].
Subsequently, at stage 14, the two opposite epithelial sheets get close enough at the canthi
of the hole to contact each other by filopodia and lamellipodia protruding from the DME or
leading edge (LE) cells. These cellular protrusions help the zipping of the epidermal cell
sheets and promote the formation of a seamless contact along the midline by stage 15 of
embryogenesis [2].

Perfect sealing of the dorsal epidermis requires the concerted action of several forces.
These include the apical contraction of the AS cells, exerting a pulling force on the lateral
epidermis; the contraction of the actin cable flanking the dorsal hole; and the cell adhesion
forces generated during the zippering process (Figure 1). While it has been shown that the
loss of one of these forces can be partially compensated for by the others [3–6], it was also
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demonstrated that the contraction of the AS cells is the most important force-generating
component during DC [5,6]. The closing process is based on dynamic cell shape changes
driven by cytoskeletal rearrangements [7]. Zipping involves the coordinated action of
the actin and microtubule cytoskeleton [2,8], while the contraction around the dorsal gap
and that of the AS cells are generated by actomyosin cables. Research over the last few
decades has identified a plethora of proteins that contribute to the formation and regulation
of these actomyosin systems. For example, the JNK and Dpp signaling pathways [9–11]
promote the formation of the supracellular actomyosin cable around the dorsal gap. The Z
band alternatively spliced PDZ-motif protein 52 (ZASP52) is required to build these actin
cables [6], the contractility of which is regulated by Rho GTPases [2]. In addition, it was
shown that the heavy and light chain components of non-muscle Myosin II are essential
for DC [12,13], and two formin types of actin assembly factors, Dia and Frl, also play a
role [14,15].

Members of the highly conserved formin protein family belong to the major cytoskele-
ton regulators as they act as de novo actin nucleation factors and also support filament
elongation (reviewed in [16]). Beyond actin regulation, many formins have been shown
to interact with microtubules, and they play a role in crosslinking of the actin and micro-
tubule cytoskeleton [17–23]. The genomes of the vertebrate species encode 15 formins [24],
whereas the Drosophila genome encodes 6 formins, Dia (diaphanous), Frl (formin-related in
leukocytes/formin-like), DAAM (disheveled associated activator of morphogenesis), Fhos
(formin homology 2 domain-containing), Capu (cappuccino), and Form3 (Formin 3). Of these,
Dia, thought to be indispensable for cytokinesis [25–27], is implicated in multiple aspects
of DC, such as the regulation of actomyosin contraction in LE cells [14] and filopodia
formation in both LE and AS cells [28,29]. Frl is the other formin linked to DC by promoting
the assembly of a medioapical actin subpopulation in AS cells [15]. Interestingly, a LOF
analysis of these formins revealed that neither of them are essential for DC, rather they
affect the cellular dynamics of the process. These findings highlight the robustness of
the dorsal closure process and indicate that various actin regulators might have a specific
contribution by supporting specific actin subpopulations. Thus, it remained possible that
additional formin types of actin regulators were also involved, possibly impacting different
actin networks than those controlled by Dia or Frl. To address this question, we decided
to perform a comprehensive analysis of the six Drosophila formins during DC. Here, we
present these studies revealing that, besides Dia and Frl, Form3 and DAAM are also ex-
pressed in LE and AS cells and play a role in the proper sealing of the dorsal epidermis by
differentially regulating the underlying actin-dependent forces.

2. Materials and Methods
2.1. Drosophila Stocks and Genetics

Flies were raised at 25 ◦C under standard conditions. The following mutant strains
were used: w1118 (BL #3605), Form3-GFSTF (BL #65385), Capu-GFSTF (BL #66507), Arm::GFP
(BL #8556), and 69B-Gal4 (BL #1774) provided by the Bloomington Drosophila Stock Center,
dDAAMEx4 [30], en-Gal4,UAS-Moe::mCherry [31], frl59 [15]; dia1/CyO [32], and form31 (see be-
low). Where necessary, zygotic mutants were selected by using a CyO, twi-Gal4, UAS-EGFP,
or TM3, twi-Gal4, UAS-EGFP balancer chromosome; protein and mRNA expression data
were retrieved through FlyBase, the Drosophila databank [33]. The UAS-FL-Form3 trans-
genic line was generated with standard cloning techniques by using the pTWF-attB vector.

The form31 mutant was generated by the CRISPR/Cas9 technique. Two 20 bp long
gRNAs (TCGCCACCTGTCCTCCGGA and TGGGTCGCATGAAGCTGCT) were designed
with homology to the first intron and to the last coding exon of form3, before cloning
into the pCFD4 vector. To facilitate the identification of the expected deletions, we used
an insertional mutant that carried a GFP marker in the gene (BL # 23411). After co-
injection of the guide RNA expressing plasmid with Cas9 into this stock, we selected for
the loss of the GFP marker in the larval progeny, and candidates picked up this way were
subsequently validated by PCR and sequencing. Based on the sequencing data, the expected
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13,559 bp deletion was detected in the genomic DNA of the mutant strain. In this stock, only
37 bps remained from the coding region, and thus we consider form31 as a protein null
allele, which is homozygous viable and fertile, although it exhibits reduced viability and
fertility when compared to the wild type.

2.2. Antibody Generation

The Frl antibody was generated in rats after immunization with a purified recombinant
protein containing the amino acid residues 687-1183 of Frl. The sera were collected with
standard methods, and the specificity of the antibody was confirmed by Western blot
(Supplementary Figure S1).

2.3. Immunohistochemistry

The fixation and immunostaining of Drosophila embryos were performed as described
in Jankovics and Brunner [8]. The following primary antibodies were used: rabbit anti-
Zipper [34] 1:100, rabbit anti-Dia (a kind gift from S. Wasserman, University of California,
San Diego, La Jolla, CA, USA) 1:200, rat anti-Frl (described above) 1:500, rabbit anti-DAAM-
R4 [30] 1:500, rat anti-FHOS [35] 1:200, chicken anti-GFP (Abcam plc, Cambridge, UK)
1:1000, mouse anti-Flag (Merck KGaA, Darmstadt, Germany) 1:500, mouse 2A12 (Devel-
opmental Studies Hybridoma Bank, Iowa City, IA, USA) 1:40. As secondary antibodies,
we used the appropriate Alexa-488 or Alexa-546 coupled antibodies (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) 1:600. Actin was labeled with Alexa-488, Alexa-546, or
Alexa-647 coupled phalloidin (ThermoFisher Scientific Inc., Waltham, MA, USA) 1:80. The
embryos were mounted in the ProLong Gold antifade reagent (ThermoFisher Scientific Inc.,
Waltham, MA, USA).

Imaging was performed on a Zeiss LSM880 confocal microscope with an Airyscan
detector, using 40x/NA 1.3 oil or 63x/NA 1.4 oil objectives. Images were restored using
Huygens Professional (Scientific Volume Imaging B.V., Hilversum, The Netherlands) and
Fiji [36] software.

2.4. Western Blot Analysis

Western blots were performed by using standard procedures. Rat anti-actin (1:10,000,
MAC 237, Abcam), rabbit anti-Dia (1:2000, a gift from S. Wasserman, University of Califor-
nia), rat anti-Frl (1:1000, described above), rabbit anti-DAAM-R4 (1:5000, [30]), and mouse
anti-Flag (1:1000, M2, Sigma-Aldrich, St. Louis, MO, USA) were used as primary antibodies.
Anti-rabbit-HRP (1:10,000; Jackson ImmunoResearch Europe Ltd., Cambridgeshire, UK)
and anti-mouse IgG-HRP (1:5000, Agilent Dako, Santa Clara, CA, USA) were used as
secondary antibodies, and proteins were visualized with the chemiluminescent Millipore
Immobilon kit.

2.5. Live Imaging and Image Analysis

Embryos were dechorionated in 50% bleach, mounted in water onto a glass-bottom cell
culture dish (MatTek Corporation, Ashland, MA, USA), and imaged with a Zeiss LSM880
confocal laser scanning microscope using 40x/NA 1.3 oil or 20x/NA 0.8 dry objectives.
Every video was acquired at 25 ◦C. For the analysis of dorsal closure (acquired with a 20x
objective), we performed Z-series of 14 planes separated by 1.2 µm and acquired every
4 min (Supplementary Video S1). For AS dynamics (acquired with a 40x objective), we filmed
Z-series of 11 planes separated by 0.9 µm and acquired every 30 s (Supplementary Video S2).

All image processing and data analysis were performed using Fiji [36] and Microsoft
Excel 2016.

2.5.1. Trachea Analysis

We determined the number of discontinuous fusion points from the nine anastomosis
sites in the dorsal trunk.
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2.5.2. AS Cell Dynamics

To measure AS cell contractility, Z-series were maximum-projected and segmented
using a Fiji plugin Tissue Analyzer (Supplementary Figure S2, Supplementary Video S3). If
required, we manually corrected the segmentation results. Using the wand tool in Fiji, we
measured the apical AS cell surface area of the six most central AS cells per embryo in a
15 min time window which began when the dorsal gap was 50 µm wide (Supplementary
Figure S2). The selected time window roughly corresponded to the middle of the closure
process, and it was suitable for standardization as well as for high quality live imaging. The
relative apical area change was normalized as described in Pasakarnis et al. [5]. Using “IF”
and “AND” equitation in Excel, we calculated the height and the number of the amplitude
from the normalized relative apical area change.

2.5.3. AS Cell Shape

To measure the regularity of AS cell shape, we divided the actual cell shape area
(ASarea(tx)) when the dorsal gap was 50 µm wide by the surface of the fitted convex hull
(Charea(tx)) (Supplementary Figure S2), and we continued until the 15 min time window
ended. In this way, we obtained a ratio that indicates the convolution level of the segmented
cell shape:

N(tx) = ASarea(tx)/Charea(tx) (1)

The measured AS cells were the same as the ones analyzed for AS cell contractility.

2.5.4. AS Cell Area

We used the wand tool to measure the AS cell area from the segmented Z-series when
the dorsal gap was 50 µm wide. The measured AS cells were the same as used for AS cell
shape determination.

2.5.5. Filopodia Number and Length

The filopodia number and length were calculated with the line tool within six en-Gal4
stripes per embryo when the LEs were 30–50 µm apart from each other.

2.5.6. Dorsal Closure Parameters

The width and height of the dorsal hole were measured on maximum-intensity Z-
projections using the line selection tool in Fiji. Timepoint zero was defined right after the
germ band was retracted and head involution began. The convergence speed of the LE was
measured as described in Pasakarnis et al. [5]. The zipping speed was calculated as follows:

v(tx) = ((length(tx) − length(tx+1))/∆t (2)

where v(tx) is the zipping speed, length(tx) is the length of the dorsal hole in a given frame,
length(tx+1) is the length of the dorsal hole in the following frame, and ∆t is the time interval
between the frames.

2.6. Statistics and Figures

Statistical analysis was carried out using Prism 8 (GraphPad Software Inc., San Diego,
CA, USA). The D’Agostino–Pearson omnibus test was used to assess the normality of the
data. Significance levels: ns p > 0.05, * p ≤ 0.05, ** p ≤0.01, *** p ≤ 0.001, **** p ≤ 0.0001. At
least three independent experiments were used in the statistical analysis, a summary of the
sample numbers and significance levels is shown in Table 1. Figures and drawings were
created in Illustrator CS6 (Adobe).
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Table 1. Summary table of the sample numbers used and the significance levels obtained during
analysis of the effects of the formin mutants on the different aspects of the dorsal closure process. All
mutant embryos were compared to the WT control. n.d. = not done, ns= non-significant.

WT DAAMEx4 frl59 form31 dia1

D
or

sa
lc

lo
su

re

Closure phenotype n = 53
embryos

p < 0.0001
n = 44

p = 0.0196
n = 48

p < 0.0001
n = 54

p < 0.0001
n = 42

DC duration n = 38
embryos

ns
n = 37

ns
n = 40

p = 0.0002
n = 46

p < 0.0001
n = 44

LE convergence speed n = 23
embryos

ns
n = 17

p = 0.0019
n = 14

ns
n = 17

p = 0.0247
n = 8

zipping speed n = 23
embryos

p = 0.0075
n = 17

p < 0.0001
n = 14

p = 0.0065
n = 17

p < 0.0001
n = 8

length/width ratio n = 40
embryos

ns
n = 39

p = 0.0104
n = 39

ns
n = 47

ns
n = 42

A
m

ni
os

er
os

a

AS cell area n = 54
cells

p = 0.0387
n = 54

p < 0.0001
n = 54

p < 0.0001
n = 54

p < 0.0001
n = 54

AS cell perimeter n = 54
cells

ns
n = 54

p < 0.0001
n = 54

ns
n = 54

p = 0.018
n = 54

AS cell contraction n = 54
cells

p < 0.0001
n = 54

p = 0.0002
n = 54

p < 0.0001
n = 54

p < 0.0001
n = 54

AS cell shape n = 54
cells

p < 0.0001
n = 54

ns
n = 54

p < 0.0001
n = 54

p < 0.0001
n = 54

AS cell pulsation n = 54
cells

ns
n = 54

ns
n = 54

ns
n = 54

ns
n = 54

Fi
lo

po
di

a

filopodia number n = 72
embryos

ns
n = 64

ns
n = 75

ns
n = 64 n.d.

filopodia length n = 69
embryos

ns
n = 64

ns
n = 75

ns
n = 64 n.d.

3. Results
3.1. Form3, DAAM, Dia, and Frl Localize to AS and Epidermal Cells during Dorsal Closure

Former work has shown that two diaphanous-related formins (DRFs), Dia and Frl,
participate in the regulation of dorsal closure [14,15]. A LOF analysis of dia5 maternal
and zygotic mutant embryos revealed defects in epidermal sheet alignment and reduced
filopodia numbers, indicating that Dia is primarily required in the LE cells and explaining
the slowdown of the closure process [14,28]. Frl is involved in AS cell contractions, and
the maternal and zygotic loss of frl reinforces the pulsatility of the AS cells. Importantly,
however, the lack of Dia or Frl does not prevent the fusion of the epidermis. Given that
DC relies on a series of complex cytoskeletal rearrangements in a few different cell types,
we assumed that additional actin nucleation factors might also be required, and here we
considered the role of all six Drosophila formins. To begin this analysis, we performed
immunostaining experiments to determine which formins are actually localized to the
tissues involved in DC (Figure 1). Consistent with previous reports [14], we detected Dia
in the cell cortex of both the epithelial and the AS cells, as well as at the apical adherens
junctional region of the DME cells (Figure 2A). Frl is mostly present in the cytoplasm of
AS cells and in the cortical region of the epidermal cells (Figure 2B). In addition, a weaker
Frl signal was found in the nuclei and cortex of the AS cells, and along the LE actin cable
(Figure 2B). Similar to the findings of Flores-Benitez and Knust [37], DAAM showed a
significant accumulation in the cortex of the epithelial cells and it was also present in the
AS cells (Figure 2C), while Formin 3 exhibited a similar localization pattern as DAAM,
although it was stronger in the cytoplasm of the AS cells (Figure 2D). In the cases of
Fhos and Capu, we detected only background staining (Figure 2E,F). Thus, the embryonic
protein expression pattern of the Drosophila formins indicated that four of the six formin



Cells 2022, 11, 1539 6 of 18

proteins are present in the tissues contributing to DC, and the different localization of these
four formins may indicate different functions during the process.
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Figure 1. Schematic drawing of the process of dorsal closure in Drosophila embryos. Red arrows
indicate the contraction of the actin cable around the dorsal gap. Red magnified region: a w1118

embryo stained for actin (in magenta) and non-muscle Myosin II (in green) in the LE and the AS
cells. Note that the actin and myosin stainings co-localize at the actin cable (arrowhead). Green
arrows indicate the zipping forces at the LE cells. Green magnified region: LE cells from a single
hemisegment of an en-Gal4, UAS-Moe::mCherry embryo, exhibiting filopodia. Blue arrows indicate the
contraction of the AS cells. Blue magnified region: AS cells from an Arm::GFP-expressing embryo,
indicating the displacement of the cell boundaries at two timepoints (t1 and t2) of the contraction.
Scale bars: 5 µm.
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arrowhead), and a non-uniform cytoplasmic accumulation and a mostly punctual nuclear signal in 
the AS cells (yellow arrow). (C–C”) DAAM exhibits a cortical localization (arrowheads) in the LE 
cells and a somewhat weaker one in the AS cells, together with a weak accumulation in the cyto-
plasm of the AS cells. (D–D”) The Form3 protein is also present both in the LE and AS cells with a 
weak cortical and a more profound cytoplasmic accumulation in both cell types (arrowheads). We 
failed to detect a specific staining pattern in the cases of Fhos (E–E”) and Capu (F–F”). Scale bars: 10 
µm. 
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frl59, a homozygous viable protein null allele (Supplementary Figure S1) [15]. To explore 
the function of DAAM, we selected the DAAMEx4 allele [30]. This is also a homozygous 
viable allele, strongly reducing the expression of the DAAM-PB isoform (Supplementary 
Figure S1), which is the major embryonic DAAM isoform until stage 15 of embryogenesis. 
In the case of form3, we used the CRISPR/Cas9 technique to generate a novel null allele, 
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The form31 allele is semilethal, although homozygous fertile adults hatch and the allele can 
be maintained as a homozygous stock. Based on previous work, point mutant alleles of 
form3 affect the fusion of the main tracheal airways [38]. Thus, to verify our new allele, we 
investigated the tracheal system in form31 homozygous embryos. We found that, similar 
to the findings of Tanaka et al. [38], about 13% of the form31 embryos exhibit a discontinu-
ous lumen in the dorsal trunk of their tracheal system, which is significantly higher as 
compared to wild-type controls (Figure 3A,B). We were able to rescue this phenotype by 
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the 69B-Gal4 driver line (Figure 3A,B), and therefore, these results further confirm the role 
of Form3 in trachea development. 

Figure 2. Localization pattern of the formin proteins during dorsal closure. (A–C”,E–E”) w1118

embryos, (D–D”) Form3-GFSTF, and (F–F”) Capu-GFSTF embryos. Antigens are as indicated.
(A–A”) Dia exhibits a strong cortical localization (arrowheads) both in the LE and AS cells, as
well as a junctional accumulation (arrow) in the DME cells. (B–B”) Frl displays a weak cortical
localization (yellow arrowheads) in the DME and AS cells, a weak accumulation along the LE actin
cable (white arrowhead), and a non-uniform cytoplasmic accumulation and a mostly punctual nuclear
signal in the AS cells (yellow arrow). (C–C”) DAAM exhibits a cortical localization (arrowheads) in
the LE cells and a somewhat weaker one in the AS cells, together with a weak accumulation in the
cytoplasm of the AS cells. (D–D”) The Form3 protein is also present both in the LE and AS cells with
a weak cortical and a more profound cytoplasmic accumulation in both cell types (arrowheads). We
failed to detect a specific staining pattern in the cases of Fhos (E–E”) and Capu (F–F”). Scale bars:
10 µm.

3.2. Formin LOF Mutations Used during Our Studies

To investigate the function of these four formins during DC, we initiated a LOF
analysis. As controls, we selected dia1, a hypomorphic allele causing a comparably strong
reduction in the Dia level as the formerly used alleles (Supplementary Figure S1) [14], and
frl59, a homozygous viable protein null allele (Supplementary Figure S1) [15]. To explore
the function of DAAM, we selected the DAAMEx4 allele [30]. This is also a homozygous
viable allele, strongly reducing the expression of the DAAM-PB isoform (Supplementary
Figure S1), which is the major embryonic DAAM isoform until stage 15 of embryogenesis.
In the case of form3, we used the CRISPR/Cas9 technique to generate a novel null allele,
form31 (Methods), which is a 13.5 kb deletion in form3 removing 99% of the coding region
including the functionally indispensable two formin homology domains (FH1 and FH2).
The form31 allele is semilethal, although homozygous fertile adults hatch and the allele can
be maintained as a homozygous stock. Based on previous work, point mutant alleles of
form3 affect the fusion of the main tracheal airways [38]. Thus, to verify our new allele, we
investigated the tracheal system in form31 homozygous embryos. We found that, similar to
the findings of Tanaka et al. [38], about 13% of the form31 embryos exhibit a discontinuous
lumen in the dorsal trunk of their tracheal system, which is significantly higher as compared
to wild-type controls (Figure 3A,B). We were able to rescue this phenotype by the expression
of a wild-type UAS-Form3 transgene in form31 null mutant embryos using the 69B-Gal4
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driver line (Figure 3A,B), and therefore, these results further confirm the role of Form3 in
trachea development.
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Figure 3. Form3 is required for tracheal development. (A) Stage 17 embryos of the genotypes
indicated and stained for 2A12 to label the lumen of the tracheal system. Unlike the wild type,
form31 mutant embryos display gaps in their main airways (arrowheads) that can be rescued with the
expression of UAS-FL-Form3. Scale bar: 50 µm. (B) Quantification of the tracheal gap phenotype of
the embryos indicated in panel A. w1118 was used as the wild-type (WT) control.

3.3. Comparison of the DC Phenotypes of the Formin Mutants

For the initial assessment of the epithelial closure process in formin mutants, we
used live-imaging microscopy where all epidermal cells and AS cells were labeled with
Armadillo::GFP. Armadillo is the Drosophila homolog of mammalian beta-catenin, a highly
conserved adherens junction component. An analysis of the different formin mutant
embryos revealed a series of phenotypic effects that we classified into six major groups:
wild type, puckered, unstretched LE, AS falls apart, malformed canthus, and arrested DC
(due to dying of the embryo). As expected, the majority (about 76%) of the dia1 embryos
exhibited an altered gap morphology during DC (Figure 4A,B). The most frequent defect
(in about 45% of the embryos) was the puckering of the dorsal epidermis, which is thought
to be caused by mismatching of the opposite epithelial sheets [5] (Figure 4A,B). In addition,
12% of the embryos displayed an unstretched LE (Figure 4A,B), 10% had a malformed
canthus (Figure 4A,B) meaning that either the anterior or the posterior canthus was missing,
and in 10% of the embryos, the AS falls apart (Figure 4A,B). In the case of frl59 mutant
embryos, 44% presented a distorted closure where we detected errors in canthus formation
(17%), arrested DC (10%), puckering (8%), and the AS falling apart (in 8% of the embryos)
(Figure 4A,B). As compared to these, 81% of the form31 mutant embryos exhibited DC
defects that were highly similar to the ones observed in dia1 (Figure 4A,B). In DAAMEx4,
we revealed DC defects in nearly 60% of the embryos, most of which were puckering (36%)
or a failure in canthus formation (14%) (Figure 4A,B). Based on these results, we conclude
that all four formins affect DC at this gross morphological level. The effects of dia and
form3 are much alike in impairing three aspects of DC: puckering, LE stretching, and AS
development. In contrast, frl had a stronger effect on canthus formation, and a significant
portion of the embryos died before DC was completed, whereas the most profound effects
of DAAM were puckering and impaired canthus formation.
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embryos. Values indicate the average of several embryos. The inset in D highlights the first phase 
of the process to illustrate that, in frl mutants, the curve is linear, while it is sigmoid in all the other 
cases. For statistical analysis, we used the Chi-square test (B) and the Kruskal–Wallis test p < 0.0001, 
followed by Dunn’s multiple comparisons test (C); ns = non-significant. * p ≤ 0.05, *** p ≤ 0.001, **** 
p ≤ 0.0001. 

Despite the different defects in gap morphology, most of the embryos can still suc-
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of the process, we first measured DC duration. In the control embryos, the closure of the 
dorsal hole was completed within 174 ± 44 min, while in the case of frl59 we could detect 
an increased time requirement (204 ± 68 min) (Figure 4C), which is comparable to the rate 
measured in a recent study [15]. In DAAMEx4, we also found an increased duration (219 ± 
84 min), that was further increased in the form31 (245 ± 87 min) and dia1 (274 ± 79 min) 
mutants (Figure 4C). To investigate the duration of the closure further, we measured the 
convergence of the two opposite epithelial sheets (Figure 4D,E). The decrease in the dorsal 
hole width followed a sigmoidal curve in the wild-type, DAAMEx4, form31 and dia1 em-

Figure 4. Comparison of the dorsal closure phenotypes in formin mutants. (A) Representative
images of the dorsal closure phenotypes observed in Arm::GFP-expressing formin mutant embryos.
Arrowheads point to the puckered dorsal midline and to the malformed canthi, an arrow indi-
cates the unstretched DME, and an asterisk marks the place of missing AS cells. Scale bar 20 µm.
(B) Quantification of the morphological defects observed in formin mutant embryos during dorsal
closure. The color code represents the previously described categories. Arm::GFP was used as the
wild-type (WT) control in B–E, and the mutants were compared to the WT control in B–C. (C) Scatter
dot plot of DC duration in the formin mutants. Values are mean ± SD. (D–E) Diagram of the temporal
change in the width of the dorsal hole (D) and that of LE convergence speed (E) in formin mutant
embryos. Values indicate the average of several embryos. The inset in D highlights the first phase
of the process to illustrate that, in frl mutants, the curve is linear, while it is sigmoid in all the other
cases. For statistical analysis, we used the Chi-square test (B) and the Kruskal–Wallis test p < 0.0001,
followed by Dunn’s multiple comparisons test (C); ns = non-significant. * p ≤ 0.05, *** p ≤ 0.001,
**** p ≤ 0.0001.

Despite the different defects in gap morphology, most of the embryos can still suc-
cessfully complete DC in the absence of these formins. To begin to analyze the dynamics
of the process, we first measured DC duration. In the control embryos, the closure of the
dorsal hole was completed within 174 ± 44 min, while in the case of frl59 we could detect
an increased time requirement (204 ± 68 min) (Figure 4C), which is comparable to the
rate measured in a recent study [15]. In DAAMEx4, we also found an increased duration
(219 ± 84 min), that was further increased in the form31 (245 ± 87 min) and dia1

(274 ± 79 min) mutants (Figure 4C). To investigate the duration of the closure further,
we measured the convergence of the two opposite epithelial sheets (Figure 4D,E). The
decrease in the dorsal hole width followed a sigmoidal curve in the wild-type, DAAMEx4,
form31 and dia1 embryos; however, in the frl59 mutants, the curve appeared linear (at least
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until 150 min) (Figure 4D). In DAAMEx4 embryos, the width of the hole initially decreased
with identical dynamics as in the wild type until 150 min, when the closure was arrested
for about 100–120 min (Figure 4D), causing a delay in the completion of the process. In the
cases of the other three mutants, the closure curves also revealed a temporal stop between
100 and 140 min, just as in DAAMEx4 embryos, with the difference that the arrest in closing
the gap lasted for nearly 200 min in the form31, dia1, and frl59 mutants (Figure 4D).

In the wild type situation, embryos reach the highest LE convergence speed at ~40 min
after the initiation of head involution, and this speed will then gradually decrease in the
next 60 min (Figure 4E). The DAAMEx4 embryos followed this tendency; however, the
maximum speed was not as high as in controls (Figure 4E). In form31 and dia1, the initial
speed of the LE displacement was much lower than in the control (wt: 0.55 µm/min, form31:
0.28 µm/min, dia1: 0.27 µm/min) (Figure 4E), and in dia1 there was a 12 min delay in
reaching the maximum speed (Figure 4E). In the case of frl59, the maximum speed was
strongly reduced as compared to the wild type (wt: 1.12 µm/min, frl59: 0.71 µm/min)
(Figure 4E), which might explain the nearly linear change in decreasing the width of the
dorsal hole (Figure 4D).

Taken together, these observations suggest that the lack of DAAM had the weakest
effect on the duration of the closure process and the convergence of the LE. Similar to the
morphological phenotypes, the lack of Form3 and Dia had a very similar effect on these
dynamic parameters, with dia having a slightly stronger effect in these contexts than form3.
Curiously, in these formin mutants, the sealing of the dorsal hole temporally halts after
120–150 min when roughly 2/3 or 3/4 of the process is already completed, and the last
steps will only be finished after another 150–200 min, which is much slower than in the wild
type. We interpret these findings as indications that during the first two hours of DC, the
functions of Dia and Form3 are largely dispensable, but they then play a role during the final
phases of sealing the epithelium. With regard to Frl, we revealed a considerably different
effect on the dynamics of the LE convergence than that of the other three formins. Although
Frl had a marginal effect on DC duration, the course of the closure curves exhibited a
marked difference both as compared to the wild type and to the other formin mutants,
indicating an alteration in the dynamics of the process already from the first steps until the
end. Thus, Frl appears to display a differential temporal contribution that is most likely
paralleled with a differential spatial requirement as compared to the other three formins.

3.4. Form3, DAAM, and Frl Contribute to the Zipping of the Epithelial Sheets

Besides the changes in DC dynamics, in vivo imaging of the closure process revealed
that in some embryos, the dorsal hole was abnormally narrow. To quantify this phenotype,
we measured the length-to-width ratio of the hole in all formin mutants at an appropriate
timepoint when the width was 30 µm. This ratio was not affected by dia or form3, while
it was significantly increased in the case of frl59 and exhibited a decreasing tendency in
DAAM mutants (Figure 5A). Because it is thought that an increased length-width ratio
indicates an impairment of the zipping process [39], we next measured the zipping speed
in the formin mutant set. In wild-type embryos, the zipping speed linearly increased from
0.7 µm/min up to 1.7 µm/min in about 90 min (Figure 5B), which was followed by a
largely steady speed phase for 100 min, to result in a second boost in the speed (up to
2.5 µm/min) during the last 20–30 min of DC (Figure 5B). As compared to this zipping
speed curve, the lack of any of the four formins examined here impaired the zippering
process. The DAAMEx4 and form31 mutants reached their maximum speed during the first
phase at the same time as the wild type, however, their maximum was significantly lower
(1.2–1.1 µm/min in DAAMEx4 and form31 versus 1.7 µm/min in the wild type) (Figure 5B).
In form31, this speed then decreased below 1.0 µm/min for 250 min and increased again to
1.5 µm/min during the final 30 min (Figure 5B). We observed a rather similar tendency in
DAAMEx4, with the exception that during the 150 min long decreasing phase, the speed
exhibited much higher fluctuations than in form3 (Figure 5B). In the cases of dia1 and frl59,
the mutants reached their first maximum speed much later than the controls (48 min delay
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in dia1 and 68 min delay in frl59) (Figure 5B), suggesting that the first phase of the process
was less efficient than in the wild type (Figure 5B). Moreover, the speed at the beginning
of the zipping process was significantly lower in these two cases (0.4 µm/min for frl59,
0.6 µm/min for dia1, and 0.7 µm/min for the wild type), whereas the average zipping
speed during the first 84 min of DC (when the most intensive phase of zipping was taking
place) also exhibited strong reductions in the formin mutants (0.7 µm/min for DAAMEx4,
0.4 µm/min for frl59, 0.7 µm/min for form31, 0.5 µm/min for dia1, and 1.1 µm/min for the
wild type) (Figure 5C).
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Figure 5. Formin mutants impair zipping of the dorsal hole. Arm::GFP was used as the wild-
type (WT) control in A–C, whereas en-Gal4,UAS-Moe::mCherry was used as the control in D and E.
(A) Scatter dot plot of the length-to-width ratio in formin mutants. Note that only frl59 shows a
significant difference as compared to WT, resulting in an elongated dorsal hole. (B) Diagram of the
temporal changes of zipping speed in formin mutants. (C) Diagram of the average zipping speed in
the first 84 min of DC (corresponding to the first, very dynamic phase of zipping in WT) in formin
mutant embryos. (D) Scatter dot plot showing the average filopodia number per engrailed positive
stripe in formin mutant embryos. (E) Scatter dot plot of the average filopodia length in formin
mutants. Statistical analyses were performed by Kruskal–Wallis tests p < 0.0001 (A,C) p = 0.0005
(E), followed by Dunn’s multiple comparisons test (A,C,E) and by ordinary one-way ANOVA test
p = 0.3206, followed by Dunnett’s multiple comparisons test (D). Mutants were compared to the
WT, unless indicated otherwise. Data are presented as mean ± SD; ns = non-significant. * p ≤ 0.05,
** p ≤0.01, **** p ≤ 0.0001.

The zippering process is mediated by lamellipodia and filopodia-like protrusions
produced by the LE cells. As formins have been shown to be required for filopodia
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formation in several different cell types (reviewed in [40]), and Drosophila Dia has been
implicated in filopodia formation during DC [28,29], we examined the number and length
of the filopodia in the LE cells in the absence of the formins. Surprisingly, by quantifying
these parameters, no significant differences were found when compared to wild-type
controls (Figure 5D,E), although the filopodia length in frl59 is significantly longer when
compared to DAAMEx4 or form31 mutants (Figure 5E). The finding that, unlike dia [28],
these formins are not required for filopodia formation in the LE cells might indicate that
their contribution to zipping is independent of filopodia, and implicit to this scenario is
that they affect another actin population than the one present in filopodia. An alternative
explanation could be an effect on filopodia dynamics instead of filopodia morphology.
Finally, it also remains possible that the formin functions are highly redundant with regard
to filopodia formation but non-redundant regarding a filopodia-independent aspect of the
zipping process.

3.5. Formins Differently Regulate the Shape and Contraction Dynamics of AS the Cells

During the course of our live-imaging studies, we noticed that in some cases the
shape of the AS cells looked different than in wild-type. Since it is known that the AS can
autonomously drive DC [5,6,41], changes in cell shape and area can be important factors
in the regulation of the process. For a quantitative assessment of cell shape, we used a
method where a convex hull is fitted on the cells (Methods, Supplementary Figure S2),
and we found that, in contrast to the wavy shaped cells in wild-type and frl59 embryos
(Figure 6A,B), most AS cells of DAAMEx4, form31, and dia1 mutants exhibited a more regular,
more round shape (Figure 6A,B). In addition, the AS cells appeared significantly bigger in
form31, dia1, and frl59 embryos, while in DAAMEx4 we detected only a slight increase in cell
area (Figure 6C). To further investigate this phenomenon, we measured the perimeter of
the AS cells, and it was indeed the biggest in frl59 mutants, supporting that the AS cells are
big and wavy in this case, while in the case of the other formin mutants, the cell perimeter
did not change greatly, indicating that they have bigger and rounder AS cells than those of
the wild type (Supplementary Figure S2).

Next, we asked whether the impaired AS cell shape observed in the formin mutants
affects the behavior of the AS cells. One of the most striking features of the AS cells is
their pulsed contractions, shown to be critically important for DC [5,6]. To quantify the
amplitude of the AS cell contractions, we used a 15 min long time window starting at the
point of 50 µm gap width (Methods). A decrease in the amplitude of the cell contraction
is obvious in the case of all four formin mutants examined (Figure 6D), and this effect
is well visible in color-coded time projection images where the width of the line at the
cell cortex is proportional to the degree of contractions (Figure 6E). The level of reduction
was very similar in all mutants, falling into the range of 50–60%. We also measured the
pulsation frequency in the same time window, and we found that, in DAAMEx4 and frl59

embryos, the number of pulsations tends to somewhat decrease as compared to the wild
type (Figure 6F), while the pulsation frequency is slightly increased in the cases of the
form31 and dia1 mutants (Figure 6F)—although these tendencies do not appear to represent
statistically significant changes. Collectively, these observations indicate that each formin
is required for the efficient contraction of the AS cells, but again, as implied by the opposite
effect on the pulsation frequency, DAAM and Frl might have a differential contribution
as compared to Form3 and Dia. Interestingly, in form3 and dia mutants, the changes in AS
cell shape are also very similar to each other; however, the AS cell shape in DAAM and frl
mutants differ from one another, suggesting that AS cell shape alone is not an indicator of
the dynamics of the contractions.

It has been reported that the overexpression of the constitutively active form of Dia in
the AS increases myosin levels [14]. Likewise, the overexpression of Frl causes an increased
medial F-actin level in AS cells [15], while in the absence of frl, the density of this actin
network is decreased [15]. Therefore, to examine how formins affect the acto-myosin system
of the AS cells, we performed immunostaining in all four mutants. By investigating the
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actin and myosin levels, we found a slight decrease in AS cell actin density in all mutants,
but we did not find a convincing change in myosin density (Supplementary Figure S3), and
thus, these data are consistent with formins primarily being involved in actin regulation.
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Figure 6. Loss of formins affects the dynamic parameters of the AS cells. Arm::GFP was used as wild
type (WT) control. (A) Scatter dot plot of AS cell shape quantification by determining the ratio of AS
area and the area of the fitted convex hull (Ch) in formin mutant embryos. (B) Representative images
of the AS cell shapes. WT and frl59 embryos show a wavy AS cell border, while the other mutants
show a stretched cell border. Scale bar 5 µm. (C) Scatter dot plot of the AS cell area in formin mutants
when the dorsal hole is 50 µm wide. (D) Scatter dot plot of the amplitude of AS cell contractions in
formin mutants, measured in a 15 min time window. (E) Representative time projections of the AS cell
contractions observed in the formin mutants. The width of the line at the cell cortex is proportional to
the degree of contractions. Scale bar 10 µm. (F) Scatter dot plot of the number of AS cell pulsations
during a 15 min time window. Note that the DAAMEx4 and frl59 embryos show a slightly decreased
pulsation activity, while the form31 and dia1 mutants show a slightly increased pulsation activity. Data
sets were analyzed by Kruskal–Wallis tests p < 0.0001, followed by Dunn’s multiple comparisons
test (A,C,D) and ordinary one-way ANOVA p < 0.0001, followed by Dunnett’s multiple comparisons
test (F). Mutants were compared to the WT. Data are presented as mean ± SD; ns = non-significant.
* p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001.

4. Discussion

Mounting evidence suggests that DC is driven by the combination of multiple forces
generated by amnioserosa contraction, actin cable tension, and the zipping of the epidermal
cells (reviewed in [1,42–45]). As expected, F-actin, actomyosin, and microtubule-based
cytoskeletal mechanisms play a pivotal role in this sealing process. While the contribution
of branched actin networks has not been reported, linear actin cables are required for the
pulsatile contraction of AS cells, LE actomyosin cable formation, and LE cell protrusions.
Consistent with the notion that the bulk of unbranched actin filaments are assembled
by formin proteins, two Drosophila formins (Dia and Frl) have already been shown to be
involved in DC. Specifically, Dia is required for filopodia formation in the LE and AS
cells [14,28,29], while Frl is implicated in the formation of a persistent, medioapical actin
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subpopulation in the AS cells promoting the propagation of Myosin-II-induced contractile
forces [15]. These observations suggest that Dia and Frl are required in two different cell
types, and consequently, they regulate at least two different actin populations. Importantly,
it has also been shown that these two formins are not essential for sealing the dorsal hole;
it is mainly the cellular dynamics of the process that are impaired in dia and frl mutant
embryos. To clarify whether additional formins are involved, we initiated a comparative
analysis of all six Drosophila formins. These studies established that, in addition to Dia
and Frl, Form3 and DAAM are also expressed in the LE and AS cells during DC, and in
harmony with this, the form3 and DAAM mutants exhibit morphological alterations during
DC. Thus, the closing of the dorsal epidermis requires the concerted action of four formins,
each displaying a different phenotype when analyzed in detail.

The comparison of the embryonic expression pattern of the six Drosophila formins
revealed that Dia, Frl, Form3, and DAAM are present in the lateral epidermal cells as well
as in the AS cells during DC, while Fhos and Capu do not exhibit a specific accumulation
in these regions. Despite being present, it is notable that the localization patterns of Dia, Frl,
Form3, and DAAM are different from one another. Dia strongly accumulates at the cortex
of both the LE and AS cells, which is similar to the localization of DAAM, although DAAM
staining is less strong along the LE actin cable, it is more punctual along the cortex of the
AS cells, and the cytoplasmic signal in the AS cells is stronger than for Dia. As compared to
this, Frl and Form3 exhibit a relatively weak cortical accumulation in the epidermal cells,
and a stronger, mostly cytoplasmic staining in the AS cells. Importantly, while Frl mainly
accumulates into cytoplasmic foci in the medial region of the cells, the Form3 pattern is
more uniform in a wide cytoplasmic zone along the cortex of the AS cells. The medioapical
and mediolateral Frl enrichments are consistent with a role in the assembly of a persistent,
medioapical actin network, as proposed recently [15]. In addition, the punctate nature of
the cytoplasmic Frl accumulations indicates that the Frl-dependent actin cables emanate
from spatially controlled foci.

In accordance with the protein localization data, the genetic impairment of the four
formins expressed in the LE and AS cells caused various phenotypic defects during DC,
including morphological alterations and changes in the dynamic parameters of the process.
Gross morphological defects were most frequent (~80%) in the form3 and dia mutant
embryos, while the penetrance of the DC phenotypes is 60% in the DAAM and 44% in the
frl mutants. In the cases of form3, dia, and DAAM, the majority of the defects comprised a
puckering of the dorsal epidermis, although form3 and dia also affected LE stretching and
AS development, and DAAM impaired canthus formation. In the absence of Frl, canthus
formation was often compromised and a significant number of the mutant embryos died
before DC was fully completed. Although we found that most embryos can still close the
dorsal hole despite these diverse morphological defects, we revealed that the DC dynamics
are strongly affected by the lack of the formins. To provide a more complete picture, we
measured a set of dynamic parameters in each formin mutant to follow the convergence
of the LE, the zipping process, and the contraction of the AS cells. These studies revealed
that the DC duration was longer in the formin mutants, in particular in the cases of form3
and dia, and the speed of LE convergence was reduced in all mutants. Moreover, in DAAM,
form3, and dia mutant embryos, the convergence of the LE was largely normal during the
first two hours of the process when a temporal stop appeared to slow down the sealing
of the gap. In contrast, in the absence of Frl, the closure curve shows an alteration in the
closing process from the beginning. Thus, these data indicate that the effects of form3, dia,
and DAAM are similar to each other, both with regard to the morphological phenotypes
and to the DC dynamics, whereas frl has distinct effects in both respects. These differences
are best explained by different temporal, and presumably, spatial requirements for the
two classes of formins, i.e., Frl being required from the early phases of DC, while Form3,
Dia, and DAAM provide an important contribution only during the final phases. This
hypothesis is in line with the formerly demonstrated role of Frl in AS cell contraction,
which is thought to be a major force-generating process from the onset of DC [15], and with
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the finding that Dia plays a role in zipping [14,28] which is thought to be more important
in the second half of DC. Curiously, however, we found that zipping was slowed down in
all formin mutants, including frl, and conversely, AS cell dynamics were not only affected
by frl, but also by the other three formins. As to zipping, unlike Dia, Form3, DAAM, and
Frl are not required for filopodia formation, and unless they regulate filopodia dynamics,
they may contribute to zipping by regulating a non-filopodial actin subpopulation. One
candidate for this would be the supracellular actomyosin cable at the LE/AS boundary,
which is however not significantly disrupted in the formin mutants, and therefore it might
also be an as yet unidentified F-actin population. Regarding the behavior of the AS cells,
our results revealed that each formin is required for the efficient contraction of these cells.
Nevertheless, where DAAM and frl reduce, form3 and dia tend to slightly increase the
frequency of AS cell pulsation, possibly indicating a differential contribution. Collectively,
the analysis of DC dynamics in the formin mutants strongly suggests that each of the four
formins is involved in zipping and AS cell contraction as well. It is striking that, despite
their role in AS contractions, genetic perturbation of the formins does not strongly affect
the first phase of DC but mostly impacts the final stages of the process. To explain this
finding, we propose that the first phase is much less dependent on the presence of formin
specific actin subpopulations, whereas formin specific cytoskeletal elements are required for
efficient completion of the final stages. Alternatively, because formins are also implicated
in mechanotransduction [46], it is also conceivable that proper force coordination during
the final stages involves the concerted action of several formins, each with a specific role,
while the first half of DC is less dependent on non-redundant force-sensing mechanisms.
We note that such a role might also explain the AS cell shape changes observed upon dia,
form3, and DAAM depletion.

Another important conclusion of the comparative study of DC dynamics is that the
different formins play different roles in the process, implying that each formin regulates
the assembly of distinct actin bundles in the DME and AS cells. Even so, it is noteworthy
that the two formins exhibiting the most similar phenotypic effects, dia and form3, belong
to two separate formin subfamilies. Dia, together with DAAM and Frl, is a member of
the DRF subfamily that is regulated by a well-characterized intramolecular autoinhibitory
mechanism, whereas Form3 is the sole Drosophila inverted formin, the activity of which is
regulated by an unknown mechanism. The activity of the DRF subfamily is regulated by
Rho family small GTPases (Rho, Rac, and Cdc42), all of which have already been linked to
DC [14,47–50], making them good candidates for Dia, DAAM, and Frl activation during
DC. Indeed, Dia is likely to be regulated by Rho1 [14], but the mechanism of Frl and
DAAM activation in this context remains less clear [15]. Independent of their precise modes
of activation, the phenotypic similarities between dia and form3 indicate that, with the
exception of filopodial actin, they may contribute to the formation of an at least partly
overlapping set of actin populations, which are distinct from the Frl and DAAM dependent
actin networks. Thus, we propose that the four formins promote the formation of numerous,
and only partly identical, actin structures, each with a specific role in DC mechanics. By
considering that DC requires the orchestration of several different forces in several different
cell types, the involvement of at least four actin assembly factors is entirely conceivable.

In summary, we have shown here that four DC-related formins differentially regulate
the dynamics of embryonic dorsal closure. Despite playing significant roles, none of these
formins by themselves were essential to the success of the process, further confirming
that this key morphogenetic event is highly robust and secured by multiple cytoskeletal
mechanisms. The known molecular function of the formin protein family suggests that Dia,
Form3, DAAM, and Frl are required for the assembly of various F-actin subpopulations
critical to proper force generation in the LE and AS cells during DC. Thus far, only one
such Frl-dependent actin subpopulation has been identified in AS cells, and although LE
filopodia formation is known to be Dia-dependent, the identification of the additional
formin-dependent actin structures awaits future elucidation.
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Figure S1. Western blot analysis of stage 13 embryos. Genotypes and antigens as indicated. Note the strongly 

reduced DAAM protein level in DAAMEx4, the complete absence of Frl in frl59 and the reduced Dia level in dia1 

mutant embryos. Actin is used as loading control. 

 

  

 

 

Figure S2. Quantification of the AS cell perimeter in formin mutant embryos. (A) Z-projection of time-lapse 

images from an Arm::GFP expressing embryo when the dorsal hole is 50 µm wide, and a segmentation of the Z-

projection. Scale bar 10 µm. (B) An example for the segmented AS cell boundary and the fitted convex hull (both 

in yellow). Scale bar 5 µm. (C) Scatter dot plot of the AS cell perimeter in formin mutant embryos when width of 

the dorsal hole is 50 µm. Values are mean ± SD. Data sets were analyzed by Ordinary one-way ANOVA P˂0.0001, 

followed by Dunnett’s multiple comparisons test. Mutants were compared to the WT; ns= non-significant. 

 



 

Figure S3. The comparison of actin and non-muscle MyosinII distribution in the AS cells of formin mutant 

embryos. Apical region of the AS cells is shown from stage 14 embryos of the genotypes indicated, stained for actin 

and non-muscle MyosinII. In wild type, both actin and MyosinII exhibit a cortical enrichment and a largely diffuse 

cytoplasmic staining. In formin mutants the cytoplasmic actin signal appears to be slightly reduced as compared to 

wild type. The MyosinII pattern in the formin mutants appears largely similar to that of wild type. Scale bars 10 

µm. 

 

 

 

 

 

Description of the Supplementary Videos included: 

Video S1. Dorsal closure in a wild type (Arm::GFP expressing) embryo. Live ×20 imaging. The video represents a 

maximum projection of 14 Z-planes, separated by 1.2 µm and acquired in every 4 minutes. 

Video S2. AS cell movements in a wild type (Arm::GFP expressing) embryo. Live ×40 imaging. The video represents 

a maximum projection of 11 Z-planes, separated by 0.9 µm and acquired in every 30 seconds. 

Video S3. AS cell segmentation in a wild type (Arm::GFP expressing) embryo. Left: the original video, right: the 

video after segmentation. Live ×40 imaging. The video represents a maximum projection of 11 Z-planes, separated 

by 0.9 µm and acquired in every 30 seconds. 
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The formin DAAM is required for coordination of the actin
and microtubule cytoskeleton in axonal growth cones
Szilárd Szikora1, István Földi1, Krisztina Tóth1, Ede Migh1, Andrea Vig2, Beáta Bugyi2,3, József Maléth4,
Péter Hegyi4,5, Péter Kaltenecker6, Natalia Sanchez-Soriano6 and József Mihály1,*

ABSTRACT
Directed axonal growth depends on correct coordination of the actin
and microtubule cytoskeleton in the growth cone. However, despite
the relatively large number of proteins implicated in actin−microtubule
crosstalk, the mechanisms whereby actin polymerization is coupled
tomicrotubule stabilization and advancement in the peripheral growth
cone remained largely unclear. Here, we identified the formin
Dishevelled-associated activator of morphogenesis (DAAM) as a
novel factor playing a role in concerted regulation of actin and
microtubule remodeling inDrosophilamelanogaster primary neurons.
In vitro, DAAM binds to F-actin as well as to microtubules and has the
ability to crosslink the two filament systems. Accordingly, DAAM
associates with the neuronal cytoskeleton, and a significant fraction
of DAAM accumulates at places where the actin filaments overlap
with that of microtubules. Loss of DAAM affects growth cone and
microtubule morphology, and several aspects of microtubule
dynamics; and biochemical and cellular assays revealed a
microtubule stabilization activity and binding to the microtubule tip
protein EB1. Together, these data suggest that, besides operating as
an actin assembly factor, DAAM is involved in linking actin remodeling
in filopodia to microtubule stabilization during axonal growth.

KEY WORDS: Actin, Microtubule, Formin, DAAM, Growth cone,
Drosophila

INTRODUCTION
Directional movement of axons, governed by their distally located
growth cones, is elicited by coordinated changes of peripheral
F-actin (filamentous-actin) and central microtubule networks (Dent
and Gertler, 2003; Lowery and Van Vactor, 2009). F-actin in growth
cone periphery is localized to two main structures, filopodia and
lamellipodia. Splayed microtubules emanating from the central
axonal microtubule bundles dynamically invade and scan the
F-actin-rich periphery, often reaching deep into filopodia (Dent and
Gertler, 2003; Lowery and Van Vactor, 2009). Filopodial F-actin
bundles can act as guides for these dynamic microtubules, and it is
thought that this actin-microtubule crosstalk followed by

microtubule and filopodia stabilization is a key step of growth
cone advance. Most proteins that have so far been linked to the
molecular mechanisms of interaction between actin and
microtubules belong to the microtubule plus-end tracking proteins
(+TIPs), such as CLASP, CLIP-170 (also known as CLIP1), APC,
EB1 and EB3 (also known as MAPRE1 and MAPRE3,
respectively), LIS1 (also known as PAFAH1B1) and the
spectraplakin ACF7 (also known as MACF1) (recently reviewed
in Bearce et al., 2015; Cammarata et al., 2016; Coles and Bradke,
2015). Although the role of these proteins in growth cone guidance
is supported by genetic, biochemical and advanced microscopic
assays, these large proteins operate in complex interaction networks
posing a great challenge for dissecting how they precisely function.

Beyond the classic +TIPs, the number of proteins that may couple
microtubules to F-actin dynamics at plus-ends is still expanding
(Coles and Bradke, 2015; Jiang et al., 2012). For example, recent
work identified members of the formin family as regulators of
crosstalk between actin and microtubules in non-neuronal cells
(Bartolini et al., 2008; Chesarone et al., 2010; Gaillard et al., 2011;
Rosales-Nieves et al., 2006; Young and Copeland, 2010). Formins
are well-characterized actin assembly factors that promote the
formation of unbranched actin cables by facilitating their nucleation
and elongation (Chesarone et al., 2010; Schönichen and Geyer,
2010). These multidomain proteins contain two highly conserved
signature domains, the formin homology 1 and 2 (FH1 and FH2,
respectively) domains. The dimeric FH2 nucleates actin filaments
and supports elongation by remaining attached to their barbed ends
(Higashida et al., 2004; Kovar and Pollard, 2004; Watanabe and
Higashida, 2004), whereas the proline-rich FH1 domain accelerates
elongation by recruiting profilin-bound actin monomers (Li and
Higgs, 2003; Sagot et al., 2002). Some formins contain several other
conserved regions including the N-terminally localized GTPase-
binding domain (GBD), diaphanous inhibitory domain (DID),
dimerization domain (DD), Coiled-coil region (CC) and the C-
terminal diaphanous auto-regulatory domain (DAD) (Alberts, 2001;
Chesarone et al., 2010; Li and Higgs, 2003; Otomo et al., 2005;
Rose et al., 2005). These domains are involved in the spatial and
temporal regulation of the actin assembly activity provided by the
FH2 domain (Chesarone et al., 2010). In addition, it has also been
shown that a number of formins influence microtubule (MT)
stability and organization (Bartolini and Gundersen, 2010).
Consistently, many formins are able to bind to MTs in vitro
through their actin-binding FH2 domain and in some cases with
their C-terminal region (Bartolini et al., 2008; Chesarone et al.,
2010; Gaillard et al., 2011; Roth-Johnson et al., 2014; Young et al.,
2008; Zhou et al., 2006). The presence of both an actin- and a
microtubule-binding domain might allow these proteins to crosslink
the cytoskeletal components directly, such as Cappuccino does
in vitro− and presumably in vivo− inDrosophila oocytes (Rosales-
Nieves et al., 2006). By contrast, instead of − or in parallel to −Received 2 March 2017; Accepted 5 June 2017
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direct binding, the Diaphanous-related formins (DRFs) mDia1,
mDia2 and mDia3 appear to stabilize MTs in fibroblast cells by
binding +TIP through EB1, CLIP-170 or APC (Cheng et al., 2011;
Lewkowicz et al., 2008; Wen et al., 2004). Interestingly, mDia2
is able to stabilize MTs and bind to +TIPs independently of its
actin nucleation activity (Bartolini et al., 2008). Finally, recent
work revealed that CLIP-170 binds tightly to mDia1 to increase the
rate of actin polymerization from MT plus-ends (Henty-Ridilla
et al., 2016). Despite these advances, the in vivo contribution of
formins to MT and F-actin interactions in axonal growth cones
remained elusive.
In this paper, we characterize the role of the formin family protein

Dishevelled-associated activator of morphogenesis (DAAM) in
concerted regulation of actin and MT remodeling within axons of
Drosophila neurons. We show that Drosophila DAAM partially
colocalizes with both main cytoskeletal systems in neurons,
and it is able to crosslink actin filaments with MTs in vitro.
DAAM stabilizes MTs against cold- or nocodazole-induced
depolymerization, and the absence of DAAM impairs neuronal MT
organization and dynamics. Although DAAM has the ability to bind
MTs directly, it also binds to the MT plus-end tracking protein EB1,
and often localizes toMT plus-tips. This suggests that, similarly to the
process in migrating cells, a formin-/+TIP-dependent mechanism is
crucial to govern actin and MT coordination in growing axons.

RESULTS
DAAM localizes to axonal microtubule bundles and
physically interacts with microtubules
Previously, we have shown that DAAM plays an essential role in the
differentiation of the embryonic nervous system (Matusek et al.,
2008) and the adult brain (Gombos et al., 2015). In vitro and in vivo
studies revealed that DAAM behaves as a bona fide formin, and it is
required for filopodia formation (Barko et al., 2010; Matusek et al.,
2008) like its vertebrate ortholog Daam1 (Jaiswal et al., 2013a).
Furthermore, the observed cellular phenotypes, i.e. reduced number
of filopodia and reduced length coincide with DAAM accumulation
along the shaft and on the tip of filopodia (Gonçalves-Pimentel
et al., 2011; Jaiswal et al., 2013a; Matusek et al., 2008). Although
formins are primarily considered as actin assembly machineries,
numerous studies have demonstrated that some formins are able to
interact with MTs either directly or indirectly (Bartolini and
Gundersen, 2010; Bartolini et al., 2008; Dahlgaard et al., 2007;
Gaillard et al., 2011; Gasteier et al., 2005; Rosales-Nieves et al.,
2006; Roth-Johnson et al., 2014; Shaye and Greenwald, 2015).
Since the highly conserved FH2 was identified as the main MT-
interacting domain in DRFs, it is reasonable to assume that DAAM
is also able to interact with MTs. Therefore, to further elaborate on
the functions of DAAM, we reassessed its sub-cellular localization
by performing immunostaining of endogenous DAAM in cultured
primary neurons. We found that, although DAAM primarily
localizes to F-actin-rich structures, i.e. to filopodia, lamellipodia
and cortical actin (Fig. S1A-D,I,I′; Movie 1), a significant
fraction of DAAM accumulated in punctae along the axonal MTs
(Fig. 1A-D, Fig. S1E-H). To estimate the sub-cellular distribution of
DAAM, we quantified the protein-protein proximity index (PPI)
(Wu et al., 2010; Zinchuk et al., 2011) between DAAM and actin,
and DAAM and tubulin, respectively. The analysis revealed that
∼47% (PPI: 0.47±0.05) of DAAM is associated with the actin
cytoskeleton. Surprisingly, however, another ∼37% (PPI: 0.37±
0.05) exhibited an overlap with MTs (Fig. 1E). Most notably, we
detected frequent DAAM accumulation on axonal MT ends
(36±14%) (Fig. 1F). These observations were further verified

with a second, independently created DAAM antibody (Fig. S3G),
leading to very similar results (Fig. S1E-H). Thus, besides actin,
DAAM is often localized to MTs in axonal growth cones pointing
towards MT-related functions.

To begin to address whether DAAM interacts with MTs, GST-
tagged DAAM fragments were purified and, subsequently, used in
MT co-sedimentation and GST pull-down assays to test for direct
interaction (Fig. 1G,H and Fig. S2A-E). Both assays indicated that,
unlike the purified GST protein used as negative control, a DAAM
fragment comprising the FH1 and FH2 domains was able to bind to
taxol-stabilizedMTs, whereas mutation of the conserved amino acid
isoleucine (I732A) that plays a crucial role in actin interaction did
not affect interaction between GST::FH1FH2 and MTs. In addition
to the FH2 domain, the C-terminal region of some formins was also
shown to contribute to MT binding (Gaillard et al., 2011; Roth-
Johnson et al., 2014; Young et al., 2008); thus, we also investigated
the effect of the C-terminal region of DAAM. It appeared that the
DAD domain alone did not bind to MTs but that the C-terminal tail
(CT) region has MT-binding capability. It has been shown that MT
binding through the tail region of different formins is mediated by
ionic interactions between basic amino acids of the tail domain
and the acidic MT surface (Gaillard et al., 2011; Roth-Johnson
et al., 2014). The CT domain of DAAM is also basic with a pI
of 11.6. and, in line with previous data, a mutant CT fragment
(GST::DAD-CTR-A) in which the basic amino acids had been
changed to alanines was not able to bind to taxol-stabilized MTs.

In addition to direct MT binding, several formins were shown to
associate with MTs through +TIP binding. Consistent with its MT
plus-end localization (Fig. 1F), DAAMwas co-immunoprecipitated
with EB1 (an abundant +TIP in this system) from lysates of S2 cells
transfected with 3×FLAG-tagged constitutively active DAAM
lacking the DAD domain (Fig. 1I). Collectively, these studies
indicate that Drosophila DAAM, similarly to other formins, has the
ability to physically interact with MTs via its FH2 as well as CT
domains. Besides direct interaction, DAAM co-purifies with EB1
suggesting an alternative mode of MT binding, presumably
restricted to MT plus-ends.

DAAM regulates the length and organization of axonal
microtubule bundles
The sub-cellular localization and the in vitro assays suggest that
DAAM plays a role in the regulation of MT organization during axon
growth. Therefore, we next asked how loss of DAAM affects MT
morphology in primary neurons. Since the maternalDAAM product is
present in the embryos (Matusek et al., 2006), we generated primary
neuronal cultures from DAAMmat/zyg mutant embryos (Matusek et al.,
2008) in which maternal and zygotic DAAM functions are both
impaired. Previously,we have demonstrated that these neurons are able
to develop axons similar to thewild-type control neurons, although the
number and length of growth cone filopodia are significantly
decreased (Matusek et al., 2008). In this present study we measured
the length of the axonalMT bundles after tubulin staining by using the
semi-automatic NeuronJ plugin (Meijering et al., 2004) and revealed
that axonal MT bundles and, consequently, axons are significantly
(P=0.016) shorter in theDAAMmat/zygmutant neurons (9.67±0.75 µm,
n=152) as compared to wild-type controls (16.36±2.2 µm, n=235)
(Fig. 2A-B′ and F). Moreover, we also studied MT morphology
(Fig. 2E and G), and noticed that, inDAAMmat/zygmutant neurons, the
frequency of looped and spreadMTs is decreased, while the frequency
of bundled MTs is increased significantly (P=0.0286) (Fig. 2G).

To further elaborate on the role of DAAM, we overexpressed an
activated form of DAAM (CDAAM) that lacks its N-terminal
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regions including the DID domain − which is crucial for
autoinhibition (Liu et al., 2008; Li and Higgs, 2005) − by using
the pan-neuronal elav-Gal4 driver. Similarly toDAAMmat/zygmutant
neurons, the axonal MT bundles were shorter (P=0.0011) in
CDAAM−expressing cells (14.88±0.21 µm, n=178) as compared to
controls (21.51±1.15 µm, n=182) (Fig. 2C-D′ and F). In contrast to
DAAMmat/zyg neurons, the frequency of looped and spread MTs
increased, while the frequency of bundled MTs decreased in

CDAAM-expressing cells (Fig. 2G). Thus, the loss- and gain-of-
function studies both indicate a role in the regulation of axonal
microtubule length and organization.

DAAM regulates axonal microtubule dynamics
As deviations in the organization of axonal MTs are often linked
to impairedMT dynamics, we next sought to examineMT dynamics
in vivo, in the absence of DAAM. Microtubule dynamics were

Fig. 1. Axonal localization and physical interaction of DAAM with microtubules. (A-D) Growth cone of a primary neuron (6 HIV), labeled against F-actin,
tubulin and DAAM. Asterisk marks filopodial DAAM localization. Arrows point to DAAM puncta localized at the end of microtubules. Arrowheads show DAAM
localization along the MT bundles. (E) Scatterplots show the protein-protein proximity index measured between DAAM and F-actin, and DAAM and tubulin.
Gray dots represent values measured on individual cells (DAAM-Actin, 0.46±0.14, mean±s.d. n=40; DAAM-Tubulin, 0.38±0.15, mean±s.d. n=40). Black dots
represent the median of the independent experiments with their median. (F) Bar diagram shows the frequency of microtubule end localization of DAAM (36.18%±
13.57%, mean±s.d.; measured on 100 MT ends from three independent experiments). (G) Domain structure of full-length DAAM and DAAM fragments used
in this study. (H) MT co-sedimentation assay shows that MTs physically interact with the FH1FH2 fragment of dDAAM. (I) Co-immunoprecipitation shows
that ΔDAD-DAAM::3×FLAG co-precipitates specifically with EB1 from S2 cell lysates.
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quantified by using ImageJ’s TrackMate plugin (Tinevez et al.,
2017), following live acquisition of high-resolution images of
neurons at 6−9 hours in vitro (HIV) expressing EB1::GFP, a marker
of MT plus-ends (Morrison et al., 2002; Stepanova et al., 2003)
(Fig. 3A,B and Fig. S3H). Time-lapse recordings were
deconvolved and pre-filtered with a custom-made difference of
Gaussian filter to enhance the signal of interest and to exclude false
positive hits (Fig. S3A-B″; Movie 2). The analyses of EB1::GFP
track velocity in wild-type neurons revealed that MTs tend to slow
down upon entering the growth cones, showing a slight but
consistent growth velocity difference between the growth cone
(6.54 µm×min−1) and the axonal shaft MTs (8.12 µm×min−1)
(Fig. 3C). For this reason, in the following studies, MT dynamics
in growth cones and axonal shafts were analyzed separately.
Because EB1 is known to promote MT growth by preventing MT
catastrophes (Komarova et al., 2009), as a further control, we
compared MT growth velocity in cultured neurons expressing
either EB1::GFP or Jupiter::GFP (another widely used marker of
microtubule dynamics) (Karpova et al., 2006). We measured the
dynamic instability parameters of individual MTs in the growth
cone and found no significant differences between EB1::GFP- or
Jupiter::GFP-(6.47±1.5, n=8) expressing neurons (Fig. S3C-F)

and, hence, used EB1::GFP to monitor MT dynamics in all our
subsequent studies.

First, we compared microtubule growth velocities in control and
DAAMmat/zyg mutant neurons. We found that the median growth
velocity measured inDAAMmat/zygmutant neurons was∼91% higher
in the growth cones and ∼80% higher in the axon shaft compared to
the controls (P<0.0001 for both) (Fig. 3D; Movie 3). Parallel to that,
lifetime measurements of growth coneMTs by utilizing the Kaplan–
Meier estimator, revealed a reduction in MT lifetime of the mutant
neurons (P<0.0001) (Fig. 3E). The presence of DAAM seems to
reduce MT growth rate and enhance lifetime by decreasing
catastrophe frequency. Thus, these experiments showed that DAAM
affectsMT dynamics in neurites, which is likely to be the cause of the
altered MT organization phenotypes observed previously. In line
with former observations by Bartolini et al. (2008) for mDia2, it
appears that increased MT dynamics is paralleled with reduced
lifetime, which would be consistent with a role in MT stabilization.

DAAM is involved in retrograde translocation ofmicrotubules
in growth cone filopodia
To better understand the mechanisms of how DAAM affects MT
dynamics, we focused our attention on the individual pioneer

Fig. 2. DAAM affects axonal microtubule length andmorphology. (A-D) Representative images of primary neurons (6 HIV) derived from wild type (white1118)
(A,A′), DAAMmat/zyg (see Materials and Methods) (B,B′), embryos expressing Elav-Gal4 (w;elav-Gal4/+) (C,C′) or embryos expressing CDAAM (w;elav-Gal4,
UAS-CDAAM/+) (D,D′). (E) Examples of growth cone microtubules classified as being bundled, looped or spread. (F) Scatterplots show the length of the
axonal microtubules of primary neurons. Gray dots represent values measured on individual cells (wild type: 15.42 µm, n=235; DAAMmat/zyg: 9.61 µm, n=152;
Elav-Gal4: 20.3 µm, n=182; CDAAM: 13.8 µm, n=178; median with interquartile range). Black dots represent the median of the independent experiments
with their median. (G) Boxplots show the frequency of axonal microtubule morphology classes. Unpaired t-tests were used for statistical analysis.
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microtubules that extend into the growth cone periphery. Pioneer
microtubules are of particular importance since their entry into
filopodia and their subsequent stabilization is essential prior to
growth cone turning (Buck and Zheng, 2002) and axon branching
(Dent and Kalil, 2001). Expression of EB1::GFP is a suitable
method to follow the plus-end of these MTs (Fig. 4A) as, in most
cases, it is obvious when they enter filopodia and subsequently
disappear at some point along their length, presumably because the
MT has either stopped growing or got depolymerized. To follow
pioneer MT growth, we recorded kymographs along the axis of
filopodia, then we calculated the directionality distributions of these
graphs to differentiate between anterograde displacement, pause and
retrograde translocation (Fig. 4B-C′,E-F′ and Fig. S3H-L). We
observed that the EB1::GFP signal frequently paused and/or moved
rearwards into the growth cone filopodia of wild-type cells (Fig. 4B,
B′). Given that EB1 decorates only the polymerizing end of MTs,
this suggests that these MTs undergo retrograde translocation
which is a commonly observed phenomenon in the growth
cone periphery (Schaefer et al., 2008). It is thought that MTs tend

to couple to the retrograde actin flow through transient interactions
and are transported back as they assemble (Marx et al., 2013)
(consistently, in our primary neurons the retrograde MT
translocation rate appears similar to that of retrograde actin flow,
∼5.3 µm×min−1). Therefore, the retrograde actin flow poses a
dynamic barrier to pioneer microtubules and removes them from the
growth cone periphery (Schaefer et al., 2002, 2008). Remarkably,
however, inDAAMmat/zygmutant neurons we rarely observed paused
or retrograde translocation of MTs into filopodia (Fig. 4C,C′). The
frequency of these events was significantly lower when compared to
control cells (P=0.02) (Fig. 4D-F′). Therefore, we conclude that, at
least in the pioneer MTs, the lack of DAAM reduces the retrograde
translocation rate of MTs that is consistent with the increased MT
growth velocity.

Direct versus indirect effects onmicrotubule dynamics upon
loss of DAAM
Since formins have originally been described as regulators of the
actin cytoskeleton, the question arises whether microtubule

Fig. 3. The effect of DAAM on axonal microtubule dynamics. (A) Representative image of a primary neuron expressing EB1::GFP (6 HIV) (time-lapse
projection). The axon and the growth cone are surrounded by dotted rectangles. (B) Time-lapse projection of recognized EB1::GFP tracks. The tracks are
color-coded according to their median velocity (from yellow to cyan, 0 µm×min−1–30 µm×min−1). (C) Scatterplots show significant velocity difference
between the axonal and growth cone EB1::GFP comets (growth cone: 6.54 µm×min−1, n=64; axon: 8.12 µm×min−1, n=60; median with interquartile range).
(D) Scatterplots show the median velocity of EB1::GFP tracks measured on primary neurons derived from EB1::GFP-expressing wild-type and DAAMmat/zyg

embryos. It is also compared to EB1::GFP-expressing wild-type neurons treated with latrunculin A (growth cone - wild type: 6.54 µm×min−1, n=64; DAAMmat/zyg:
12.53 µm×min−1, n=57; latrunculin A treated: 11.16 µm×min−1, n=18) (axon - wild type: 8.12 µm×min−1, n=60; DAAMmat/zyg: 14.64 µm×min−1, n=52; latrunculin
A treated: 13.85 µm×min−1, n=15; median with interquartile range). Dots represent the median velocity of the EB1::GFP tracks measured on individual cells.
Mann–Whitney test was used to compare the respective pairs. (E) Survival analysis was used to compare microtubule lifetime of wild-type and DAAMmat/zyg

neurons expressing EB1::GFP. Short tracks (below 3.6 s) were discarded from the analysis and the threshold is marked with a dotted line. The Mantel−Cox
test was used to compare the survival curves (white1118, n=219; DAAMmat/zyg, n=161).
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cytoskeleton-related phenotypes are direct effects of DAAM
absence or the consequence of an impaired actin cytoskeleton. To
elucidate the role of the actin cytoskeleton on MT dynamics, we
disturbed the actin cytoskeleton by applying latrunculin A, a drug
that sequesters G-actin and promotes depolymerization (Coué et al.,
1987; Yarmola et al., 2000). Primary neurons expressing Actin5C::
GFP treated with 200 nM latrunculin A showed signs of actin
cytoskeleton breakdown within the growth cone as early as 30−60 s

after treatment. This depolymerization plateaus after ∼5 min when
the stereotypic searching movements of filopodia completely
disappear (Fig. S4A-D; Movie 4). After establishing the F-actin
breakdown protocol, we applied the same conditions to primary
neurons expressing EB1::GFP and measured MT growth dynamics
during 5−20 min after treatment. We found that median growth
velocity is increased both in the axon shaft and the growth cone
region (Fig. 3D; Movie 5). Although this increase was similar to the

Fig. 4. The effect of DAAM on retrograde MT translocation. (A) The cartoon illustrates a growth cone filopodia invaded by a microtubule where the
growing plus-end is labeled with EB1::GFP. (B-C′) Representative kymographs demonstrate microtubule plus-end displacement along growth cone
filopodia in wild-type (B,B′) and DAAMmat/zyg (C,C′) neurons expressing EB1::GFP. Red arrowheads mark the point where microtubules stall or undergo
retrograde translocation. Dotted lines indicate where pioneer microtubules enter the growth cone filopodia. (D) Boxplot shows the frequency of microtubule
retrograde translocation in wild-type and DAAMmat/zyg neurons (white1118: 18.9±6.4, n=219; DAAMmat/zyg: 6.3±2.5, n=161; mean±s.d., from four independent
experiments). (E-F′) Summary of extracted kymographs from wild-type (E) and DAAMmat/zyg (F) neurons expressing EB1::GFP. (E′,F′) Histograms show the
summarized directionality distribution, measured on the extracted kymographs.
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one observed in DAAMmat/zyg neurons, we noticed the formation of
long, slender microtubule-containing protrusions, which was not
observed in DAAMmat/zyg neurons (Fig. S4E-I; Movie 5). These
results indicate that the F-actin network forms a barrier to MT
growth in axons − like the one already reported in growth cones
(Burnette et al., 2007; Forscher and Smith, 1988; Zhou and Cohan,
2004) − but seems to apply to the shaft as well. Although the latter
might imply the existence of an unexplored actin/MT crosstalk in
axonal shafts, we subsequently focused our studies on the peripheral
growth cone.
We reasoned that changes in MT dynamics upon loss of DAAM

might be the result of a slower actin retrograde flow or a change in
the coupling ofmicrotubules to the retrograde flow, or a combination
of these two effects. To begin to test these alternatives, we compared
the retrograde actin flow in filopodia of wild-type andDAAMmutant
neurons. First, we followed growth-cone motility by measuring
filopodial dynamics in neurons expressing Actin5C::GFP
(Movie 6). Live recordings (7−9 HIV) revealed that the Actin5C::
GFP signal was slightly fainter inDAAMmat/zyg neurons as compared
to wild-type neurons and, in accordance with previous findings
(Matusek et al., 2008), filopodia number and length were reduced
(Fig. 5B,C). To quantify the dynamic properties of growth cone
filopodia, we recorded kymographs along the axis of the filopodia
and calculated their extension and retraction velocity based on their
tip displacement as a function of time. The mean extension
velocity was elevated by 28% (not significant), whereas the mean
retraction rate decreased by 33% (P=0.0096) in the DAAMmat/zyg

mutant neurons as compared to wild type (Fig. 5E,F). Moreover,
by analyzing the fluorescent speckle pattern (Waterman-Storer
and Salmon, 1998) (Fig. 5D,D′) of the Actin5C::GFP signal, we
determined that the mean velocities of the retrograde actin flow
remained constant when the filopodia extended or retracted
(Bornschlogl et al., 2013). The kymographs also revealed that the
rate of the retrograde flow highly correlates with the retraction rate of
the filopodia, both in wild-type and DAAMmat/zyg neurons.
Consistent with the reduced filopodia retraction rate, retrograde
flow is decreased by 37.5% (not significant) inDAAMmat/zyg neurons
(Fig. 5G). Since extension and retraction rates of the growth cone
filopodia depend on the retrograde flow and the growth rate of the
filopodial F-actin bundle, i.e. the polymerization rate of newly
incorporated actin at the filopodial tip, we could calculate the plus-
end dynamics of the actin filaments during filopodia extension and
retraction (Fig. 5A,H). We found that, during filopodia extension,
the plus-end growth of actin filaments exceeds the retrograde flow,
and that this rate is 20% faster (not significant) in DAAMmat/zyg

neurons as compared to wild type (Fig. 5I). In most filopodia the
plus-end of the actin filament appears to be stalled during retraction
both in wild-type and DAAMmat/zyg neurons (Fig. 5J); therefore, the
retraction completely depends on the retrograde flow.
In summary, we revealed that, although the actin-depolymerizing

drug latrunculin A had effects on MT growth dynamics that are
similar to the lack of DAAM, it also induced the formation of long,
filopodia-like protrusions that have never been observed in DAAM
mutant neurons and, henceforth, these effects are clearly not
identical. Moreover, we found that the absence of DAAM has a very
weak effect on the retrograde actin flow, whereas the retrograde MT
translocation frequency exhibits a considerable reduction in the
mutant neurons. Therefore, these data suggest that the effect of
DAAM on MT dynamics is unlikely to be an indirect (or largely
indirect) effect due to altered actin dynamics (i.e. reduced retrograde
actin flow); instead, they might indicate a failure in the correct
coordination of actin and MT dynamics.

DAAM stabilizes microtubules in vitro and in vivo
Consistent with findings for some other members of the formin
protein family (Bartolini et al., 2008; Chesarone et al., 2010;
Gaillard et al., 2011), DAAM appears to promote MT stabilization
in primary neurons as suggested by our MT dynamics studies. To
test this hypothesis more directly, we examined whether DAAM
protects against MT destabilization under two different conditions.
First, anMT co-sedimentation assay was used to measure the effect of
cold treatment on preassembled MTs in the presence or absence of
purified GST::FH1FH2 protein. According to our expectation, MTs
were protected against cold-induced depolymerization in the presence
of FH1FH2, indicated by elevated tubulin levels in the pellet (Fig. 6D,
E). Second, as a parallel approach, we asked how loss of DAAM
affectsMT stability. To this end, we inducedMT depolymerization by
treating DAAMmat/zyg and control (derived from white1118 embryos)
primary neuronal cultures with nocodazole. Control cells treated with
nocodazole exhibited only a few areas along the axon which were
devoid of microtubules (Fig. 6A-A′ and C). In contrast, nocodazole-
treated DAAMmat/zyg primary neurons had a twofold increase in the
number of breaks along axonal microtubules (Fig. 6B-B′ and C). In
conclusion, DAAM behaves as a potent MT-stabilizing factor in
two diverse assays, and its N-terminally truncated FH1FH2 form
already seems sufficient to stabilize MTs, at least under in vitro
conditions.

DAAM mediates the alignment of microtubules and actin
filaments
To test the possibility of DAAM-mediated coupling of MTs and
F-actin, we performed in vitro low-speed sedimentation experiments
adapted from Elie et al., 2015 (Fig. 7A-C). Phalloidin-stabilized
F-actin and/or taxol-stabilized MTs were centrifuged onto a sucrose
cushion in the absence or presence of DAAM constructs. This
strategy ensures that individual polymers (F-actin orMT) and F-actin
bundles assembled by DAAM remain in the supernatant, as only
larger polymer complexes deposit as sediment and appear in the
pellet (Elie et al., 2015). Accordingly, in the presence of GST::
CDAAMMTswere detected in the pellet, whereas in the presence of
both F-actin and MTs a fraction of F-actin co-sedimented with
microtubules in the GST::CDAAM-containing samples (Fig. 7C).
Intrinsic to our experimental conditions, F-actin can only appear in
the pellet when it is physically linked to MTs; therefore, these
observations imply a simultaneous interaction of CDAAM and the
two polymer systems. In contrast to CDAAM, actin or MT polymers
did not sediment in the presence of GST::FH1-FH2 or the C-terminal
DAD-CT, DAD or DAD-CTR−A constructs (Fig. 7C and Fig. S4J),
suggesting that the FH2 and the CT regions are both required for
F-actin and MT crosslinking, yet neither is sufficient alone.

To further test the F-actin/MT coordinating ability of DAAM,
total internal reflection fluorescence microscopy (TIRFM) was
carried out with fluorescently labeled F-actin (labeled with Alexa-
Fluor-568NHS) and MTs (labeled with HiLyte Fluor™ 488)
(Fig. 7D-F‴). The F-actin area colocalizing with MTs, as well as
the MT area colocalizing with F-actin was quantified (Elie et al.,
2015) (Fig. 7G,H). In control samples lacking DAAM, ∼13% of
F-actin andMTs appeared to be co-aligned (n=19) (Fig. 7D-D‴), and
the presence of GST::FH1-FH2 did not change this percentage
(n=18) (Fig. 7F-F‴). By contrast, GST::CDAAM increased the
fraction of co-aligned polymers to ∼40% (n=22) (Fig. 7E-E‴),
corroborating that DAAM promotes actin and MT co-alignment. In
agreement with this, our actin/microtubule/DAAM colocalization
studies revealed that ∼22% (PPI: 0.224±0.04) of DAAM is
associated with both the actin and MT cytoskeletons (Fig. 8A-D),
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Fig. 5. Effect of DAAM on axonal filopodia and actin dynamics. (A) A drawing to illustrate filopodia dynamics (extension and retraction) and the
underlying actin dynamics (actin polymerization, retrograde flow). (B,C) Axons of Actin5C::GFP expressing (B) wild type and (C) DAAMmat/zyg neurons (6 HIV).
Growth cones are indicated by a dotted red circle. (D) Filopodia with unevenly incorporated Actin5C::GFP; scale bar: 200 nm. (D′) Kymograph revealing
the actin retrograde flow meanwhile the filopodia extends and retracts. (E-G) Scatterplots show filopodia extension (wild type: 5.28 µm×min−1, n=134; DAAMmat/

zyg: 6.75 µm×min−1, n=64), retraction (wild type: 6.82 µm×min−1, n=91;DAAMmat/zyg: 3.38 µm×min−1, n=117) and actin retrograde flow (wild type: 5.64 µm×min−1,
n=114; DAAMmat/zyg: 2.93 µm×min−1, n=97) rates measured in wild-type and DAAMmat/zyg neurons expressing Actin5C::GFP. Gray dots represent the values
of individual events. Black dots represent the median of independent experiments. Mann–Whitney test was applied for statistical analysis. (H) Scheme of a
hypothetical kymograph recorded along filopodia depicted on panel A. (I,J) Scatterplots show actin plus-end dynamics during filopodia extension (wild type:
5.28 µm×min−1, n=134; DAAMmat/zyg: 6.75 µm×min−1, n=64) and retraction rates (wild type: 6.82 µm×min−1, n=91; DAAMmat/zyg: 3.38 µm×min−1, n=117)
measured in wild-type and DAAMmat/zyg neurons expressing Actin5C::GFP. Gray dots represent the values of individual events calculated based on the actin
retrograde flow and filopodia extension and retraction rates.
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whichmeans that themajority ofMT-associatedDAAM(∼37%) also
colocalizes to the actin cytoskeleton. The capacity of DAAM to
simultaneously bind the two cytoskeletal systems in vitro together
with its axonal localization along the overlapping regions, strongly
suggest that DAAM is involved in the coordination of the actin and
MT cytoskeleton.

DISCUSSION
Proper coordination of the actin and microtubule cytoskeleton is
thought to be key to growth cone advance, yet the molecular
mechanisms of actin-MT crosstalk during axonal growth remained
largely elusive. Here, we report our findings, suggesting that the
formin family protein DAAM is an important factor of actin-
microtubule coordination in neuronal growth cones. Formins are
extensively characterized for their ability to interact with G-actin and
promote their assembly into F-actin (Higashida et al., 2004; Kovar
and Pollard, 2004; Watanabe and Higashida, 2004). These studies
established that the FH2 domain binds actin strongly, whereas some
formins contain an additional, albeit much weaker actin-binding
motif in their DAD-CT region (Gould et al., 2011; Vizcarra et al.,
2014). In accordance with recent findings for other formins, we
found that, besides actin binding (Barko et al., 2010), the FH2
domain of DAAM is also able to interact with MTs. Moreover, we

showed that the positively charged CT region but not the DAD
domain is also capable of MT binding. Considering the dimeric
nature of the formin proteins, the full-length DAAMprotein contains
multiple actin- and MT-binding sites. However, how these
interacting elements act in a concerted fashion is still elusive. The
CDAAM fragment that contains all the mapped cytoskeleton-
interacting domains of DAAM exhibits an F-actin-bundling activity
in vitro and is also able to crosslink actin filaments with MTs. In the
concentration range where purified CDAAM is able to co-align F-
actin and MTs, neither FH1-FH2 nor DAD-CT possesses these
activities. This suggests a synergic action of these regions, for which
the polymer-binding ability of the FH2 domain seems to be
substantial. On the basis of these in vitro data the question arises
which of these activities are relevant in vivo and, particularly, in
growth cones.With regard to actin bundling, although not distributed
uniformly, DAAM is detected along the filopodial actin bundles,
which would be consistent with it having a role in filament bundling.
Whereas the majority of DAAM associates either with actin
filaments or with MTs, it is remarkable that a high amount of
DAAM is colocalized with actin and MTs in growth cones, possibly
indicating a role in crosslinking or co-alignment of actin andMTs. To
further support this, the effect of DAAM on MT dynamics and
organization can also be explained by the assumption that, in the

Fig. 6. DAAM stabilizes MTs in vivo and in vitro. (A-B′) Images show axonal MT bundles of DMSO-treated (A,B) or nocodazole-treated (A′,B′) control
(white1118) and DAAMmat/zyg primary neurons (12 HIV). Arrows point to gaps along axonal MT bundles. (C) Quantification of the number of breaks along the MT
bundles of control (DMSO treated: 1±0.2, mean±s.e.m., n=213; nocodazole treated: 6.7±0.8, mean±s.e.m., n=206) and DAAMmat/zyg primary (DMSO treated:
2.3±0.4, mean±s.e.m., n=157; nocodazole treated: 12±1.3, mean±s.e.m., n=137) neurons, measured in three independent experiments. (D,E) Densitometric
analysis of SDS-PAGE (D) show that the amount of tubulin in the pellet is higher in samples with GST::FH1FH2 (E) after cold-induced depolymerization
as compared to controls (mean±s.d., n=3, **P<0.01; n.s., not significant).
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absence of DAAM, the two cytoskeletal systems are disconnected
from each other.
Organization of the actin and MT cytoskeleton is intimately

linked in most cellular processes examined to date. Therefore,
perturbation of one of the two systems is likely to indirectly affect
the other one as well. It follows that actin regulators, such as
formins, might be able to affect cellular MT organization by indirect
mechanisms in addition to or instead of direct effects. This has, so
far, been an often ignored, yet critical question when studying the
role of formins in MT regulation. We attempted to address this issue
by comparing the effect of the actin-depolymerizing drug
latrunculin A with the lack of DAAM in primary neurons. Upon
latrunculin A treatment, we found accelerated growth of MTs in the
growth cone, which was very similar to what is observed in the
absence of DAAM. However, we also noticed that latrunculin A
treatment induced the formation of long filopodia-like protrusions
that had not been detected previously in DAAM mutant cells. Thus,
it appears that partial depolymerization of the neuronal actin

cytoskeleton has an effect on MT dynamics that is comparable, yet
not identical, to the loss of formin function, suggesting that an
indirect effect cannot be excluded. Nevertheless, a number of
observations argue against the idea that the effect of DAAM on MT
organization within growth cones and dynamics would be
exclusively or mainly indirect. First, DAAM is often colocalized
with MTs and it clearly has the ability to bind to MTs. Second,
DAAM is able to associate with MTs even when its actin binding is
compromised. Third, the loss of DAAM strongly reduces the
retrograde MT translocation frequency but only weakly affects the
retrograde actin flow. These results, together with that of the actin/
MT crosslinking activity detected in vitro and the DAAM/actin/MT
triple colocalization observed in growth cones, strongly suggest that
the main function of DAAM is related to the coordination of actin
and MT dynamics.

One intriguing characteristic of the interaction between DAAM
and microtubules is the ability of DAAM to bind MTs directly as
well as to associate with MTs through +TIPs. The main MT-related

Fig. 7. F-actin and microtubule co-alignment mediated by DAAM. (A-C) Representative Coomassie Blue-stained SDS-PAGE from low-speed centrifugation
experiments showing the amount of MTs and F-actin in the supernatants (S) and in the pellets (P) in the absence or presence of either GST::CDAAM or
FH1-FH2, as indicated. (D-F) Representative fluorescence micrographs of F-actin (cyan) and MTs (red) in the absence or presence of GST::CDAAM and
GST::FH1FH2, as indicated. Yellow regions on the merged images highlight the overlapping F-actin and MT regions. Binary images show the overlapping
polymer area. (G,H) Ratio of the co-aligned F-actin and MT areas in the absence or presence of GST::CDAAM or GST::FH1FH2 (average of three to four
independent experiments is shown).
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effects of DAAM, such as MT stabilization and actin−MT
crosslinking can, potentially, be explained by direct MT binding,
which would, consequently, impact on MT dynamics. In addition,
DAAM, bound to MTs, might interact with other microtubule-
associated proteins, which would offer further regulatory
possibilities. However, +TIP binding is equally exciting,

particularly in light of recently discussed models of growth cone
advance (Bearce et al., 2015; Cammarata et al., 2016), and because
of data that reveal how MT plus-ends trigger formin-dependent
rapid actin assembly in vitro and in motile cells (Henty-Ridilla et al.,
2016; Jaiswal et al., 2013b; Okada et al., 2010). While in the classic
models of growth cone guidance actin dynamics is credited as the

Fig. 8. DAAM colocalizes with overlapping F-actin and microtubules. (A-D) Representative growth cone showing DAAM puncta on overlapping F-actin
andMTs (white rectangle). (B) Outline of the growth cone indicated by yellow dotted line. (C) Microtubules (red) and microtubules overlapping with actin filaments
(gray). Inlet shows DAAM puncta (magenta) localized on overlapping F-actin and microtubules. (D) Scatterplots show the protein-protein proximity index
measured between DAAM and the overlapping F-actin and microtubules. Gray dots represent values measured on individual cells (0.22±0.1, mean±s.d., n=40).
Black dots represent the median of the independent experiments with their median. (E) Schematic model of the growth cone cytoskeleton. (F,G) Localization
and proposed functions of DAAM in growth cones on the basis of previous studies and this current study: (1) actin barbed-end binding, actin assembly,
(2) F-actin bundling, (3) MT side binding (stabilization), (4) EB1 binding, (5) F-actin and MT coalignment. Our results suggests that the key function of DAAM is
to facilitate/boost the formation of new actin filaments at the MT plus-ends through interactions with EB1.
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main driving force of motility and as the primary target of guidance
signaling, subsequent studies suggest that the peripheral pioneer
MTs also act as guidance sensors, leading to the hypothesis that the
closely coupled regulation of actin and MT dynamics is at the heart
of guidance signaling (Bearce et al., 2015; Cammarata et al., 2016;
Coles and Bradke, 2015). Meanwhile, +TIPs − many of which are
able to interact with both F-actin and MTs − were shown to act as
signal transducers during growth cone guidance, and they emerged
as key regulators of actin/MT coordination downstream of axon
guidance signaling. In parallel to this, it was established that some
+TIPs collaborate with the formin mDia1, which enables MT
plus-ends to govern localized actin assembly in vitro and in
fibroblast cells (Henty-Ridilla et al., 2016; Jaiswal et al., 2013b;
Okada et al., 2010), and that the interaction of CLIP170 with
an unknown formin is important for dendritic arbor formation in
primary neurons (Henty-Ridilla et al., 2016). Given that DAAM is
present at MT plus-ends and it associates with EB1 in Drosophila
S2 cells, we propose that DAAM is a strong candidate to promote
actin assembly in concert with +TIPs. Thus, our data reinforce the
importance of a formin/+TIP module as a general mechanism to link
actin and MT dynamics and, most importantly, we provide the first
in vivo evidence of such a mechanism in axonal growth cones.
In addition to the potential to promote actin polymerization at MT

plus-ends, we found that DAAM retains an MT-stabilizing activity
both in vitro and in primary neurons, and the FH2 domain seems
sufficient for MT stabilization. This is similar for several other
formins and, therefore, it might be a shared feature of this protein
family. Although the physiological importance of formin-mediated
MT stabilization in the context of neuronal growth remains largely
unknown, DAAM clearly appears to possess multiple capabilities to
influence the cytoskeleton due to its actin nucleation and elongation,
MT stabilization, MT plus-end-binding and actin-MT crosslinking
activities. Strikingly, perhaps with the exception of actin assembly,
many other +TIPs exhibit related biochemical properties. On the
basis of this we propose that the unique or key function of DAAM in
orchestrating the growth cone cytoskeleton is to facilitate the
formation of new actin filaments at the plus-ends of pioneer MTs
(Fig. 8E-G). We think that this step is controlled by the navigation
cues that also coordinate a multitude of cytoskeletal responses,
including other transient actin-MT interactions, through other actin-
and/or MT-binding proteins, such as +TIPs, to guide axons in a
complex cellular environment. Whether DAAM is an essential
factor in all neurons or whether formins are − in this context −
redundant, awaits future elucidations.

MATERIALS AND METHODS
Fly stocks and genetics
For mutant analysis DAAMEx1 or DAAMEx1;elav-Gal4,UAS-EB1::GFP and
DAAMEx68,Ubi::GFP/YDp(1;Y)Sz280 Drosophila lines were crossed as
described previously (Matusek et al., 2008). In addition, we used the
following stocks:w1118,w;elav-Gal4, w;UAS-DADm-DAAM::GFP (Matusek
et al., 2008), w; UAS-CDAAM, Jupiter::GFP (Karpova et al., 2006), w;elav-
Gal4,UAS-EB1::GFP and UAS-Actin5C::GFP (Röper et al., 2005).

Molecular biology and antibody production
For Drosophila S2 cell expression of ΔDAD-DAAM we used a pAWF-
ΔDAD-DAAM destination clone created by standard methods. For bacterial
protein expression the DAD, DAD-CT and FH1FH2I732A constructs were
generated in the pGex2T vector by using standard cloning and in vitro
mutagenesis methods. The DAD-CTR-A mutant construct was created by
gene synthesis (Sangon Biotech), and then cloned into pGex2T (Fig. S2F).
Primers are listed in Table S1.

The DAAMantibody (Rb#4938) was generated in rabbit after immunization
with purified FH1FH2 produced in bacteria. The sera were collected, and the

IgG fractionwas purified on ProteinG agarose beads. Specificity of the antibody
was confirmed by western blot analysis (Fig. S3G).

Cell cultures and immunohistochemistry
Drosophila primary neuronal cells were obtained from stage 11 embryos as
published in Sanchez-Soriano et al. (2010). S2 cells were grown in
Schneider’s medium supplemented with 10% heat-inactivated FBS.

For transfection of S2 cells, 2×106 cells were seeded in 6-well plates and
then transfected with pAct5C-ΔDAD-DAAM::3xFlag construct using
Effectene transfection reagent (Qiagen).

Cultured neurons were fixed at 6 hours in vitro (HIV) and stained as
described inMatuseket al. (2008). The followingprimaryantibodieswereused:
mouse anti-α-tubulin (1:1000, Sigma), rabbit anti-dDAAM (1:1000, Matusek
et al., 2006), chicken anti-GFP (1:1000, Abcam). Actin was labeled with either
Alexa-Fluor-488- or Alexa-Fluor-546-phalloidin (ThermoScientific).

For treatments with the microtubule-destabilizing drug nocodazole,
neurons were plated onto coverslips coated with 0.5 mg/ml concanavalin A
(Sigma) and kept at 22°C for 12 h. After 12 h, neurons were treated with
either nocodazole (100 μM; Sigma) or DMSO (both diluted in Schneider’s
medium) for 4 h at 22°C. Control primary neurons were derived from
white1118 embryos.

Co-immunoprecipitation and western blots
Co-immunoprecipitation was carried out as described previously (Gombos
et al., 2015). Lysates of transfected S2 cells were incubated with rabbit anti-
EB1 antiserum, then samples were incubated with protein-Amagnetic beads
(Bio-Rad). Eluted proteins were analyzed by western blot using a standard
procedure. Rabbit anti-EB1 (1:2000, gift from H. Ohkura), mouse anti-Flag
(1:1000, M2, Sigma-Aldrich), mouse anti-α-tubulin (1:10,000, DM1A,
Sigma-Aldrich), anti-rabbit IgG-HRP (1:10,000, Jackson) and anti-mouse
IgG-HRP (1:5000, Dako) were used for western blots.

Protein expression and purification
Drosophila DAAM constructs were expressed and purified as GST-tagged
proteins as described (Barko et al., 2010). Actin was purified from rabbit
skeletal muscle and labeled with Alexa-Fluor-568 carboxylic acid
succinimidyl ester (Alexa568NHS, Invitrogen) (Kellogg et al., 1988;
Spudich and Watt, 1971). Mg2+-ATP-actin filaments (F-actin) and
phalloidin-stabilized F-actin were prepared as described (Tóth et al.,
2016). Taxol-stabilized MTs were prepared from unmodified and/or HiLyte
Fluor™ 488-labeled tubulin (Cytoskeleton, Inc.).

MT−DAAM-binding assays
MT co-sedimentation
MTs were prepared from tubulin protein (Cytoskeleton, Inc.) following the
vendor’s instructions. Purified GST-tagged (4 µM) or GST-tagged dDAAM
(0.25-4 µM) fragments were incubated with taxol-stabilized MTs (0.5 µM)
for 30 min at room temperature in MT-binding buffer (MBB;10 mM
HEPES pH 7.0, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT, 20 µM taxol,
0.5 mM Thesit). Samples were centrifuged at 100,000 g for 25 min. The
pellets were washed in MBB then resuspended in SDS-PAGE sample
buffer. Proteins in the supernatants and pellets were resolved by SDS-PAGE
and stained by colloidal Coomassie Blue.

GST pull-down assay
GST- and GST-tagged DAAM fragments were expressed and purified from
a small-volume culture (2 ml) as described above. The proteins were not
eluted fromglutathionebeadsbut, instead,were incubatedwith pre-assembled
MTs (0.5 µM) for 30 min in MBB. Beads were washed in MBB then the
proteins were eluted and analyzed by SDS-PAGE and western blotting.

MT stability assay
The cold-induced depolymerization assay was carried out as described
(Bartolini et al., 2008). Tubulin was polymerized in the presence of 4 µM
GST::FH1FH2 or GST::FH1FH2 proteins. After polymerization, matching
aliquots of samples were centrifuged as described for MT co-sedimentation.
The remaining samples were incubated on ice, then centrifuged at 4°C. Proteins
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in the supernatants and pellets were resolved by Coomassie Blue-stained SDS-
PAGE and the gels were quantified by using densitometry (ImageJ).

MT/F-actin crosslinking assay
Since both CDAAM and FH1-FH2 induces F-actin bundles, which
sediment at very low speed, we adapted the sedimentation protocol used
by Elie et al. (2015) to test the ability of DAAM to interact simultaneously
with F-actin and MTs. Phalloidin-stabilized F-actin (2 µM) and/or taxol-
stabilized MTs (2 µM) were incubated with DAAM constructs (9 µM) in
Britton-Robinson buffer BRB-K (80 mM PIPES, pH 7.0, 2 mM MgCl2,
0.5 mMEGTA, 50 mMKCl) at room temperature for 40 min. Samples were
loaded onto a 30% sucrose cushion and centrifuged (4000 g, 10 min, 25°C).
Under these conditions individual polymers, as well as F-actin bundles do
not sediment, only larger filament complexes (MT bundles, MT-F-actin
copolymers) appear in the pellet (Elie et al., 2015). Pellets and supernatants
were analyzed by SDS-PAGE. In control experiments based on high-speed
centrifugation (100,000 g, 20 min, 25°C) both F-actin and MTs appeared in
the pellet, which confirms that both polymers exist under the applied
experimental conditions, and the lack of sedimentation of the polymers is
not due to depolymerization.

Microscopy and image analysis
Confocal images were captured either on a Zeiss Laser Scanning
Microscope (LSM) 880 or on an Olympus FV1000 LSM. Images were
restored using the Huygens Professional software (Scientific Volume
Imaging). To visualize the F-actin and MT structures induced by DAAM,
phalloidin-stabilized F-actin (0.4 µM containing 10% Alexa568NHS-
tagged actin) and taxol-stabilized MTs (0.4 µM containing 10% HiLyte
Fluor™ 488-tagged tubulin) were incubated with DAAM constructs (1 µM)
in BRB-K at room temperature for 30 min. Samples were diluted in BRB-
K* [BRB-K supplemented with 0.2% (w/v) methylcellulose, 0.5% (w/v)
BSA, 50 mM 1,4-diazabicyclo-[2,2,2]octane (DABCO) and 100 mM
DTT], applied onto poly-L-lysine-treated (Sigma Aldrich) coverslips and
visualized by TIRF microscopy (Olympus IX 81). Microtubule-F-actin
colocalization was quantified as described (Elie et al., 2015) (three to four
independent experiments at each condition, 18-22 images). For nocodazole
treatment in primary neurons, images were captured with a Nikon Eclipse
90i microscope equipped with a high-resolution CCD Camera (Retiga
3000). Images were processed using ImageJ software.

MT dynamics were analyzed from EB1::GFP time-lapse recordings
by using TrackMate (v3.3.0). To allow particle detection and faithful
tracking, the spatial and temporal resolution of the live recordings was set to
100 nm/voxel and 0.9 s/frame, respectively. Filopodial actin dynamics
measurements were performed on 7−9 HIV neurons expressing Actin5C::
GFP. Imaging of the neurons was performed in glass-bottomed Petri dishes
(MatTek corporation) in growth medium. Filopodia with recognizable
extension and retraction events were selected for further analysis.

Statistics and figures
Statistical analysis was carried out using Prism 5 (GraphPad Software Inc.).
The D’Agostino-Pearson omnibus test was used to assess the normality of
the data. Pairwise comparisons were made by using either Student’s t-test or
Mann–Whitney U-test according to the normality. ANOVA was used for
multiple comparisons; P<0.05 was considered as statistically significant.
Figures and drawings were created in Illustrator CS4 (Adobe).
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Supplementary Figure 1. Axonal localization of the DAAM protein  

(A-D) Growth cone of a primary neuron after 6 hours in culture, labeled against F-actin, tubulin 

and DAAM. Arrows point to DAAM puncta localized along the shaft of filopodia while the 

asterisks mark the filopodial tip localization. The red dotted line on C marks the outline of the 

growth cone. (E-H) Axon of a primary neuron after 6 hours in culture labeled against F-actin, 

tubulin and DAAM. DAAM localization is detected here with a second, independently created 

DAAM antibody. Arrows point to DAAM puncta localized at the end of microtubules and 

arrowheads (red) point to DAAM puncta localized along microtubules. The yellow dotted line 

marks the outline of the growth cone. (I, I’) Images demonstrate the localization and dynamics 

of DADm-DAAM::GFP. (I) Temporal color coded images from a time-lapse sequence 

capturing filopodia of a neuron expressing DADm-DAAM::GFP. Arrows show that the 

DADm-DAAM::GFP puncta processively localized to filopodia tip. (I’) A kymograph 
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demonstrating the displacement of DADm-DAAM::GFP along the filopodia marked with white 

dotted rectangle.  

Supplementary Figure 2. The MT binding activity of DAAM by co-sedimentation 

and GST pull-down assays 

(A-D) MT co-sedimentation assays reveal direct physical interaction between MTs and 

FH1FH2I732A and DAD-CT. Conversely, DAD and DAD-CTR-A do not co-sediment with MTs 

as they were not detected in the pellets. (E) GST pull-down assay shows that MTs physically 

interact with CDAAM, FH1FH2, FH1FH2I732A and DAD-CT constructs, while MT binding is 

not observed for DAD and DAD-CTR-A. (F) Amino acid sequence alignment of DAD-CT 

and DAD-CTR-A constructs. Letters in blue indicate which basic amino acids (R or K) 

were mutated to alanines. 
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Supplementary Figure 3. Measuring microtubule dynamics and retrograde translocation 

(A) Still image from a time-lapse sequence showing EB1::GFP comets in a primary neuron. 

(A’) A kymograph recorded along the neurite (red dotted area) reveals microtubule growth. (B) 

EB1::GFP recordings were deconvolved with a small S/N ratio to remove background and to 

enhance signal. Following that, the EB1::GFP signal was further enhanced by a custom made 

Difference of Gaussian filter. (B’, B’’) Kymographs recorded in the processed sequences 

demonstrated signal enhancement and improved tracking of microtubule growth. (C) Neurite 

of a primary neuron expressing Jupiter::GFP. Arrows point to microtubule ends in the growth 

cone. (D) The drawing illustrates a growth cone filopodia invaded by a microtubule. (E) 

Microtubule dynamics in Jupiter::GFP expressing neurons can be measured by kymographs 

recorded along the growth cone filopodia. (F) Scatter plots show microtubule growth and 

shrinkage velocity measured in Jupiter::GFP expressing neurons. Grey dots represent the 

median values measured on individual cells with median and interquartile range. (G) 

Validation of the specificity of the newly generated DAAM antibody (#4938). Anti-

DAAM (#4938) detected the ΔDAD-DAAM::3xFlag protein specifically from an S2 cell 

lysate, whereas no signal was observed in control samples. (H) Scatter plots show 

comparison of individual microtubule velocities measured by hand (MTrackJ) or by semi-

automatically (TrackMate). (I) The cartoon illustrates a growth cone filopodia invaded by a 

microtubule where the growing plus-end is labeled with EB1::GFP. (J-J’’) EB1::GFP 

kymographs were recorded along growth cone filopodia using KymoResliceWide, a Fiji 

plugin dedicated to generate kymographs with improved contrast. The centerline of these 

kymographs were manually extracted as binary images. (K, L) Using the local gradient 

orientation method the directionality plugin of Fiji computes a directionality map (K) and a 

histogram (L), indicating the amount of structures in a given direction. In these directionality 

histograms negative values represent the retrograde translocation, zero represent pause and 

positive values represent anterograde movement. Histograms give a peak at the preferred 

orientation which is proportionate to the preferred velocity of the EB1::GFP spots. 
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Supplementary Figure 4. Effect of latrunculin A on cytoskeleton dynamics, and an F-actin 

– microtubule overlap analysis 

(A) Schematic illustration of the peripheral zone of two neurites shown on panels B-D. (B-D) 

Effect of latrunculin A (200 nM) on the actin cytoskeleton of neurons expressing 

Actin5C::GFP. (E-H) Effect of latrunculin A (200 nM) on microtubule dynamics of neurons 

expressing EB1::GFP. (I) Graph shows the effect of latrunculin A (200 nM) on the length of 

filopodia like protrusions. (J) Representative Coomassie-stained SDS-PAGE gel from low-

speed centrifugation experiment through a sucrose gradient showing the amount of 

microtubules (MT) and F-actin (FA) in the supernatants (S) and in the pellets (P) in the absence 

or presence of either DAD-CT, DAD or DAD-CTR-A, as indicated. The lack of MTs and F-actin 

in the pellet indicates that these regions of DAAM neither bundle nor co-align these polymers. 
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(K1-5) Simulation demonstrates that multiplication of images (K2 and K3) with partially 

overlapping structures (K1) with zero background will result in an image where only the 

overlapping structure is visible (K4, K5). (L1-5) The same principles were applied to biological 

images to generate the ‘overlap signal’ which was used to quantify the DAAM fraction 

localized to the overlapping F-actin and microtubule regions. We multiplied the F-actin (L2) 

and microtubule (L3) images to recover the overlapping areas visible in L1. In biological 

images, the relatively high background generates artifacts, therefore, we deconvolved our 

images to reduce the background to a negligible level. As a result, the following multiplication 

represents the overlapping filaments faithfully and excludes all the non-overlapping voxels (L4 

and L5). Using floating 32-bit file format allows scaling of the results, thereby preventing 

clipping of the overlap signal. 

J. Cell Sci. 130: doi:10.1242/jcs.203455: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Table 1. List of primer sequences used in this study. 

Primer name Sequence Purpose

dDAAM-732A-F CACCGCTCTGCTGAGCAAACTG I732A mutant

dDAAM-732A-R CAGTTCTGCGCCCGACGTCC I732A mutant

DAD 1F GGAATTCATGGCGGCGACAACAAGGGCGAG DAD and DAD-CT fragment

DAD 1R GGAATTCACGCGCGCCTTGCGCGACCGCTT DAD fragment

CDAAM-1R GGAATTCTGGCGCCTCACGGTCCGCTC DAD-CT fragment

DAD 5’ R CTTTGCCGGGGAGTCAGGATC ΔDAD-DAAM

DAD 3’ F CTTAACGGCGGCGGATCCTC ΔDAD-DAAM

DAD-CTRA oligo

ATGGAGCTCAAAAAGCGCACAATAGAGCGCAAGAACAAG

ACCGGCCTAATGACCAGCGTGGCTCGCAATCTGGGCCTCAA

GTCAGGCTCTTCCAACGGGGATCCTGACTCCCCGGCAAAGG

GCGGCGACAACAAGGGCGAGTTTGACGATCTCATCTCGGC

CCTGAGGACCGGCGACGTGTTTGGCGAGGACATGGCCAAG

TTCAAGCGGTCGGCCGCGGCGGCCGTGCTTAACGGCGGCG

GATCCTCCACTGGGCACACCTCGCCGCCCGCCCACGGCAGC

CTCCAAGCGGAGGAGAGTGGGGCTGAGGCCGAGGCGACC

GTGGCGGCCCAGAATTCGGCGCCGCACTCGGCATATCTAGA

GCT

DAD-CTR-A fragment
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Movie 1. Filopodial localization and dynamics of DADm-DAAM::GFP. 

Movie 2. Microtubule growth analysis. 

MT dynamics were analyzed from EB1::GFP time lapse recordings, using TrackMate. The 

EB1::GFP recordings were deconvolved with a small S/N ratio to remove background and to 

enhance signal. Following that, the EB1::GFP signal was further enhanced by a custom made 

Difference of Gaussian filter. After that, EB1::GFP tracks were analyzed separately. To reduce 

the ratio of false trajectories all the tracks that could not be followed for at least four consecutive 

frames were discarded. For the spot detection, we used the LoG detector and the simple LAP 

tracker were used to link the spots. Gap closing was allowed for one frame gaps. 
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Movie 3. Microtubule growth velocity visualized by EB1::GFP in control and DAAMmat/zyg 

mutant neurons. 

Movie 4. Effect of latrunculin A (200 nM) on the actin cytoskeleton of neurons expressing 

Actin5C::GFP. 

Actin cytoskeleton starts to breakdown as early as 30-60 seconds after treatment and the 

stereotypic searching movements of filopodia completely disappear after ~5 minutes. 
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Movie 5. Effect of latrunculin A (200 nM) on microtubule dynamics and on the length of 

filopodia like protrusions in primary neurons expressing EB1::GFP. 

Movie 6. Filopodia and actin dynamics (extension, retraction, actin polymerization and 

retrograde flow) of a primary neuron (6 HIV) expressing Actin5C::GFP. 
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