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The mechanisms that regulate the cellular behaviors including morphology, motility, 

navigation, and connectivity that are critical for normal human health are still incompletely 

understood.  These types of behaviors are regulated through the ability of guidance cues that 

are present outside of cells to exert precise effects on the cell’s internal actin cytoskeleton.   

To help characterize an underlying logic for these cellular changes and proper cellular 

function I have been characterizing how one of the largest families of extracellular guidance 

cues, members of the Semaphorin family of proteins, induces actin cytoskeletal changes.  

Interestingly, Semaphorins have been found to inhibit the movement of cells and their 

membranous processes but the molecules linking them to these specific behaviors have 



 

remained poorly understood.  Therefore, during my graduate work, I began further 

characterizing a new family of proteins, the MICALs that were identified as cytoplasmic 

binding partners of the Semaphorin receptor Plexin.  Combining Drosophila genetics with in 

vitro biochemical assays, my work revealed that Mical regulates actin organization both in 

vivo and in vitro and is a novel actin disassembly factor.  These results provide a new basis 

for understanding how extracellular guidance cues regulate the actin cytoskeleton.  I then 

went on to further explore Mical-mediated actin filament (F-actin) disassembly.  In one line 

of investigation, my work revealed that Mical plays an antagonistic role to F-actin 

stabilizing/bundling proteins including fascin and espin in regulating the F-actin cytoskeleton 

in vivo. This work also indicated that Semaphorin/Plexin/Mical activity not only directly 

disassembles the F-actin cytoskeleton but also triggers other actin regulatory proteins to 

reorganize a more complex F-actin network, resulting in increased cellular plasticity.  In 

another line of investigation, I found that the Abl non-receptor tyrosine kinase is a new 

Mical-interacting protein.  My functional assays revealed that Abl and 

Semaphorin/Plexin/Mical work together to regulate F-actin arrangements and these 

interactions are conserved in many different contexts including bristle cell morphology, axon 

guidance, and cancer cell survival and invasion.  Thus, I have found that MICAL family 

proteins are novel controllers of the actin cytoskeleton, functioning directly on F-actin and 

with other actin regulatory proteins to modulate diverse cellular behaviors.  
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CHAPTER ONE 
 
 

General Introduction 

 

The correct wiring of the nervous system is critical for maintaining the normal structure and 

function of the nervous system.  During nervous system development, each neuron extends a 

long and thin membranous axonal process that navigates through a complex environment to 

correctly connect with its target.  At the tip of these axons is a highly motile structure called a 

growth cone, which dynamically changes its morphology during the voyage of an axon to its 

final destination.  Since Santiago Ramón y Cajal (Cajal, 1892) first proposed over one 

hundred years ago that long-range chemoattraction mediates axon guidance, one of the major 

questions in neuroscience has been to understand how growth cone behavior is regulated to 

allow an axon to navigate through a complex environment and journey to its final destination.   

          Extensive studies over last two decades have revealed various extracellular guidance 

cues that regulate growth cone behavior through either attractive or repulsive mechanisms 

that act over both short and long range (Kolodkin and Tessier-Lavigne, 2011; Tessier-

Lavigne and Goodman, 1996).  Among these known extracellular guidance cues, Netrins, 

Slits, Ephrins, and Semaphorins are the best understood and have been found to exert their 

effects through membrane bound receptors (Dickson, 2002; Kolodkin and Tessier-Lavigne, 

2011; Tessier-Lavigne and Goodman, 1996).  For example, Netrins utilize Unc-40/DCC 

(deleted in colorectal carcinoma) and Unc-5 receptors (Culotti and Merz, 1998; Hedgecock et 

al., 1990; Keleman and Dickson, 2001; Kolodkin and Tessier-Lavigne, 2011; Lai Wing Sun 
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et al., 2011), Slits function with Roundabout (Robo) family receptors (Kidd et al., 1998; 

Seeger et al., 1993; Ypsilanti et al., 2010), Ephrins employ Eph family receptor protein 

tyrosine kinases (Klein, 2012), and Semaphorins work with Plexins and neuropilins (Raper, 

2000; Tamagnone et al., 1999; Tran et al., 2007; Yazdani and Terman, 2006) (Figure 1.1). 

          Yet, despite this identification of various extracellular guidance cues and their 

receptors – and the advances into the molecular mechanisms of axon guidance that they 

provide – there are still a number of remaining questions to be answered.  For example, how 

does a relatively small number of guidance cues coordinate and regulate growth cone 

motility and axon guidance to construct the complex nervous system? What are the 

cytoplasmic players involved in extracellular guidance cue-mediated axon guidance?  How 

are extracellular cues linked to the intracellular cytoskeletal rearrangements that must take 

place within the growth cone to enable outgrowth and navigation?  My thesis work was 

focused on providing answers to these questions. 

 

Semaphorin/Plexin repulsive signaling 

Semaphorins are one of the largest families of extracellular guidance cues and the 

Semaphorin family includes secreted, transmembrane, and GPI-linked proteins (Yazdani and 

Terman, 2006).  To date, 20 family members are present in humans and mice and five 

members are found in Drosophila.  They are grouped into eight classes based on their domain 

organization, but all of members have a conserved Sema domain, which corresponds to a 

region of 500 amino acids in length that is characterized by highly conserved cysteine 

residues (Figure 1.1; (Gherardi et al., 2004; Hung and Terman, 2011; Yazdani and Terman, 
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2006)).  Depending on the domain structures, Semaphorins function in both long-range and 

short-range axon guidance.  The first Semaphorin was identified as a transmembrane protein 

expressed in the grasshopper central nervous system (Kolodkin et al., 1992).  Subsequent 

work revealed its conservation from invertebrates to vertebrates and even its presence in viral 

genomes (Comeau et al., 1998; Spriggs, 1999; Yazdani and Terman, 2006). 

 Interestingly, in a separate line of work, the first vertebrate Semaphorin (Sema3A) 

was purified from embryonic chick brain as a secreted protein that functioned as a dorsal root 

ganglia (DRG) growth cone collapsing factor (Luo et al., 1993).  In particular, Jonathan 

Raper and his colleagues found that when growth cones were exposed to Sema3A (which 

they initially called Collapsin), the growth cone immediately collapsed and F-actin within the 

growth cone also dramatically decreased (Fan et al., 1993b).  Interestingly, this effect of 

Sema3A on these growth cones was similar to the effect of the actin depolymerization drug 

Cytochalasin B, therefore, it indicated that the Semaphorins negatively regulated cell 

movements through F-actin disassembly (Wessells et al., 1971; Yamada et al., 1970).  A 

series of follow-up studies from different groups indicated that Semaphorins function as 

repellents by forming molecular boundaries surrounding growing axons to prevent the axons 

from entering into “restricted” areas during axon guidance (Kolodkin and Tessier-Lavigne, 

2011; Yazdani and Terman, 2006).  Likewise, Semaphorins expressed on axon bundles 

induce repulsive effects between axons and trigger defasciculation of individual axon 

(Kolodkin and Tessier-Lavigne, 2011; Yazdani and Terman, 2006).  Both in vivo and in vitro 

experiments indicate that Semaphorins are also required for normal axon pruning and axon 

branching (Bagri et al., 2003; Taniguchi et al., 1997; Tran et al., 2007).   
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          Semaphorins not only play roles in the nervous system but also regulate the growth, 

survival, morphology, motility, and navigation of cells in a variety of tissues including the 

immune, cardiovascular, and musculoskeletal systems (Capparuccia and Tamagnone, 2009; 

Mann et al., 2007; Serini et al., 2009; Takamatsu and Kumanogoh, 2012; Tran et al., 2007).  

Due to the versatile functions of Semaphorins, Semaphorins are also involved in pathological 

processes in human diseases, such as neural diseases, immune system disorders, vascular and 

heart disease and cancer progression (Neufeld and Kessler, 2008; Pasterkamp and Giger, 

2009; Scholl and Kirby, 2009; Serini et al., 2009; Tran et al., 2007; Vadasz and Toubi, 2013).  

          Semaphorins exert their effects through their membrane-bound receptors.  The Plexin 

family of transmembrane receptors is major component of Semaphorin receptors (Figure 

1.1).  Plexins are a large family of receptors and they are divided into four groups (A, B, C 

and D) based on their amino acid sequences (Hota and Buck, 2012; Tamagnone et al., 1999).  

Plexins are known to directly bind to several small GTPases, and regulate GTPase activity by 

functioning as GTPase activating proteins (Hota and Buck, 2012; Negishi et al., 2005a).  

Recent studies suggest molecular mechanisms of how Semaphorin/Plexin signaling is 

regulated through the Plexin receptor.  Terman and Kolodkin showed that nervy, which is a 

member of the myeloid translocation gene family of A kinase anchoring proteins (AKAPs) 

links cyclic adenosine monophosphate (cAMP) – dependent protein kinase A (PKA) to 

PlexA receptor and antagonizes Semaphorin/Plexin mediated axon repulsion (Terman and 

Kolodkin, 2004).  A follow-up study also found that 14-3-3ε, which is a phospho-binding 

protein couples PKA to Semaphorin signaling and silences Semaphorin/Plexin mediated 

axonal repulsion (Yang and Terman, 2012).  In addition to Plexins, other components of 



5 

 

Semaphorin receptor complex include neuropilin, neural cell adhesion molecule L1, the 

receptor tyrosine kinase Met and the catalytically inactive receptor tyrosine kinase OTK 

(Castellani et al., 2000; Giordano et al., 2002; Raper, 2000; Winberg et al., 2001).  Yet, 

despite the identification of these transmembrane Semaphorin receptors and cytosolic 

signaling partners, how Semaphorin signaling is directly linked to precise actin cytoskeletal 

regulation is poorly understood.  Therefore, the identification and characterization of 

additional intracellular players of Semaphorin signaling is critical for understanding the 

molecular and biochemical mechanisms of Semaphorin mediated actin cytoskeletal 

regulation.  

 

MICALs are cytoplasmic proteins and play roles in Semaphorin/Plexin signaling 

To better understand the molecular mechanisms by which Semaphorin/Plexin-mediated 

signaling regulates intracellular actin cytoskeletal arrangements, we have been concentrating 

on characterizing how one Semaphorin, a member of the Class 1 Semaphorins (Sema-1a; 

Figure 1.1), mediates its repulsive effects.  In particular, we have been utilizing the 

Drosophila model system and have taken a number of different screening approaches – 

molecular, genetic, and biochemical approaches – to find Sema-1a/Plexin A (PlexA) 

signaling components.  Interestingly, one of the proteins that emerged from a yeast two-

hybrid screen was a large cytosolic protein that directly interacted with the cytoplasmic tail 

of PlexA (Terman et al., 2002).  Terman and colleagues named this protein Mical (Figure 

1.2), after a human MICAL (Molecule Interacting with CasL) protein that had previously 

been identified as an interacting protein with the SH3 domain-containing signaling protein 
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CasL (Suzuki et al., 2002).   Terman and colleagues identified two other MICAL family 

members and found that mammalian MICALs also interact with mammalian Plexins (Figure 

1.2; (Terman et al., 2002)); revealing a new family of proteins conserved from invertebrates 

to vertebrates that interact with the Semaphorin receptor Plexin.  The region of Mical that 

interacts with Plexin was called the Plexin interacting region (PIR) and is present within the 

last part of C-terminus of the MICALs (Figure 1.2).  The PIR region of the MICALs 

contains a coiled-coil motif and shares amino acid similarity with the alpha domain of Ezrin, 

Radixin, and Moesin (ERM) proteins (Figure 1.2; (Bretscher et al., 2000; Hung and Terman, 

2011; Terman et al., 2002)). 

 Amino acid sequence analysis identified several well-conserved protein functional 

domains within the MICAL family of proteins (Figure 1.2).  Terman and colleagues 

(Terman et al., 2002) found that the MICALs have a highly conserved flavoprotein 

monooxygenase enzymatic domain (redox domain) including consensus binding motifs for 

the nucleotide flavin adenine dinucleotide (FAD) (Figure 1.2; (Hung and Terman, 2011; 

Terman et al., 2002; Wierenga et al., 1986)).  Flavoprotein monooxygenases use FAD as a 

cofactor and catalyze oxidation and reduction reactions to insert one atom of molecular 

oxygen into their substrate using nucleotides as electron donors (Massey, 1995).  A purified 

portion of the Mical protein corresponding to the redox domain exhibits the characteristics of 

FAD binding proteins and also consume nicotinamide adenine dinucleotide phosphate 

(NADPH) as a co-enzyme (Hung et al., 2010; Terman et al., 2002).   

          C-terminal to the redox domain, the MICALs contain a calponin homology (CH) 

domain (Figure 1.2; (Gimona et al., 2002; Jin et al., 2007; Sun et al., 2006)).  The CH 
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domain is a protein module containing about 100 amino acid residues that is often found in 

signaling and cytoskeletal proteins (Gimona et al., 2002; Korenbaum and Rivero, 2002).  CH 

domains have diverse functions such as mediating protein interactions (including actin 

binding) and phosphatidylinositol binding, which are based on amino acid sequence variation 

and the number of CH domain in a single protein (Gimona et al., 2002; Korenbaum and 

Rivero, 2002).  The CH domain of human MICAL-1 is similar to type 2 CH domains, which 

cannot bind to F-actin alone, but rather assists a type 1 CH domain to form an actin-binding 

module.  Indeed, Xu and colleagues’ experiments indicate that the CH domain of human 

MICAL-1 does not bind to F-actin (Sun et al., 2006).  These results suggest that the CH 

domain of MICALs have some other functions rather than acting as an actin binding module.   

          Moving more C-terminally, MICALs have a LIM (Lin-11, Isl-1, and Mec-3) domain.  

LIM domains are zinc finger structures that are present in numerous proteins and function as 

a protein-protein interaction motif (Bach, 2000).  Strittmatter and colleagues found that LIM 

domain is required for the interaction of mouse MICAL-1 with the collapsin response 

mediator protein (CRMP) and this interaction regulates MICAL-1’s activity (Schmidt et al., 

2008).  Their heterologous assay using COS-7 cell morphological changes also suggest that 

the LIM domain is required for an intramolecular interaction within the MICALs, which 

results in autoinhibition of MICAL’s effects (Schmidt et al., 2008).  Interestingly, Miki and 

colleagues found that MICAL-1 also has effects on CRMP2’s activity, and this appears to 

occur through oxidation of CRMP (Morinaka et al., 2011).  Moreover, MICAL-1 uses its 

LIM domain, together with the C-terminal region, to interact with the nuclear-Dbf2-related 
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kinase (NDR) and negatively regulate NDR-dependent pro-apoptotic signaling (Zhou et al., 

2011).   

          Between the LIM domain and plexin-interacting region (PIR), the MICALs have a 

long proline-rich region including multiple PxxP motifs, which are evolutionarily well 

conserved binding modules for Src homology 3 (SH3), WW (a conserved Trp-Trp domain), 

and Enabled/VASP homology (EVH1) domains (Suzuki et al., 2002; Terman et al., 2002; 

Zarrinpar et al., 2003).  The MICALs have been found to interact with the SH3-domain 

containing protein CasL – through this proline-rich region (Suzuki et al., 2002).  In addition, 

undefined regions within the C-terminus of MICAL proteins have been found to interact with 

other proteins including vimentin intermediate filaments (Suzuki et al., 2002) and in a 

nucleotide dependent manner, several Rab GTPases (Fischer et al., 2005; Rahajeng et al., 

2010; Weide et al., 2003).  For example, MICAL-3 uses its C-terminal region to link together 

Rab8A and ELKS, which is Rab6-interacting cortical factor (Grigoriev et al., 2011).  A large 

number of PxxP motifs in the proline-rich region of MICALs (18 PxxP motifs in Drosophila 

Mical) suggest that many other proteins might interact with MICALs through this region. 

 

MICALs have various physiological functions in vivo 

MICALs’ function has been characterized in several different animal model systems.  In 

particular, the Drosophila system where Mical was initially functionally characterized has 

been broadly used to understand the functions of the MICALs.  Drosophila Mical plays 

critical roles in Sema-1a/PlexA mediated and Sema-2/PlexB mediated axon-axon repulsion 

(Ayoob et al., 2006; Terman et al., 2002).  Likewise, Aberle and colleagues found that the 
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synaptic boutons of Mical mutants do not sprout normally over the muscle surface (Beuchle 

et al., 2007).  Drosophila Mical is also required for pruning of dendritic arborizations in 

neurons as a downstream effector of the Sox14 transcription factor (Kirilly et al., 2009).  

Mical is also required for normal contractile muscle filament structure and flight ability 

(Beuchle et al., 2007; Langer et al., 2010).   

          In parallel, mammalian MICALs have been extensively studied in various functional 

aspects.  The different mammalian MICALs are widely expressed in numerous tissues 

including nervous systems (Ashida et al., 2006; Bron et al., 2007; Fischer et al., 2005; Kirilly 

et al., 2009; Morinaka et al., 2011; Pasterkamp et al., 2006; Terman et al., 2002; Weide et al., 

2003; Xue et al., 2010), thymus (Ashida et al., 2006; Suzuki et al., 2002), lung (Ashida et al., 

2006; Fischer et al., 2005; Suzuki et al., 2002), spleen (Suzuki et al., 2002), kidney (Ashida 

et al., 2006; Fischer et al., 2005; Suzuki et al., 2002), testis (Ashida et al., 2006; Miura and 

Imaki, 2008; Suzuki et al., 2002), liver (Ashida et al., 2006; Fischer et al., 2005), muscle 

(Ashida et al., 2006; Beuchle et al., 2007; Fischer et al., 2005; Terman et al., 2002; Xue et al., 

2010), heart (Ashida et al., 2006; Fischer et al., 2005; Xue et al., 2010), fibroblasts 

(Hochman et al., 2006) and hematopoietic and fibroblast cell lines (Fischer et al., 2005; 

Hochman et al., 2006; Suzuki et al., 2002).  Like Drosophila Mical, vertebrate MICALs have 

functions in the nervous systems.  Expression of active form MICAL-1 decreases neurite 

outgrowth of cultured dorsal root ganglia (DRG) neurons (Schmidt et al., 2008).  MICAL-1 

and MICAL-3 are involved in oxidation dependent phosphorylation of CRMP2 and induce 

growth cone collapse of DRG neurons (Morinaka et al., 2011).  Likewise, MICAL-1 

expression affects size and morphology of non-neuronal cell lines including COS7 cells and 
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HeLa cells (Giridharan et al., 2012; Schmidt et al., 2008; Zhou et al., 2011).  The molecular 

mechanisms underlying how MICALs regulate cellular morphology is not completely 

understood, however, a growing body of evidence suggests that MICALs are closely relevant 

to cytoskeletal elements.  The colocalization and interaction of MICAL with intermediate 

filaments suggest that MICAL may be involved in some aspect of cytoskeletal regulation in 

vivo (Suzuki et al., 2002).  Furthermore, MICAL proteins change their localization following 

treatment with the microtubule destabilizing drug nocodazole, which also indicates that the 

MICALs are tightly linked to cytoskeletal rearrangements (Fischer et al., 2005). 

          Growing evidence also suggest that MICALs are involved in pathological processes.  

MICAL expression increases in a mouse spinal cord injury model raising the possibility that 

MICALs may be involved in some way in limiting neuronal regeneration (Pasterkamp et al., 

2006).  Analysis of the expression pattern of MICAL-1 in intractable temporal lobe epilepsy 

(TLE) and pilocarpine-induced rat model indicates that MICAL-1 may associate with inner 

pathophysiological modulation in epilepsy (Luo et al., 2011). There are also some studies 

suggesting that MICALs are also involved in cancer progression.  Expression of MICAL-2 

increases in prostate cancer cells, and knock down of endogenous MICAL-2 results in the 

reduction of prostate cancer cell viability (Ashida et al., 2006).  A systematic sequencing 

study of human genes in breast cancers found that MICAL-1 gene is mutated (Lin et al., 

2007).  Large-scale microarray data also suggests that MICALs might be involved in cancer 

metastasis and progression (Rodenhiser et al., 2008). 

          Thus, while we are beginning to understand much about the MICAL family of proteins, 

there are still multiple questions to be answered about how MICALs function and their roles 
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in cell biology.  During my graduate work, I sought to further characterize the MICAL 

family of proteins by combining Drosophila genetics, biochemistry, and cell biology 

approaches.  In chapter 2, my studies revealed that Mical regulates actin organization both in 

vivo and in vitro and is a novel actin disassembly factor.  In chapter 3, I found that Mical 

plays an antagonistic role to F-actin stabilizing/bundling proteins in regulating the F-actin 

cytoskeleton.  In chapter 4, I identified the Abl non-receptor protein tyrosine kinase as a new 

Mical interacting protein and present data indicating that Abl and Mical functions together in 

multiple events in vivo including cellular process morphology, nervous system development, 

and cancer.  
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Figure 1.1. Extracellular guidance cues and their receptors.  Netrin functions with Unc-
40/DCC and Unc-5 receptors.  Slit functions with Robo receptors.  Ephrins functions with 
EphR receptors.  Semaphorins use Plexin and Neuropilin as their receptors.   Guidance 
molecules and their receptors have distinct protein functional domains.  CRD, cysteine-rich 
domain; EGF, epidermal growth factor-like domain; LRRs, leucine-rich repeat; Cys Knot, 
Cysteine Knot; GPI linkage, glycosylphosphatidylinositol linkage; TM helix, transmembrane 
helix; Sema, Semaphorin domain; PSI, Plexin-Semaphorin-Integrin domain; Ig, 
immunoglobulin domain; TSP, thrombospidon domain; Fn3, fibronectin type III domain; 
Zu5, ZO-1 and Unc-5 like domain; UPA, DCC binding motif-containing domain; TNFR 
CRD, tumor necrosis factor receptor cysteine rich domain; SAM, sterile-alpha-motif domain; 
IPT, immunoglobulin-like fold shared by Plexins and transcription factors; CC helix, coiled-
coil helix; GAP, GTPase-activating protein; RBD, RhoGTPase binding domain; CUB, 
complement C1r/C1s, Uegf, Bmp1 domain; MAM, Meprin/A5-protein/PTPmu domain. 
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Figure 1.2. MICALs are cytoplasmic redox enzymes and consist of multiple known 
protein functional regions.  CH, calponin homology domain; LIM, Lin-11, Isl-1, and Mec-3 
domain; ERMα, Ezrin, Radixin, and Moesin alpha protein domain; PIR, Plexin interacting 
region. Proline-rich (PxxP) regions differ in length and continuity among family members 
(indicated as //). D (Drosophila).                           
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CHAPTER TWO 
 
 

Mical Links Semaphorins to F-actin Disassembly 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Previously published. Hung, RJ, U Yazdani, J Yoon, H Wu, T Yang, N Gupta, Z Huang, WJH van Berkel, JR 
Terman (2010), Mical links semaphorins to F-actin disassembly, Nature, 463(7282):823-7.  The 
characterization of Drosophila bristle morphology was performed with U Yazdani, and JR Terman. The 
biochemical experiments were performed by RJ Hung and H Wu.  The axon guidance analysis was performed 
by T Yang and JR Terman.  
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Introduction  

How instructive cues present on the cell surface exert their precise effects on the actin 

cytoskeleton is poorly understood.  Semaphorins are one of the largest families of these 

instructive cues and are widely studied for their effects on cell movement, navigation, 

angiogenesis, immunology, and cancer (Tran et al., 2007).  Semaphorins/Collapsins were 

characterized in part based on their ability to dramatically alter actin cytoskeletal dynamics in 

neuronal processes (Luo et al., 1993), but despite considerable progress in the identification 

of semaphorin receptors and their signaling pathways (Zhou et al., 2008), the molecules 

linking them to the precise control of cytoskeletal elements have remained a mystery.  

Recently, highly unusual proteins of the MICAL family of enzymes have been found to 

associate with the cytoplasmic portion of plexins, large cell surface semaphorin receptors, 

and mediate axon guidance, synaptogenesis, dendritic pruning, and other cell morphological 

changes (Beuchle et al., 2007; Kirilly et al., 2009; Schmidt et al., 2008; Terman et al., 2002).  

Interestingly, MICALs perform oxidation-reduction (Redox) enzymatic reactions (Gupta and 

Terman, 2008; Nadella et al., 2005; Schmidt et al., 2008; Siebold et al., 2005; Terman et al., 

2002) and also contain domains found in proteins that regulate cell morphology (Suzuki et 

al., 2002; Terman et al., 2002).  However, nothing is known of the role of MICAL or its 

Redox activity in mediating morphological changes. Here we report that Mical directly links 

semaphorins and their plexin receptors to the precise control of actin filament (F-actin) 

dynamics.   
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Results 

MICAL family multi-domain cytosolic proteins (Figure 2.1a) mediate Semaphorin-Plexin 

repulsive axon guidance and cell morphological changes (Schmidt et al., 2008; Terman et al., 

2002) but their role in orchestrating these events is unknown.  While characterizing new 

hypomorphic Mical alleles, we found that surviving Mical-/- mutant adult flies exhibited 

abnormally shaped bristle cell processes that were straight, thick, bent, twisted, and/or had 

abnormal “club-like” or blunt tips (Figures 2.1b-c, S2.1-S2.3).  These morphological defects 

were rescued by expressing Mical specifically in Mical-/- mutant bristles (Figure 2.1c), 

revealing that Mical is required for normal bristle process morphology.  Bristle process 

elongation, like neuronal process extension, is actin-dependent such that bristles are formed 

during pupal development when a bristle cell extends an unbranched, slightly curved actin-

rich cellular process (Figure S2.2).  As development continues, a chitin cuticle external 

skeleton forms around the membrane of the elongated bristle, preserving a record in the adult 

fly of the actin organization in the developing bristle (Figures 2.1b, S2.2; (Tilney and 

DeRosier, 2005)).  Consequently, the bristle process provides a simple, high-resolution 

model to characterize the molecules and mechanisms that regulate actin filament dynamics 

(Sutherland and Witke, 1999; Tilney and DeRosier, 2005).  We wondered, therefore, if Mical 

was also sufficient to induce changes to bristle process morphology.  Strikingly, Mical 

overexpression specifically in wild-type bristles generated branched bristles (Figures 2.1d-e, 

I, S2.4, S2.5, S2.7).  To our knowledge, these bristle branching defects are more severe than 

any previously reported, and we did not find any defects in bristle cell numbers or 

positioning, indicating that Mical exerts specific effects on cell morphology. 
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 MICALs are unusual proteins that contain a Redox enzymatic domain, so we 

wondered if Mical’s Redox activity was necessary for its specific effects on bristle shape.  

Indeed, point mutations that selectively disrupted the Redox domain as well as bristle-

specific expression of a MicalΔRedox protein revealed that Mical’s Redox activity was required 

for both normal bristle morphology and Mical -dependent bristle branching (Figures 2.1f, i, 

S2.6-S2.7).  In contrast, bristle-specific expression of the Mical Redox domain alone 

(MicalRedox) was not sufficient for bristle branching (Figure S2.7), revealing Mical also 

requires at least some of its other domains to mediate its full effect.  Interestingly, Mical also 

contains immediately C-terminal to its Redox domain a protein motif that is found in a 

number of cytoskeletal-associated proteins, a calponin homology (CH) domain (Figure 

2.1a).  Extraordinarily, bristle-specific expression of both the Mical Redox and CH domains 

alone (MicalRedoxCH) further increased bristle branching (Figures 2.1h-i, S2.7), indicating that 

MicalRedoxCH is constitutively active.  These results, in combination with observations that 

bristle-specific expression of a MicalΔCH protein acted dominant-negatively (Figures 2.1g, i, 

S2.7), demonstrate that the Redox and CH domains of Mical are both necessary and 

sufficient to orchestrate specific cell morphological changes.  

 To better study the mechanisms underlying Mical-mediated morphological changes 

we directly examined developing bristles. During bristle process elongation, Mical localized 

to growing bristle tips in close proximity to the bristle cell membrane and at sites of bristle 

branching and actin localization (Figures 2.2b, 2.3A-B).  Removing either the CH domain or 

the C-terminus of Mical altered this selective localization (Figures S2.7), indicating that 
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Mical might be locally regulating the actin cytoskeletal network that specifies bristle 

morphology.  In motile cells and neuronal growth cones, the bulk of F-actin forms two types 

of arrays: the parallel arrays of bundled F-actin found in filopodia and the meshwork F-actin 

arrays found in lamellipodia.  Like filopodia, Drosophila bristle processes contain pillar-like 

bundles of F-actin comprised of many individual actin filaments (Figures 2.2a, S2.2; (Tilney 

and DeRosier, 2005)).  A record of this F-actin organization was observed in the highly 

ordered, parallel arrangement of grooves in adult wild-type bristles but not in Mical-/- 

mutants, whose adult bristles indicated disorganized, intersecting, and larger than normal F-

actin bundles (Figure S2.3).  Directly visualizing actin in developing bristles also revealed 

that the F-actin bundles in Mical-/- mutants were significantly larger than normal, abnormally 

positioned, and intersecting (Figures 2.2c-d, S2.2-2.3).  Interestingly, these Mical-/- mutant 

bristles resembled those bristles generated by overexpressing F-actin stabilizing proteins such 

as actin bundling/crosslinking proteins (Tilney and DeRosier, 2005), further indicating that 

Mical limits the size, abundance, and bundling of F-actin. 

 To further characterize Mical-mediated actin cytoskeletal regulation, we turned to our 

transgenic flies expressing different forms of Mical.  In contrast to Mical-/- mutants, elevating 

the levels of full-length Mical or MicalRedoxCH in bristles, but not MicalΔRedox or MicalΔCH, 

generated bundles of F-actin that were significantly thinner than normal (Figures 2.2c-d, 

S2.4).  Increasing Mical activity in bristles also induced a dramatic rearrangement of F-actin: 

a change from the normal parallel organization of bundled F-actin into a complex meshwork 

of short actin filaments (Figures 2.2c, S2.4).  These Mical -mediated bristle alterations were 

similar to those seen when F-actin is destabilized in bristles with either cytochalasin 
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treatment (Geng et al., 2000; Guild et al., 2002; Tilney et al., 2000a; Turner and Adler, 1998) 

or with loss-of-function mutations in actin bundling/crosslinking proteins (Tilney and 

DeRosier, 2005).  Therefore, Mical is a critical regulator of F-actin instability that is 

sufficient to reorganize parallel F-actin networks into complex, meshwork arrays. 

Provocatively, previous results have indicated that the generation of short bundles of 

F-actin is required for the characteristic, slightly-curved morphology of Drosophila bristles 

(Tilney and DeRosier, 2005).  Neuronal dendrites that extend alongside elongating bristles 

specify this actin arrangement and curved bristle shape (Figure S2.2), but little is known of 

the extracellular signals present on dendrites that direct these bristle alterations.  Since Mical 

associates with the cytoplasmic portion of the semaphorin receptor, PlexA (Terman et al., 

2002), we wondered if Mical-mediated actin destabilization in bristles was in response to 

semaphorin signals present on dendrites. Consistent with this hypothesis, we found that 

semaphorins localized to bristle-innervating dendrites while PlexA colocalized with Mical 

within bristles (Figures 2.3a, S2.8, S2.10).  Likewise, increasing or decreasing PlexA levels 

or either of its transmembrane Sema-1a or Sema-1b ligands also resembled Mical-dependent 

morphological and F-actin defects (Figures 2.2d, 2.3A, S2.8-13).  Moreover, decreasing 

Sema/Plexin signaling limited the actin destabilizing activity of full-length Mical, but not 

that of constitutively active MicalRedoxCH or Mical proteins missing their plexin-interacting 

region (MicalΔPIR; Figures 2.3A, S2.13).  Indeed, both loss-of-function and dominant-

negative Mical mutants dramatically suppressed/eliminated PlexA-dependent bristle 

branching (Figures 2.3A, S2.7).  These results indicate that Mical is both activated and 

required for semaphorin-induced F-actin destabilization.  
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Our genetic results, therefore, coupled with our observations that Mical and F-actin 

co-localize in vivo, indicate that Mical associates with F-actin or an F-actin regulatory 

protein and thereby targets the actin cytoskeleton for Semaphorin-dependent reorganization.  

To further address this hypothesis, we turned to in vitro assays and found that different forms 

of purified Mical protein (MicalRedox or MicalRedoxCH), but not negative controls (BSA or the 

Nus solubility tag), directly associated with in vitro generated actin filaments (Figures 2.3B, 

S2.14).  In contrast, neither of the purified Micals associated with in vitro generated 

microtubules (Figures 2.3B, S2.16), revealing that Mical selectively associates with F-actin.  

Likewise, the Mical-related Redox enzyme PHBH did not associate with F-actin (Figures 

2.3B, S2.14), indicating that the Redox domain of Mical is a novel and specific F-actin 

binding module.  In light of previous findings that Mical interacts with the cytoplasmic 

portion of the PlexA receptor (Schmidt et al., 2008; Terman et al., 2002), these new findings 

identify Mical as a direct physical link between the semaphorin receptor Plexin, present on 

the cell surface, and the F-actin cytoskeleton. 

We next wondered if Mical directly alters actin dynamics.  Mical uses the pyridine 

nucleotide NADPH as a required coenzyme for its Redox activity (Nadella et al., 2005; 

Schmidt et al., 2008) and our in vivo results reveal that Mical also requires its Redox domain 

to alter the actin cytoskeleton.  Strikingly, activating purified MicalRedox or MicalRedoxCH 

protein with NADPH substantially decreased the rate, extent, and steady-state level of actin 

polymerization (Figures 2.3C, S2.14).  These robust effects of Mical on actin dynamics were 

dependent on NADPH concentration and were substantially reduced in the presence of the 

related pyridine nucleotide coenzyme NADH and eliminated in the presence of NADP+ 
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(Figures S2.14-S2.15).  Likewise, these actin alterations were observed using very low, 

substoichiometric levels of Mical (Figure S2.14), further indicating that Mical regulates 

actin dynamics through its enzymatic activity.  In contrast, Mical-related Redox enzymes 

(PHBH) and general Redox reaction products (H2O2 and/or NADP+) showed little to no 

effect on actin dynamics (Figures 2.3C,b, S2.14-S2.15), further indicating the specificity of 

Mical-mediated F-actin alterations in vivo and in vitro.  Moreover, activated Mical does not 

affect tubulin polymerization (Figure S2.16), revealing that Mical is a novel, specific, and 

selective regulator of F-actin dynamics.  

Semaphorins were identified based in part on their ability to rapidly disassemble F-actin 

and “collapse” elongating neuronal growth cones (Fan et al., 1993a; Luo et al., 1993) but the 

molecules directly mediating this effect have remained elusive. Employing actin 

depolymerization assays and EM analysis of purified proteins, we found that activated Mical 

directly induced actin depolymerization and significantly decreased actin filament length 

(Figures 2.3C, b, c and 2.4A, S2.14).  These results are consistent with our in vivo 

observations and reveal that the critical semaphorin signaling molecule Mical is a direct 

effector of F-actin disassembly.  In contrast, we found no evidence that activated Mical 

directly induced actin branching or altered the bundling ability of actin bundling/crosslinking 

proteins (Figures 2.3C and 2.4A, S2.17-S2.18), suggesting that Mical-dependent effects on 

branching and bundling in vivo are likely to be secondary to Micals ability to directly 

destabilize F-actin.  To directly test this, we set up an in vitro assay with purified proteins 

that resembled the bundled organization of F-actin within our in vivo bristle model.  We 

found that activated Mical also directly disassembled bundled actin filaments, decreasing 
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both their length and width (Figures 2.4B, S2.18).  Therefore, Mical is a novel F-actin 

disassembly factor that directly destabilizes both individual and bundled actin filaments. 

Finally, we wondered if Mical was also sufficient to reorganize the actin cytoskeleton 

of navigating axons.  Semaphorins mediate axon repulsion in part by locally disassembling 

the actin cytoskeleton within neuronal growth cones.  Likewise, we found that Mical strongly 

localized to growth cones in vivo and played a critical role in the repulsion of Sema/PlexA-

responsive axons (Figures S2.19-S2.20; (Schmidt et al., 2008; Terman et al., 2002)).  

Furthermore, using GFP-actin to directly visualize actin cytoskeletal organization and growth 

cone complexity in vivo (Sanchez-Soriano and Prokop, 2005), we found that individual 

growth cones became significantly more complex with increased numbers of filopodia when 

constitutively active (but not dominant negative) forms of Mical are expressed within them 

(Figure 2.4C).  These observations indicate that the redistribution of actin we see in neuronal 

growth cones, like what we observe in developing bristle processes and with purified Mical, 

is likely to result from direct Mical-mediated disassembly of actin filaments and F-actin 

bundles. 
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Discussion 

We have identified here a previous unknown, Redox-dependent actin disassembly pathway 

that provides critical insights into the means by which semaphorins alter actin cytoskeletal 

dynamics and serve as navigational signals.  Semaphorins have long been known to have 

localized destabilizing effects on F-actin (Fan et al., 1993a; Fan and Raper, 1995; Luo et al., 

1993) that include a loss of F-actin (Fan et al., 1993a), a decreased ability to polymerize new 

F-actin (Fan et al., 1993a), a decrease in the number of F-actin bundles (Dent et al., 2004), 

and the extension of new branches (Campbell et al., 2001; Fenstermaker et al., 2004; 

Kapfhammer and Raper, 1987; Liu and Halloran, 2005; Sakai and Halloran, 2006).  Our 

results are consistent with these observations and indicate that Mical is sufficient to trigger 

each of these semaphorin/plexin-dependent events.  Specifically, we find that Semaphorin-

Plexin-Mical signaling directly destabilizes F-actin, which triggers a secondary response that 

produces branched meshwork actin and actin-rich extensions.   

Our observations also provide a more complete understanding of the roles of 

repulsive guidance cues in vivo.  In particular, we propose that repellents such as 

semaphorins disassemble or “prune back” the actin network in vivo, and that this “pruning” 

process initiates a cascade of events that enhances cellular complexity/plasticity.  These 

Semaphorin-Plexin-Mical-induced actin rearrangements, therefore, in combination with what 

are likely to be Semaphorin-Plexin-dependent, but Mical-independent, effects on 

microtubules and substrate adhesion (Tran et al., 2007; Zhou et al., 2008), would enable 

navigating cells/axons to identify new, more permissive substrates and could underlie the 

directional changes associated with Semaphorin repulsive guidance.  Indeed, neuronal 
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growth cones develop complex morphologies with multiple extending filopodia when they 

encounter directional choice points in vivo (Broadie et al., 1993; Godement et al., 1994; 

Murray et al., 1998; Tosney and Landmesser, 1985), and these new filopodia probe the 

environment and ultimately lead the growth cone to a more permissive substrate.  Future 

work will seek to better understand these Mical-mediated events. These research directions 

are likely to be of significant biomedical importance given the roles of the more than twenty 

semaphorins in directing actin-dependent processes in neural connectivity, angiogenesis, 

immunity, and cancer. 
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Figure 2.1. Mical regulates actin-rich cellular process morphology.  (a) Mical protein 
organization. FAD, flavin adenine dinucleotide; CH, calponin homology. (b) Adult 
Drosophila bristles (arrowheads, drawings) are of varying length, unbranched, and slightly 
curved.  (c-h) Mical is necessary for normal bristle morphology and is also sufficient to alter 
morphology when one (x1) or two (x2) copies of different Mical transgenes are expressed 
specifically within bristles. Mutant, MicalDf(3R)Swp2, n>25 animals per genotype; chi-square 
test; *** = p<0.0001.  i, Bristles resulting from Mical-/- and Mical overexpression are 
quantitatively distinct and the redox and CH domains of Mical are both required and together 
are sufficient for Mical-like bristle branching. For wild type, transgene or bristle-specific 
driver only, there is 0% branching. n>25 bristles per genotype; data shown, mean + s.e.m.; 
scale bars, 25µm.  
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Figure 2.2.  Semaphorin, plexin, and Mical control F-actin organization and bundling. 
(a) A pupal bristle cell extends a membranous process containing F-actin (green lines, and 
circles seen in cross-section) bundled together adjacent to the membrane. (b) GFPMical 
(green) localizes to elongating pupal bristle tips (arrows) and adjacent (black arrowheads in a 
x3 magnified view, inset) to filopodial-like extensions/branches, which were not seen in wild 
type bristles.  At older pupal ages, Mical localization forms an actin-like striped pattern (open 
arrowheads). The white arrowhead shows which region is seen at higher magnification in the 
inset. GFP, green fluorescent protein. (c, d) Images and drawings of F-actin bundles. EM, 
electron microscopy. Membrane-associated (for example, arrows) and abnormally positioned 
(for example, arrowheads) bundles are drawn. n>80 F-actin bundles per genotype; ***, 
p<0.0001 (compared with wild type); data shown, mean + s.e.m.  
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Figure 2.3. Semaphorin-plexin-mediated actin rearrangements require Mical, which 
binds and directly regulates actin dynamics.  (A) Mical (GFPMical) co-localizes (yellow) 
with PlexA at sites of bristle branch formation (arrowhead and inset at a x2 magnified view) 
and is activated and required for semaphorin-plexin-dependent branching; PIR, plexin-
interacting region; cyto, cytoplasmic portion. n>28 bristles per genotype; t-test; **=p<0.001, 
***=p<0.0001; data shown, mean + s.e.m. (B) Mical co-localizes (yellow) with F-actin 
during early and late (inset) stages of bristle elongation (a). Purified Mical robustly and 
selectively associates with F-actin as revealed by dot-blot (b) and actin and microtubule co-
sedimentation/pelleting (c, d) assays. Arrowheads, MicalredoxCH; dots, Nus; MT, 
microtubules; BSA, bovine serum albumin; PHBH, p-hydroxybenzonate hydroxylase; 
MAPs, microtubule-associated proteins; Sol, G-actin (soluble); Pel, F-actin (pellet). n>2 per 
condition; data shown, mean + s.e.m. (C) Pyrene-actin assays, where the fluorescence of 
polymerized pyrene-actin is higher than monomeric pyrene-actin, reveal that purified 
MicalredoxCH protein + NADPH directly alters actin polymerization (a) and induces 
depolymerization (b), as do high-speed sedimentation/Commassie staining assays (c, arrow). 
a.u., arbitrary units.  
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Figure 2.4.  Mical directly disassembles F-actin and regulates growth cone morphology. 
(A) Negative-staining electron microscopy shows that MicalredoxCH + NADPH significantly 
decreases F-actin length; n>120 per treatment; t-test; p<0.0001.  (B) Actin (green) filaments 
bundled with fascin (yellow) are disassembled by MicalredoxCH + NADPH, as seen using 
pyrene-labeled actin (a), low-speed sedimentation/Coomassie staining (b, arrowhead), and 
electron microscopy (c).  Electron microscopy shows that, similar to untreated controls, F-
actin bundles treated with MicalredoxCH F-actin bundles (black triangles in graph) are well 
organized, long, and thick with “horizontally” arranged individual actin filaments 
(arrowheads) and repeating “vertical stripes” of fascin (dots).  F-actin bundles treated with 
MicalredoxCH + NADPH (green squares in graph) are significantly shorter and thinner (n>21 
per treatment; t-test; p<0.0001) and disassemble into single actin filaments (arrowheads).  
(C) Measuring the area occupied by GFP-actin (red) shows that Mical significantly alters 
growth cone size. Cb = neuronal cell body.  n>40 growth cones per genotype; t-test; 
***=p<0.0001; data shown, mean + s.e.m. 
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Materials and Methods 

Drosophila Genetics, Molecular Biology, and Transgenic Lines  

The genomic organization of the Mical locus and P element insertion sites were determined, 

with the aid of the Sequencher 4.6 program (Gene Codes, Ann Arbor, MI), using our 

identified cDNAs, DNA flanking the insertion sites of P elements, and publicly available 

Drosophila genomic DNA sequences.  All complementation analysis and genetics were done 

using standard techniques (Terman et al., 2002; Yazdani et al., 2008).  A single base-pair 

deletion was recently found in a previously employed (Terman et al., 2002) large, ~8.2kb, 

full-length Mical DNA and transgenic fly line (this line is now called MicalN-ter; (Kirilly et 

al., 2009)), so multiple new lines of transgenic flies for both the full-length ~8.2kb “short” 

isoform of Mical (which is similar to UAS:MicalFL; (Kirilly et al., 2009)) and the full-length 

MicalGàW mutation (MicalΔredox) were generated and utilized for all experiments.  Similar 

phenotypes were seen in eight independent UAS:Mical transgenic lines (and these 

phenotypes resembled those seen after expression of the Mical genomic locus).  Similar 

phenotypes were also seen in three independent UAS:MicalΔredox transgenic lines. The 

UAS:GFPMical transgenic line was generated by inserting in-frame the full-length “short” 

isoform of Mical into an Xba I site of the pEGFP-C1 (Clontech) vector at the C-terminus of a 

GFP tag.  An Nhe 1 – Xba I fragment containing GFP tagged Mical was then moved into an 

Xba I digested pUAST vector.  Six independent UAS:GFPMical transgenic lines were 

generated that showed a similar bristle phenotype.  The UAS:MicalΔCH transgenic flies were 
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generated by removing a portion of Mical corresponding to the calponin homology (CH) 

domain of the Mical “short” isoform and moving the resultant cDNA into the pUAST vector.  

Five independent UAS:MicalΔCH transgenic lines were generated that showed similar bristle 

defects.  The His-tagged UAS:Micalredox and UAS:MicalredoxCH transgenic lines were 

generated by excising both Mical cDNAs from our pET43.1bNG vector (Gupta and Terman, 

2008) with KpnI and XbaI and moving them into the pUAST vector. Ten independent 

UAS:Micalredox and five independent UAS:MicalredoxCH showed similar bristle defects.  The 

UAS:MicalΔPIR transgenic flies were generated by removing the region of Mical that interacts 

with the plexA receptor, the plexin-interacting region (PIR) (Terman et al., 2002), from the 

Mical “short” isoform and moving the resultant cDNA into the pUAST vector.  Nine 

independent UAS:MicalΔPIR transgenic lines were generated that exhibited a similar bristle 

phenotype.  Transgenic flies containing the HA-tagged plexA without its cytoplasmic portion 

(HAplexAΔcyto) (He et al., 2009) were generated by removing the cytoplasmic portion of the 

Drosophila plexA receptor (after the transmembrane portion and sequence YKKKSSE and 

including a restriction enzyme site and then a stop codon FR*) and it was placed in the 

pUAST vector.  Five independent UAS: HAplexAΔcyto transgenic lines were generated that 

exhibited a similar bristle phenotype.  All Drosophila embryo injections were done by 

BestGene, Inc.  All other stocks are as previously described (Terman et al., 2002) or were 

obtained from the Bloomington Stock Center except Micald06043, Micalc00824, Micalc03080, 

Micalf02010, f01900 (Harvard Stock Collection), UAS:GFP-Actin and MicalGS15400 (Drosophila 
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Genetic Resource Center, Japan), Mical point mutation stocks (kind gifts from Hermann 

Aberle), B11-GAL4 (also called P[GAL-4]B-11 and B11-98; a kind gift from John Merriam; 

(de la Cova et al., 2004; Guild et al., 2003; Hopmann and Miller, 2003; Tilney et al., 2003; 

Tilney et al., 2004; Tilney and DeRosier, 2005)), plexAYD0269 and Sema-1aP01432 (kind gifts 

from Lynn Cooley; (Kelso et al., 2004)), UAS:Sema-1a (a kind gift from Alex Kolodkin; (Yu 

et al., 1998)), and UAS:Sema-1b (a kind gift from Corey Goodman; (Winberg et al., 1998)). 

Genotypes Employed 

Only one copy of the bristle specific driver (B11-GAL4) was used in all experiments.  Wild-

type (w1118), x1 bristle Mical (UAS:Mical/+; B11-GAL4/+), x2 bristle Mical 

(UAS:Mical/UAS:Mical; B11-GAL4/+), x1 bristle MicalΔredox (UAS:MicalGàW/+; B11-

GAL4/+), x2 bristle MicalΔredox (UAS:MicalGàW/UAS:MicalGàW; B11-GAL4/+), x1 bristle 

MicalΔCH (UAS:MicalΔCH/+; B11-GAL4/+), x2 bristle MicalΔCH 

(UAS:MicalΔCH/UAS:MicalΔCH; B11-GAL4/+), x1 bristle MicalredoxCH (UAS:MicalredoxCH/+; 

B11-GAL4/+), x1 bristle Micalredox (UAS:Micalredox/+; B11-GAL4/+), x2 bristle Micalredox 

(UAS:Micalredox/UAS:Micalredox; B11-GAL4/+), x1 bristle MicalΔPIR (UAS:MicalΔPIR/+; B11-

GAL4/+), x1 bristle plexA (UAS:HAplexA/+; B11-GAL4/+), x2 bristle plexA 

(UAS:HAplexA/UAS:HAplexA; B11-GAL4/+), x1 bristle plexAΔcyto (UAS:HAplexAΔcyto/+; B11-

GAL4/+), x2 bristle plexAΔcyto (UAS:HAplexAΔcyto/UAS:HAplexAΔcyto; B11-GAL4/+), x1 bristle 

Sema-1a (UAS:Sema-1a/+; B11-GAL4/+), x1 bristle Sema-1b (UAS:Sema-1b/+; B11-

GAL4/+), x1 neuron/bristle Sema-1a (UAS:Sema-1a/+; Sca-GAL4/+), x1 neuron/bristle 

Sema-1b (UAS:Sema-1b/+; Sca-GAL4/+), x2 neuron/bristle Sema-1b (UAS:Sema-

1b/UAS:Sema-1b; Sca-GAL4/+).  Bristle specific rescue of Mical-/- mutant experiments: 

(UAS:Mical/+; MicalK1496/Df(3R)swp2, B11-GAL4 or UAS:MicalΔCH/+; 
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MicalK1496/Df(3R)swp2, B11-GAL4). UAS-GFPactin5c/+; B11-GAL4/+ was used as “wild-

type” to analyze developing bristle processes. 
 

Adult Bristle Phenotype Characterization 

Adult flies were examined in entirety for alterations to their large bristles (macrochaetae; 

Figure S2.2) since these bristles were easily visualized under a dissecting microscope. Adult 

bristle phenotypes were examined and quantified by crossing adults at 25°C and then flies 

were sorted by genotype, and then examined under a dissecting microscope (Leica Stereo 

Zoom S8 APO).  Quantification of bristle defects was only performed on young, recently 

emerged adult offspring, since we noticed that adult bristles and their branches can become 

damaged as flies move around their surroundings and bump into each other.  Bristles were 

scored for easily noticeable defects in morphology including splitting, branching, bending, 

and alterations to their tips.  Adult flies containing one or more bristles showing any of these 

alterations were scored as containing bristle defects.  It should also be noted that many 

mutant bristles were straighter than normal (wild-type bristles are slightly curved) without 

any other noticeable defects under the dissecting microscope.  However, since the 

straightness of a bristle, as well as modifications to bristle length and diameter were harder to 

ascertain under a dissecting microscope, these particular phenotypes were not used as criteria 

for determining whether flies exhibited bristle morphological defects.  Therefore, the 

percentage of mutant flies we documented containing bristle defects may under-represent the 

actual percentage of mutants containing these defects.  Furthermore, it is likely that we 

under-represented the percentage of mutants containing bristle defects since mutant offspring 
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from many of the combinations of mutant alleles for Mical, plexA, Sema-1a, and Sema-1b 

died before adulthood and were therefore not examined. 

 

Developmental Staging, Dissection, and Analysis of Drosophila Embryos and Pupae 

Drosophila embryos were collected, processed, staged, dissected, and analyzed as previously 

described (Terman et al., 2002).  All pupae were staged in accordance with the beginning of 

puparium formation (Bainbridge and Bownes, 1981).  In general, bristles appear at 31 hours	  

after puparium formation and by 60 hours the cuticle forms and the actin bundles disappear 

(Tilney et al., 1995).  All preparation, staging, and dissection of pupae were done as 

described (Tilney et al., 1996; Tilney et al., 1995) with our minor modifications.  In brief, 

white pre-pupae were collected from the sides of culture bottles for each stock, placed on 

double-sided tape (3M) within Petri-dishes, and returned to a 25°C incubator to allow the 

pupae to reach the desired stage.  Pupae were then genotyped as necessary with the aid of 

GFP balancer chromosomes and then either prepared for whole-mount observation or 

dissection.  Pupae were prepared for dissection by opening the outer pupal case with fine 

forceps (Ted Pella Inc) and placed with their ventral surface on double-sided tape.  Pupae 

were then immersed in phosphate-buffered saline (PBS) and small incisions were made along 

both sides of the thorax above the wing buds.  Using microscissors (Curved Gills Welsh 

Vannes, Storz Co.), incisions were then made at anterior and posterior positions such that the 

dorsal surface of the thorax could be removed for further processing.  Dissected and whole-

mount pupae were then fixed in 2% formaldehyde in PBS followed by washes in 0.1% Triton 

X-100/PBS. 
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Histochemical Analysis of Embryos and Pupae and Axon Guidance Assays 

Dissected dorsal thoraces of pupae were fixed and stained to visualize F-actin by incubation 

in 0.1% Triton X-100 containing 10-6 M phalloidin conjugated to Alexa Fluor 594 (Molecular 

Probes) at 4°C overnight in the dark.  Thoraces were then washed, mounted on slides in 

Citiflour (Ted Pella Inc. Redding, CA), and coverslipped.  All embryonic (Terman et al., 

2002) and pupal immunostaining (Tilney et al., 2000b) and assessment of axon guidance 

(Huang et al., 2007; Terman et al., 2002) was done using standard approaches.  In brief, 

whole-mount embryos or dissected pupal thoraces were fixed, washed in PBS containing 

0.1% Triton, and incubated in antibodies to Mical (1:2000; (Terman et al., 2002)), Sema-1a  

(1:3000; a kind gift from Alex Kolodkin (Yu et al., 1998)), plexA (1:500; a kind gift from 

Liqun Luo (Sweeney et al., 2007)), Fasciclin II (1:4, 1D4 supernatant, (Van Vactor et al., 

1993)), GFP (1:500 ,3E6, Invitrogen or 1:3000, A-6455, Invitrogen), HA (1:200, BMG-

3F10, Roche), or a 6X His-tag (1:500; 70796, Novagen or R930-25, Invitrogen). 

 

Microscopy and Imaging, Drawings, Genetic Interaction Assays, and Quantification 

Genotyping of pupae was done with the aid of GFP balancers and using a Zeiss Discovery 

M2 Bio stereomicroscope fitted with a GFP filter.  Adult bristles were imaged under the 

compound microscope by removing bristles and placing them on a slide in 70% glycerol and 

then coverslipping them. Pupae were imaged under the compound microscope by placing 

whole-mount pupae in a depression well slide (Fisher), covering them with Citifluor (Ted 

Pella, Inc.) or Vectashield (Vector Labs), and coverslipping them.  Brightfield, darkfield, 
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DIC, and fluorescence visualization and imaging was done using a Zeiss Axioimager upright 

microscope and images were captured using a Zeiss Axiocam HR camera and Zeiss 

Axiovision software.  The “thickness” of F-actin bundles in different genetic backgrounds (5 

animals/genotype) was determined at the same level of scutellar bristles of age-matched 

pupae by measuring the “width” of bundled GFP-labeled actin using Zeiss Axiovision 

software following capturing of the images using a Zeiss Axioimager upright microscope and 

a Zeiss Axiocam HR camera. All co-localization analysis and imaging with multiple 

flurophores was done in a single plane with the aid of a Zeiss Apotome optical sectioning 

tool (Bauch and Schaffer, 2006) or a Zeiss LSM510 Confocal microscope.  The images and 

drawings of the adult bristles were done with the aid of a Zeiss Discovery M2 Bio 

stereomicroscope, a motorized focus and zoom, and three-dimensional reconstruction 

software (Zeiss Axiovision software and Extended Focus Software [a kind gift from Bernard 

Lee]).  Quantification of the number of bristle branches was done utilizing these images and 

drawings such that the number of mutant bristles that contained branches was counted for 

each genotype and the results were presented as a percentile of the total number of mutant 

bristles examined.   The number of branches on each mutant bristle examined was then 

determined for each genotype and the results were presented as the mean number of branches 

per bristle (+ the standard error of the mean (SEM)).  All quantification used for the genetic 

interaction analyses (Plexin and Mical genetic interactions) was performed blinded to 

genotype using one of the transgenic lines that showed weaker expression of Mical (x1 

Mical) since it was found to give rise to bristle branches of relatively similar shape, position, 

size, and number.  In addition, the same four scutellar bristles were quantified in each animal, 
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allowing for precise comparison from animal to animal since the bristle morphology of the 

same four cells could be quantitatively assessed.  Any deviation from the main shaft of the 

bristle was considered a branch.  For example, a bent bristle would not be considered to have 

a branch because there was no deviation from the main shaft.  The shaft was simply bent.  In 

contrast, a “cross” shaped bristle would be considered to have a branch since the main shaft 

of the bristle gave rise to a new process (the “crossbar”).  Quantification of axon guidance 

defects was done using standard approaches (Huang et al., 2007; Terman et al., 2002; Yu et 

al., 1998). To examine a role for Mical in mediating actin reorganization within growth 

cones, we utilized the developing embryonic Drosophila nervous system and expressed 

different proteins selectively in aCC/RP2 pioneer motor neurons using the RN2-GAL4 driver 

(Fujioka et al., 2003; Sanchez-Soriano and Prokop, 2005). Determining the area of the actin 

containing growth cones in different genetic backgrounds was done in age-matched embryos 

by normalizing to a similar level of fluorescence intensity and measuring the area of GFP-

actin immunostaining in the tips of axons using Zeiss Axiovision software following 

capturing of the images with a Zeiss Axioimager upright fluorescence microscope and a 

Zeiss Axiocam HR camera. All of the GFP-actin labeled aCC/RP2 growth cones in >3 age-

matched animals/genotype were measured (n>40).  All quantitative data was analyzed with 

the aid of GraphPad and Prism software packages. Brightness, contrast and color balance of 

images and backgrounds were adjusted using Adobe Photoshop or Microsoft Powerpoint 

software. 

 All examination of pupae using the transmission electron microscope was done using 

standard approaches (Tilney et al., 1998).  In brief, age matched pupae from different 
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genotypes (2 animals/genotype) were collected, attached to double-sided tape (3M), and the 

pupal case was opened with fine forceps (Ted Pella Inc).  Pupae were then immediately 

placed in fixative (2% glutaraldehyde in 0.05 M phosphate buffer at pH 6.8) at which time 

the posterior end of the abdomen, the wing buds, and the anterior portion of the head were 

cut off to allow the fixative to penetrate the pupae.  After fixation, the pupae were washed in 

water to remove the phosphate, stained with 1% uranyl acetate, dehydrated in acetone, and 

embedded in the proper orientation in Epon.  Sections through the pupae were then cut in the 

transverse or horizontal plane using a diamond knife and these sections were then stained 

with uranyl acetate and lead citrate and then examined and photographed using a 

transmission electron microscope (FEI Tecnai G2 Spirit Biotwin).  The shape of the 

microtubules in our sections (i.e., whether they were cut transversely or angled) was also 

used to verify the plane of orientation.  For uniformity across different genetic backgrounds, 

the measurements of the F-actin bundles was determined on sections through scutellar 

bristles cut at the same level (i.e., they were of the same diameter) at the tips of the bristles.  

 

Protein Purification 

The MicalredoxCH protein was generated by PCR-amplifying the appropriate portion of Mical 

(amino acids 1-669) and inserting into the modified pET43.1bNG vector we had previously 

generated (Gupta and Terman, 2008).  The MicalredoxCH expression construct was then 

transformed into Escherichia coli Rosetta2 (DE3) (pLysS) (Novagen) and grown in TB.  In 

general, all bacterial transformations, culturing, isopropyl-β-D-thiogalactoside (IPTG) 

induction, collection of lysates, analysis of protein expression, and Ni2+ purification of the six 
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histidine (His)-tagged protein were performed as previously described (Gupta et al., 2007; 

Terman et al., 2002). In particular, expression was induced by the addition of 0.2 mM IPTG, 

and cells were grown for 24 hours at 14ºC before harvesting by centrifugation.  Pellets were 

frozen and then subjected to resuspension in lysis buffer and sonication.  Sonicated lysates 

from MicalredoxCH expressing bacteria were then bound to Ni2+ beads, and following elution 

of the protein, the protein was dialyzed into a storage buffer and digested with thrombin (100 

mg/mL).  The digested samples were then bound again to the Ni2+ beads and eluted to 

separate MicalredoxCH protein from the Nus tag.  After examining several different pH and 

ionic concentrations for storage and experimental buffers (Gupta and Terman, 2008), the 

MicalredoxCH protein was utilized for experiments.  Similar methodology were utilized to 

purify the Micalredox protein following PCR-amplification of the appropriate portion of Mical 

(amino acids 44-531) and insertion into the pET28 vector (Gupta and Terman, 2008).  These 

samples were analyzed for purity on Commassie stained gels and via western analysis with 

His-tag (1:1000; Novagen) and Nus-tag (1:10,000; Novagen) antibodies. Multiple batches of 

our Micalredox and MicalredoxCH protein were purified and exhibited similar results in our 

biochemical assays. 

 PHBH protein purification was as described (Eschrich et al., 1990; van Berkel et al., 

1992).  The Drosophila Fascin/Singed protein was generated by obtaining the full-length 

cDNA (RH62992; Open Biosystems), PCR-amplifying the full-length fascin with primers 

(Forward:   5’- AGCTGGATCCATGACGCGAATCATTACGTC -3’, Reverse:   5’- 

AGTCAAGCTTCTAGAACTCCCACTGTGTGGCCGA -3’), digesting the resultant PCR 

product with BamHI and HindIII and inserting it into the His-tagged bacterial expression 
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vector ppSUMO (a kind gift from Xuewu Zhang).  Fascin-ppSUMO was then transformed 

into competent cells and the bacteria was inoculated into 150 mL TB medium (30 µg/mL 

kanamycin, 2 mM MgSO4, 20 µg/mL gentamycin) and shaken at 250 rpm overnight at 37°C.  

The 150 mL of culture medium was then divided into 6 x 1L TB medium (30 µg/mL 

kanamycin, 2 mL Antifoam B emulsion (Sigma, A6707-500ml) per liter).  After shaking at 

30°C for 8-10 hours, IPTG was added to 0.5 mM final concentration and the medium was 

incubated at low temperature with shaking for 24 hours.  The bacteria was then pelleted and 

frozen in liquid nitrogen.  In order to harvest the fascin protein, the pellet was thawn at RT 

and suspended in 100 mL lysis buffer (50 mM Tris-HCl, 500 mM NaCl, 3 mM β-

mercaptoethanol, 20 mM imidazole, 1 tablet of Roche Proteinase Inhibitors Cocktail). After 

sonication and centrifugation, the supernatant was filtered with a 0.45 µm filter and loaded 

onto a 5 mL HisTrapFF- affinity column (GE) with Buffer Ni-A (10 mM Tris-HCl pH 8.0, 

500 mM NaCl, 5% glycerol, 3 mM β-mercaptoethanol, 20 mM imidazole) and protein was 

eluted with Ni-B buffer (10 mM Tris, pH 8.0, 500 mM NaCl, 5% glycerol, 3 mM β-

mercaptoethanol, 250 mM imidazole). 100 µg SUMO proteinase was added into the sample 

and incubated at 4°C overnight to remove the SUMO and His tags.  The digested sample was 

then loaded on a 1 mL HisTrapFF affinity column (GE) with Ni-A and Ni-B buffers to 

separate out the SUMO-His tag.  After desalting with Q-A Buffer (10 mM Tris-HCl, pH 8.0, 

10 mM NaCl, 5% glycerol, 1 mM DTT), the sample was loaded onto a UnoQ column (Bio-

Rad) with Q-A buffer and Q-B buffer (10 mM Tris-HCl, pH 8.0, 1 M NaCl, 5% glycerol, 1 

mM DTT).  Under these conditions, the Drosophila fascin protein does not bind very well to 

the UnoQ column and the flow-through was collected that contained fascin. The Drosophila 
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Fascin protein was then concentrated (Ultracel-10k [Millipore]) and placed in storage buffer 

(10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5% glycerol, 1 mM DTT), aliquoted, frozen with 

liquid nitrogen and stored at -80°C.  The protein samples were then analyzed for purity on 

Coomassie stained gels and via western analysis with a Drosophila Fascin monoclonal 

antibody (1:50; sn 7C; Developmental Studies Hybridoma Bank; (Cant et al., 1994)).  

Multiple batches of the fascin protein were purified and exhibited similar results in our 

biochemical assays. These results are similar to those previously described with purified 

Drosophila fascin (Cant et al., 1994).   

 The Drosophila α-actinin protein was generated by obtaining the full-length cDNA 

from the Open Biosystems Drosophila Gene Collection 1.0 (DGC1.0) library (LD37956). α-

actinin cDNA was amplified with primers (Forward:  5’- 

CGACAAGCTTGCATGATGATGGAGAACGGACT -3’, Reverse:   5’- 

ACTGCTCGAGTTACAAGTCGGTCTCGCCGTAGA -3’) and the PCR product was 

digested with HindIII and XhoI and inserted into the His-tagged ppSUMO vector.  

Transformation, induction, culturing, lysate preparation, Nickel-column purification, SUMO 

proteinase digestion, and desalting was done as described for fascin and the protein samples 

were analyzed for purity on Coomassie stained gels.  The His-tagged α-actinin protein was 

also analyzed via western analysis with a His antibody (1:10,000; 70796, Novagen).  The 

enriched sample was then loaded on a MonoQ column (GE Company) with Q-A buffer and 

Q-B buffer (10 mM Tris-HCl, pH8.0, 1 M NaCl, 5% glycerol, 1 mM DTT) to further enrich 

for α-actinin. The Drosophila α-actinin protein was then concentrated (Ultracel-50k 

[Millipore]), placed in storage buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5% glycerol, 
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1 mM DTT), and then the α- actinin protein was aliquoted, frozen, and stored as described 

for fascin.  

 

Dot Blot Assays 

Standard approaches (Luna, 1998; Magi and Liberatori, 2005) were used in multiple 

independent experiments such that 10 µL of either a 10 µM solution of F-actin 

(Cytoskeleton, Inc) or BSA were spotted in the center of circles drawn on nitrocellulose 

membrane (Millipore) which was then air-dried for 10 minutes at room temperature, 

subjected to UV crosslinking for 10 seconds, and then blocked with 5% BSA in PBST 

(0.05% Tween 20 in PBS, pH7.4) for 1 hour at room temperature.  The treated nitrocellulose 

membrane was then incubated with 50 µL of 2.4 µM solution of purified His-tagged 

MicalredoxCH protein diluted in a general actin resuspension buffer (5 mM Tris-HCl pH8.0, 0.2 

mM CaCl2) for 30 minutes at room temperature.  5 mL of the general actin resuspension 

buffer was then added to the membrane and incubated for 30 minutes at room temperature 

with shaking followed by three, ten minute washes with PBST.  The membrane was then 

incubated for one hour at room temperature in a His antibody (1: 1000; Novagen) diluted in 

5% BSA/PBST.  The membrane was then washed three times in PBST for 10 minutes each, 

and incubated with a HRP-conjugated secondary antibody (1:10,000; Amersham) for one 

hour at room temperature.  Following washes with PBST (five times, ten minutes each), the 

membrane was incubated in a chemiluminescent detection reagent (Pierce) and exposed to 

film.    
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F-Actin and Mical High-speed Co-sedimentation Assays 

Standard approaches in multiple independent experiments were used for Co-sedimentation 

assays (Yin and Stossel, 1979).  In short, purified non-muscle actin (85% β-actin, 15% γ-

actin; Cytoskeleton, Inc.) or muscle actin (Cytoskeleton, Inc.) was resuspended to 1 mg/mL 

in a general actin resuspension buffer (5 mM Tris-HCl pH8.0, 0.2 mM CaCl2).  The 

resuspended actin was then added to a standard actin polymerization buffer (50 mM KCl, 2 

mM MgCl2, and 1 mM ATP) and allowed to polymerize for 1 hour at room temperature.  

This generated an F-actin stock at 23 µM actin.  MicalredoxCH protein (0.3-1 µM final 

concentration), Micalredox protein (0.3-1µM final concentration), PHBH protein (2 µM final 

concentration), a negative control (2 µM final concentration, bovine serum albumin (BSA), 

Cytoskeleton, Inc), and positive controls (the actin binding proteins rabbit α-actinin [2 µM 

final concentration; Cytoskeleton, Inc]; Drosophila α-actinin [2 µM final concentration] and 

Drosophila Fascin [2 µM final concentration]) were subjected to initial (clarification) high-

speed centrifugation at 150,000 x g for 1 hour at 4oC.  Test proteins were then added to 

separate tubes and incubated with either F-actin (the final concentration was varied from 0.5-

18 µM) or with F-actin buffer only for 30 minutes at room temperature.  An F-actin only tube 

was also incubated for 30 minutes at room temperature.  All test tubes were then subjected to 

high-speed centrifugation at 150,000 x g for 1.5 hours at 24oC.  Supernatants were carefully 

removed and added to sample buffer for loading on an SDS-PAGE gel.  The pellet was 

resuspended in Milli-Q H2O with pipetting, incubation on ice for 10 minutes, and then more 

pipetting before being added to sample buffer for loading on an SDS-PAGE gel.  The gel was 

then stained with Coomassie blue using standard approaches.  The intensity of each of the 
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stained bands in the pellet and soluble fraction was then analyzed and quantified by 

densitometry using Image J (NIH) and the percentage of different purified proteins with F-

actin in the pelleted fraction was presented. 

 

Actin Polymerization and Depolymerization Assays 

The actin polymerization assay was performed using standard approaches ((Cooper, 1992); 

Cytoskeleton, Inc.).  Briefly, purified rabbit skeletal muscle actin (pyrene-labeled; 

Cytoskeleton, Inc) was used to monitor actin polymerization since the fluorescence intensity 

of the pyrene-labeled polymer is substantially higher than the pyrene-labeled monomer.  G-

actin (monomeric actin) was resuspended to 9.2 µM in a G-actin buffer (5 mM Tris-HCl pH 

8.0, 0.2 mM CaCl2, 0.2 mM ATP and 1 mM DTT) and incubated on ice for 1 hour.  Before 

all the experiments, G-actin solution was centrifuged for 1 hour at 100, 000 x g at 4o C to 

remove residual actin nucleating centers.  Multiple independent experiments were performed 

for each condition such that MicalredoxCH, Micalredox, PHBH, NADPH (MP Biomedicals), 

NADH (MP Biomedicals), NADP+ (AppliChem, GmbH), and/or hydrogen peroxide (EMD 

Chemicals, Inc.) was then added to the actin and polymerization was initiated at 25o C by the 

addition of 5 mM Tris-HCl pH 7.5, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.5 mM DTT, 

and 0.2 mM ATP.  Actin was used at a final concentration of 1.1 µM.  Fluorescence intensity 

was immediately monitored at 407 nm with excitation at 365 nm by a fluorescence 

spectrophotometer (Spectra max M2; Molecular Devices).  

To examine the ability of Mical to induce depolymerization in conditions that favored 

polymerization, multiple independent experiments were performed essentially as described 
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for our actin co-sedimentation experiments except pyrene-labeled muscle actin was used.  In 

brief, pyrenyl-G-actin (pyrene-labeled; Cytoskeleton, Inc) was polymerized in 5 mM Tris-

HCl pH 7.5, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.5 mM DTT, and 0.2 mM ATP for 1 

hour at room temperature resulting in a 1.1 µM concentration of F-actin.  MicalredoxCH, 

NADPH, and/or hydrogen peroxide was then added to the polymerized actin and 

fluorescence intensity was immediately monitored as described above. 

Actin depolymerization assays were also performed using a standard dilution induced 

approach ((Cooper, 1992); Cytoskeleton, Inc.).  Pyrenyl-G-actin (pyrene-labeled; 

Cytoskeleton, Inc) was resuspended to 23 µM in the G- actin buffer described above and was 

polymerized in a weak polymerization buffer (1.25 mM Tris-HCl pH 7.5, 12.5 mM KCl, 0.5 

mM MgCl2, 0.25 mM EGTA, 0.125 mM DTT, and 0.05 mM ATP) for 1 hour at room 

temperature.  Depolymerization was initiated by performing a five-fold dilution with G-actin 

buffer in the presence or absence of MicalredoxCH and/or NADPH and multiple independent 

experiments were performed for each condition.  After dilution, fluorescence intensity was 

immediately monitored at 407 nm with excitation at 365 nm by a fluorescence 

spectrophotometer (Spectra max M2; Molecular Devices).  

 

Detecting the G- to F-actin Ratio 

Purified non-muscle actin (85% β-actin, 15% γ-actin; Cytoskeleton, Inc.) was resuspended to 

1 mg/mL in a general actin resuspension buffer (5 mM Tris-HCl pH8.0, 0.2 mM CaCl2).  The 

resuspended actin was then added to a standard actin polymerization buffer (50 mM KCl, 2 

mM MgCl2, and 1 mM ATP) and allowed to polymerize for 1 hour at room temperature.  
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This generated an F-actin stock at 23 µM actin.  Our purified MicalredoxCH protein (2.4 µM 

final concentration), and/or NADPH (200 µM final concentration) was then added to separate 

tubes and incubated with this F-actin stock (18.6 µM final concentration) for 30 minutes at 

room temperature.  All test tubes were then subjected to high-speed centrifugation at 150, 

000 x g for 1.5 hours at 24oC.  Supernatants were carefully removed and added to sample 

buffer for loading on an SDS-PAGE gel.  The pellet was resuspended in Milli-Q H2O with 

pipetting, incubation on ice for 10 minutes, and then more pipetting before being added to 

sample buffer for loading on an SDS-PAGE gel.  The gel was then stained with Coomassie 

blue. 

 

Actin Filament Bundling Assays 

Multiple independent experiments with minor variations which showed similar results were 

performed to characterize the ability of either purified Drosophila fascin, purified Drosophila 

α-actinin, or purified MicalredoxCH to bundle actin filaments using standard low-speed co-

sedimentation approaches (since this approach differentiates between unbundled actin 

filaments and bundled actin filaments).  In brief, purified non-muscle (85% β-actin, 15% γ-

actin; Cytoskeleton, Inc.) or muscle actin (Cytoskeleton, Inc.) was allowed to polymerize for 

1 hour at room temperature as described above for all of our actin polymerization 

experiments.  Multiple independent experiments with a range of actin filament and test 

protein concentrations were then used to examine actin filament bundling and each of these 

experiments exhibited similar results.  In particular, F-actin (4 µM  - 18.6 µM final 

concentration) was incubated with purified Drosophila Fascin (2 µM), purified Drosophila α-
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actinin (2 µM), purified rabbit α-actinin (2 µM; Cytoskeleton, Inc.) or purified MicalredoxCH 

(2.5 µM) for 30 – 60 minutes at room temperature.  In some cases, with similar results, 20 

mM Tris-HCl pH 6.5 was added to the bundling mixture since these conditions were 

recommended for use with rabbit α-actinin (Cytoskelton, Inc.).  The samples were then 

subjected to low-speed centrifugation for 20-60 minutes at 24°C (bundled actin filaments 

pellet at a lower speed than unbundled actin filaments).  The distribution of actin in the pellet 

and supernatant fraction was analyzed by SDS-PAGE and protein was visualized with 

Coomassie stain. 

 

Effects of Mical on Bundled Actin 

The ability of Mical to induce the disassembly of bundled actin filaments was performed as 

described for the actin bundling assays except bundled actin filaments were then incubated 

with purified MicalredoxCH protein (1 µM - 2.5 µM final concentration was used with similar 

results), and/or NADPH (200 µM final concentration) for 1 hour at room temperature.  

Samples were then subjected to low-speed centrifugation and the distribution of actin in the 

pellet and supernatant fraction was analyzed by SDS-PAGE as described for the actin 

bundling assays. 

 The experiments designed to examine the time-course of Micals effects on bundled 

actin using pyrene-labeled actin was performed essentially as described for all pyrene-labeled 

actin polymerization assays.  In brief, pyrenyl-G-actin (pyrene-labeled; Cytoskeleton, Inc) 

was polymerized for 1 hour at room temperature resulting in a 1.1 µM concentration of F-

actin.  This F-actin (1.1 µM final concentration) was then incubated with Drosophila Fascin 
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(0.55 µM) for 1 hour at room temperature (generating an actin/fascin molar ratio of 2).  

Bundled actin filaments were then incubated with MicalredoxCH (600 nM final concentration), 

and/or NADPH (100 µM final concentration) and fluorescence intensity was immediately 

monitored as described above for other pyrene-labeled actin assays.  To confirm the bundling 

ability of fascin on pyrene actin (and the disassembly of bundled filaments by Mical) 

standard approaches were used such that after the real-time pyrene-actin assays, the mixtures 

were centrifuged for 20 min at 10, 200 x g to determine the amount of bundled actin present 

in the samples. The distribution of actin in the pellet and supernatant fraction was analyzed 

by SDS-PAGE and proteins were visualized with Coomassie stain as described above (the 

results of these experiments [data not shown] confirmed the results of our pyrene actin assays 

[Figure 2.4B, a]).   

 

Analysis of Direct Effects of Mical on Purified Bundling Proteins  

To determine if Mical could directly effect the ability of fascin or α-actinin to bundle actin, 

we incubated MicalredoxCH  (2.5 µM final concentration) with fascin or α-actinin (2 µM final 

concentration) in a general actin resuspension buffer (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl2) 

and incubated the mixtures at room temperature for 1 hour (with or without 200 µM 

NADPH). In some cases, with similar results, 20 mM Tris-HCl pH 6.5 was added to the 

bundling mixture since these conditions were recommended for use with rabbit α-actinin 

(Cytoskelton, Inc.).  Samples were then subjected to filtration (Ultracel YM-30 [Millipore 

Corporation]) to remove the small molecule NADPH and samples were washed using a 

general actin resuspension buffer.  The samples were then mixed separately with F-actin 
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(15 µM final concentration) and incubated at room temperature for 1 hour.  Samples were 

then subjected to low-speed centrifugation as described for the bundling assays and then 

subjected to SDS-PAGE and Coomassie blue staining to visualize the distribution of actin in 

the pellet and soluble fraction.   

 

EM Analysis of Purified F-actin and Bundled F-actin 

Negative staining and EM imaging of actin and bundled actin were done using standard 

approaches (Okada et al., 1999).  In brief, rabbit skeletal muscle F-actin (4 µM; 

Cytoskeleton, Inc.) was polymerized using standard approaches at 4 °C overnight in low-salt 

conditions (12.5 mM KCl and 0.5 mM MgCl2) to generate long filaments, incubated 

separately for 1 hour with Drosophila fascin (2 µM) and/or 1 hour with MicalredoxCH (1 µM) 

with or without NADPH (100 µM).  Samples without fascin were then diluted 20 fold in the 

polymerization buffer (those with fascin were diluted 10 fold) immediately before placing on 

a glow-discharged Formvar-coated copper grid (Electron Microscopy Sciences) and 

negatively stained with 2% uranyl acetate for 1 min to allow EM visualization of actin.  

Specimens were examined on a FEI Tecnai G2 Spirit Biotwin electron microscope at an 

accelerating voltage of 120 kV.  All measurements were carried out using Image J (NIH).  

The length of actin filaments was measured in the same way following each treatment and 

was carried out on random portions of the F-actin containing EM grids.  Likewise, bundled 

actin filaments were sampled and imaged randomly and their length and width were 

measured.   Untreated fascin-bundled actin filaments showed a similar appearance to what 

has been described previously using purified Drosophila (Cant et al., 1994) or mammalian 
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fascin (Ishikawa et al., 2003).  It should also be noted that in order to differentiate from those 

actin filaments that may not have been bundled together in our bundling assays, only bundles 

of actin filaments (not single filaments) were measured.  Therefore our results are likely to 

underestimate the effects of Mical on fascin bundled actin (i.e., any bundle that was 

completely disassembled to single actin filaments would not have been accounted 

for/measured).   

 

Microtubule Polymerization and Co-sedimentation Assays 

The effects of MicalredoxCH on microtubule polymerization were measured using 

fluorescence-based standard approaches ((Bonne et al., 1985); Cytoskeleton, Inc).  In brief, 

tubulin (bovine tubulin; Cytoskeleton, Inc) polymerization was performed in a microtubule 

polymerization buffer (80 mM PIPES pH 6.9, 2 mM MgCl2, 0.5 mM EGTA, 15% glycerol, 1 

mM GTP and 5 µM fluorescent reporter (DAPI)) containing mixed tubulin (2 mg/ml final 

concentration), MicalredoxCH (0.6 µM or 1.2 µM final concentration) and/or NADPH (100 

µM). The polymerization was initiated by raising the temperature from 4°C to 37°C. 

Fluorescence intensity was monitored for 1 hour at 450 nm with excitation at 360 nm by a 

fluorescence spectrophotometer (Spectra max M2; Molecular Devices) with temperature 

control.  

 Standard approaches (Al-Bassam et al., 2007; Gustke et al., 1994) were used for the 

microtubule co-sedimentation assays, such that microtubules were generated by polymerizing 

tubulin (from a 5 mg/ml tubulin stock containing 1mM GTP; Cytoskeleton, Inc) at 35°C for 

20 min in a polymerization buffer (80 mM PIPES pH 6.9, 0.5 mM EGTA, 2 mM MgCl2, 
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7.5% glycerol).  Microtubules was then diluted 10 fold in a warm buffer (35°C) containing 

80 mM PIPES pH 6.9, 0.5 mM EGTA, 2 mM MgCl2, and 20 µM taxol.  Test proteins 

including MicalredoxCH protein (1 µM final concentration), Micalredox protein (1 µM final 

concentration), a negative control (bovine serum albumin (BSA) [2.2 µM final concentration, 

Cytoskeleton, Inc]), and a positive control (microtubule associated proteins MAPs [0.64 µM 

final concentration; Cytoskeleton, Inc]) were added to separate tubes and incubated with 

either microtubules or buffer for 30 minutes at room temperature.  A microtubule only tube 

was also incubated for 30 minutes at room temperature.  Each reaction was placed on top of a 

cushion buffer (80 mM PIPES pH 6.9, 0.5 mM EGTA, 2 mM MgCl2, 60% glycerol and 20 

µM taxol), and was subjected to high-speed centrifugation at 100, 000 x g for 40 min at 

24°C.  Supernatants were carefully removed and added to sample buffer for loading on an 

SDS-PAGE gel.  The cushion was removed and pellet was resuspended in Milli-Q H2O with 

pipetting before being added to sample buffer for loading on an SDS-PAGE gel.  The 

distribution of microtubule and test proteins were visualized with Coomassie blue staining 

and the intensity of each of the stained bands in the pellet and soluble fraction was then 

quantified by densitometry using Image J (NIH) and the percentage of different purified 

proteins with microtubules in the pelleted fraction was presented. 
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CHAPTER THREE 
 
 

Disassembling F-actin Networks In Vivo 
through Manipulations of Semaphorin/Plexin/Mical and Actin Bundling Proteins  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The biochemical experiments were performed with H Wu.  The Plexin axon guidance analysis was performed 
with T Yang. 
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Abstract 

Cells continually interact with their environment and change their morphology in response to 

extracellular cues.  Semaphorins are one of the largest families of these extracellular 

guidance cues and play critical roles in neurobiology, immunology, cardiovascular health, 

and cancer.  Semaphorins are best known for their ability to disassemble actin filaments (F-

actin) and we recently found that Mical, a protein that directly associates with the 

Semaphorin cell-surface receptor Plexin, is a novel F-actin disassembly factor that mediates 

Semaphorin/Plexin F-actin rearrangements.  Herein, we used both genetic approaches in the 

Drosophila model system and in vitro actin biochemical approaches with purified proteins to 

further investigate Semaphorin/Plexin/Mical-mediated F-actin alterations in vivo.  We found 

that Mical and F-actin stabilizing/bundling proteins such as fascin and espin play antagonistic 

roles in regulating the F-actin cytoskeleton during development.  Consistent with our in vivo 

data, we found that purified Mical protein disassembles both fascin and/or espin bundled 

actin filaments.  Our results go on to support a hypothesis that Semaphorin/Plexin/Mical 

directly disassembles the F-actin cytoskeleton and by so doing, triggers other actin regulatory 

proteins to reorganize a more complex F-actin network. 
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Introduction 

We have been investigating how extracellular guidance signals connect with the actin 

cytoskeleton and control its dynamics and organization.  We have initially focused our 

research efforts on the Semaphorins, which are one of the largest families of these guidance 

cues and play critical roles in regulating the morphology, motility, and navigation of cells in 

numerous tissues (Ahmed and Eickholt, 2007).  One interesting characteristic of the 

Semaphorins is that they negatively affect the movement of cells and their processes.  These 

inhibitory/repulsive effects of Semaphorins are accomplished by disrupting the actin 

cytoskeleton (Hung and Terman, 2011) and considerable effort has been directed towards 

identifying how Semaphorins mediate their effects. 

          Recently, we have characterized a new family of Semaphorin-interacting cytosolic 

proteins called MICALs (Figure 3.1A) that directly associate with the cytoplasmic tail of the 

Semaphorin receptor Plexin and contain well-conserved domains found in different 

cytoskeletal-associated proteins (Figure 3.1A; (Hung and Terman, 2011)).  MICALs are 

conserved both structurally and functionally from Drosophila to mammals and regulate a 

number of different cellular behaviors including morphogenesis, motility, and navigation 

(Hung and Terman, 2011).  Recent results reveal that both invertebrate and vertebrate 

MICAL proteins play critical roles in regulating the organization of actin filaments (F-actin) 

in a number of cell types and are sufficient to dramatically reorganize the actin cytoskeleton 

(Hung et al., 2011; Hung and Terman, 2011; Panapakkam Giridharan et al., 2012).  Indeed, 

our results using in vitro biochemical assays with purified Mical and actin proteins reveal 

that Mical directly disassembles actin filaments through direct oxidation of a specific actin 
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amino acid (Hung et al., 2011; Hung et al., 2010).  Thus, our findings identify Mical proteins 

as new F-actin disassembly factors that use an enzymatic means to disassemble F-actin and 

alter filament reassembly.  Herein, we further characterize MICAL-mediated effects on actin 

and find that the actin bundling/stabilizing proteins fascin and espin play antagonistic roles to 

Semaphorin/Plexin/Mical repulsive signaling to control the organization of the F-actin 

network.  
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Results and Discussion 

MICAL proteins (Figure 3.1A) are critical regulators of actin cytoskeletal organization but 

much remains to be understood about how they work and fit in with other actin regulatory 

proteins in vivo.  Although MICALs regulate the actin cytoskeletal organization in a number 

of cells in vertebrates and invertebrates (Hung et al., 2011; Hung and Terman, 2011; 

Panapakkam Giridharan et al., 2012), we have been using the Drosophila bristle process 

because it has long served as a single cell high-resolution model for studying actin 

cytoskeletal rearrangements in vivo (Sutherland and Witke, 1999; Tilney and DeRosier, 

2005).  In particular, bristles are easily accessible on the external surface of flies, where their 

actin-dependent changes in shape and elongation can be easily visualized following various 

manipulations (Figure S3.1A).   

 

Further Characterization of Mical-mediated Changes in Cellular Process Morphology 

Compared to wild-type bristles, which are unbranched and slightly curved (Figure 3.1B), 

Mical mutant bristles are straight, thick, bent, twisted and/or have altered tips (Mical-/-, 

Figure 3.1B; (Hung et al., 2010)).  In contrast, increasing Mical levels in bristles using the 

bristle-specific driver B11-GAL4, induces bristle branching (x1 Mical, x2 Mical, Figure 

3.1B; (Hung et al., 2010)); and this branching is further increased by bristle-specific 

expression of a hyperactive form of Mical (x1 MicalredoxCH, Figure 3.1A, B; (Hung et al., 

2010)).  Examining the actin cytoskeleton in bristles reveals that Mical triggers both a 

decrease in F-actin and changes the normal parallel organization of F-actin to a meshwork 

actin with new F-actin-rich branches (Figure S3.1B; (Hung et al., 2010)).  In contrast, in 
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vitro work with purified MicalredoxCH and actin protein reveals that Mical does not directly 

induce actin branching or nucleation (Hung et al., 2010), but disassembles both individual 

and bundled actin filaments (Hung et al., 2011; Hung et al., 2010).  Thus, one important 

question that has emerged from our previous work is: why does Mical disassemble actin in 

vitro and in vivo but also generate actin branches in vivo?  Our previous in vitro and in vivo 

observations led us to postulate that Mical functions to directly destabilize F-actin, which 

triggers a secondary response in vivo that produces branched meshwork actin and actin-rich 

extensions (Hung et al., 2010). 

To further investigate this “secondary effect of Mical” hypothesis, we reasoned that if 

the in vivo branching phenotypes were triggered secondarily to Mical inducing F-actin 

disassembly, then increasing the levels of Mical should at some point begin to decrease the 

amount of branching (because branches that would be formed would be disassembled by 

Mical).  Alternatively, if Mical directly induced branching in vivo then the more Mical that 

was introduced into our model bristle cell, the more branching would occur.  Expressing one 

copy (x1) of the hyperactive MicalredoxCH generates highly branched bristles (Figure 3.1B; 

(Hung et al., 2010)), so we wondered if further increasing the levels of MicalredoxCH would 

generate more or less bristle branching.  Thus, we expressed two (x2) copies of MicalredoxCH 

and found that bristles were severely altered in morphology but they showed less branching 

and shorter branches compared to those generated with x1 bristle MicalredoxCH (Figure 3.1C).  

Thus, these results are consistent with our hypothesis and previous results that Mical 

functions to directly destabilize F-actin (Hung et al., 2011; Hung et al., 2010); and at low 

levels of Mical this F-actin disassembly produces a branched actin network (Hung et al., 
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2010).  However, at high levels of Mical, the F-actin is more fully disassembled which 

prevents the formation of new branches.  Moreover, this Mical-triggered bristle branching is 

similar to that seen when bristles are treated with another F-actin destabilizing factor, the 

drug cytochalasin (Geng et al., 2000; Guild et al., 2002; Tilney et al., 2000a), further 

indicating that disassembling F-actin in vivo with either Mical or cytochalasin triggers a 

secondary response (e.g., perhaps activating an actin nucleator protein/s) that carries out the 

branching. 

 

Inverse Effects of Mical and Actin Bundling Proteins  

To further characterize how Mical works in vivo we compared its effects on actin 

organization/bristle morphology to that of other actin regulatory proteins.  Mutations in actin 

modifying proteins including bundling proteins, nucleators, capping proteins, and actin 

regulatory proteins like profilin, cofilin and WASP all lead to altered F-actin organization 

and misshapen bristles (Tilney and DeRosier, 2005).  Interestingly, our analysis revealed that 

similar bristle morphologies result from high levels of Mical expression (x2 MicalredoxCH) and 

loss of the actin bundling proteins fascin and espin (compare Figure 3.1C with Figure 3.1D; 

(Mohr, 1922; Morgan and Bridges, 1916; Tilney et al., 1995)).  In particular, fascin and espin 

are two of the most widely studied actin bundling/crosslinking proteins and play key roles in 

the organization and stability of actin structures in wide-range of cell types including bristles 

(Hashimoto et al., 2011; Sekerkova et al., 2006; Tilney and DeRosier, 2005).  Thus, the 

similarity in phenotypes between Mical overexpression and loss of actin bundling/stabilizing 

proteins further suggested that Mical’s role in vivo is to destabilize actin. 
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 To further investigate this inverse phenocopying between Mical and actin bundling 

proteins we directly examined the actin organization in bristles.  Examining the actin 

organization of x2 bristle MicalredoxCH overexpressing flies using electron microscope 

techniques revealed the presence of thinner than normal F-actin bundles that resembled the 

paucity of F-actin found in fascin and espin (singed and forked) double homozygous mutant 

bristles (Figure 3.1E; (Tilney et al., 1995)).  This inverse relationship in F-actin bundling 

between Mical and fascin/espin was similar to what we had previously noted between Mical 

loss of function mutant bristles and after overexpression of high-levels of espin in bristles, 

which both have larger and abnormally positioned F-actin bundles (Figure 3.1E; (Hung and 

Terman, 2011; Hung et al., 2010; Tilney et al., 1998)).  These results reveal that perturbing 

the levels of Mical generates F-actin alterations/cell morphologies indicative of F-

actin/bundled F-actin disassembly and inversely related to alterations in F-actin 

bundling/stabilizing proteins.  

 

Actin Bundling/Crosslinking Proteins and Mical genetically antagonize one another 

To further examine the interactions between Mical and F-actin bundling proteins we turned 

to genetic interaction assays.  Actin bundling proteins play key roles in the organization of 

actin structures in a wide-range of cell types by crosslinking together actin filaments and 

thereby increasing F-actin assembly and stability (Bartles, 2000; Pollard and Cooper, 2009).  

These are functions that are in contrast to what we have observed for Mical, which increases 

F-actin disassembly and instability.  We reasoned that if Mical’s role in vivo is to 

disassemble F-actin/bundled F-actin then decreasing the amount of actin stabilizing proteins 
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like fascin and espin might make cells more susceptible to low amounts of Mical.  To test 

this we expressed low levels of MicalredoxCH in all bristles and compared the penetrance of 

actin organizational/bristle morphological defects to when we simultaneously reduced the 

levels of fascin/espin (using heterozygous mutants for both singed and forked).  Our results 

revealed that when low levels of MicalredoxCH was expressed in a singed and forked double 

heterozygous mutant background, bristle branching was more severe than when low levels of 

MicalredoxCH alone was expressed in a wild-type background (Figure 3.2A).  For example, 

humeral (“shoulder”) bristles, postvertical (“medial head”) bristles, and vertical (“lateral 

head”) bristles are only poorly affected by low levels of MicalredoxCH expression in a wild-

type background.  However, these bristles become thick and branched following MicalredoxCH 

expression in a singed and forked double heterozygous mutant background (Figure 3.2A).  

We also tested if decreasing the amount of Mical makes cells more susceptible to low 

amounts of actin bundling protein, such as fascin.  Overexpression of fascin in wild type 

background did not induce any bristle defects.  Interestingly, when we overexpressed fascin 

protein and reduced the levels of Mical simultaneously (using a Mical heterozygous mutant), 

we observed bristle defects including short, thick bristles (Figure 3.2B).  These results 

indicate that the actions of the F-actin stabilizing protein fascin, is increased in the absence of 

the F-actin disassembly factor Mical.  These observations further support our hypothesis that 

Mical and F-actin bundling proteins counteract one another in regulating the actin 

cytoskeleton. 

To further test this hypothesis, we wondered what would be the effects of increasing 

the levels of Mical in a fascin and espin double homozygous mutant background.  
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Dramatically, the bristle defects we observed were more severe than those present following 

either MicalredoxCH bristle expression or in a singed and forked double mutant background and 

generated bristles that were often absent of their characteristic long process and were similar 

in appearance to the rounded shape of a cell body (Figure 3.2C).  Compared to either 

MicalredoxCH bristle expression or a singed and forked double mutant background, quantifying 

our observations revealed a around 35% increase in the width of the main bristle shaft when 

the levels of MicalredoxCH were specifically increased in bristles in a singed, forked double 

mutant background (Figure 3.2C).  Moreover, examining the actin network in these bristles 

reveals that in wild type bristles, actin filaments are organized into large bundled, pillar-like 

structures, which provides the means to extend the bristle cell to its characteristic length and 

appearance (Figure 3.2D).  In contrast, removal of actin bundling proteins in combination 

with increased Mical activity induced the disappearance of these characteristic actin pillars 

and rearranged the actin into a meshwork structure that gave rise to bristle processes that 

were globular in shape (Figure 3.2D).  These observations indicate that Mical and actin 

bundling proteins work in an antagonistic manner to regulate the stability of the actin 

cytoskeleton and that simultaneously increasing Mical activity in combination with 

decreasing actin bundling/crosslinking activity is sufficient to dramatically rearrange the 

characteristic long, thin bristle process into a rounded appearance. 

 

Mical Disassembles Fascin and Espin Bundled F-actin In Vitro 

The similarity in morphological/F-actin defects observed with a loss of espin/fascin or a gain 

in Mical suggests that Mical might directly regulate the ability of actin bundling/crosslinking 
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proteins to bundle F-actin.  However, our previous in vitro actin biochemical experiments 

using both purified Mical and actin bundling proteins including fascin and alpha-actinin 

revealed that Mical does not directly affect the ability of these proteins to bundle F-actin 

(Hung et al., 2010).  To further examine this possibility, we purified espin protein (Figure 

3.3A).  Likewise, we found no evidence that Mical directly alters the ability of espin to 

bundle F-actin (data not shown).  In contrast, espin bundled F-actin was disassembled by 

active Mical (Figure 3.3B), which was in line with our previous observations that Mical also 

directly disassembles fascin and alpha-actinin-bundled actin filaments (Hung et al., 2010).  

Therefore, we wondered if Mical could also disassemble F-actin bundled together with both 

fascin and espin (which would mimic the in vivo situation in the bristle where F-actin is 

bundled together by both fascin and espin; (Tilney et al., 1998; Tilney and DeRosier, 2005; 

Tilney et al., 1995)).  Consistently, we saw similar F-actin disassembly when we treated 

espin and fascin-bundled F-actin with MicalredoxCH (Figure 3.3C).  These results reveal that 

active MicalredoxCH protein directly disassembles espin and fascin bundled F-actin and 

complement our in vivo observations revealing that Mical counteracts the actin stabilizing 

effects of bundling/crosslinking proteins. 

 

Semaphorin/Plexin/Mical Signaling Counteracts Actin Bundling Proteins to Direct 

Axon Guidance           

The MICALs are highly expressed in the nervous system and play critical roles in normal 

axon growth and guidance (Hung and Terman, 2011).  Likewise, fascin and espin are 

expressed in growing axons and regulating the levels of fascin in axons has been found to 
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alter axonal morphologies and growth in vitro (Cohan et al., 2001; Kraft et al., 2006; 

Sekerkova et al., 2008).  Therefore, we wondered if a similar interplay between MICALs and 

actin bundling proteins direct axonal guidance.  To test these possibilities, we used the 

Drosophila embryonic nervous system as a model because they show a stereotypic pattern of 

guidance and innervation and have long served as a model to characterize proteins important 

for axon guidance.  In particular, motor and central nervous system (CNS) axons in wild-type 

embryos exhibit well-characterized axonal trajectories (Figure 3.4A), and so were examined 

in fascin and espin mutants.  In contrast to wild-type embryos, forked and singed mutants 

exhibited axons guidance defects (Figure 3.4A).  For example, motor axons within the ISNb 

and SNa pathways were abnormally defasciculated and projected to non-target areas.  CNS 

axons were also affected by absence of fascin and espin and were abnormally defasciculated 

within bundles and could be found abnormally crossing between axonal bundles (Figure 

3.4A).  These results reveal that fascin and espin are required for axon guidance in vivo. 

          In light of the genetic interactions we observed between Mical and fascin/espin in the 

shape, extension, and orientation of bristle processes we wondered if similar interactions 

were responsible for directing axon guidance.  Using Drosophila CNS axons as a model, our 

results revealed that decreasing the levels of fascin and espin (singed and forked double 

heterozygous mutants), significantly enhanced the guidance defects that are seen following 

low level increases in neuronal Mical (Figure 3.4B).  These results reveal that Mical and the 

actin bundling proteins fascin and espin also counteract one another to guide axons.  

Interestingly, previous studies suggest that the regulation of fascin/fascin bundled F-actin is 

required for neuronal growth cone retraction in response to repellents including proNGF and 
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Sema3A (Brown and Bridgman, 2009; Deinhardt et al., 2011).  Therefore, we wondered if 

fascin and espin also counteract the effects of Semaphorin/Plexin signaling.  A number of 

genetic interaction assays have been characterized for identifying genes involved in 

Semaphorin/Plexin-mediated repulsive axon guidance in vivo.  We thus employed one of 

these assays where increasing the levels of neuronal PlexA results in increased axon-axon 

repulsion of CNS axons (Figure 3.4C; (Ayoob et al., 2004; Winberg et al., 1998; Yang and 

Terman, 2012)), that is dependent on the levels of Mical and PlexA’s ligand Sema-1a (Yang 

and Terman, 2012).  In contrast, decreasing the levels of fascin and espin (using a singed, 

forked double mutant background) significantly enhanced these Sema/Plexin-dependent 

guidance defects (Figure 3.4C).  Thus, our data indicate that fascin and espin antagonize 

Sema/Plexin/Mical-mediated repulsive axon guidance in vivo. 

 Taken together, these observations add to our understanding of the mechanisms by 

which Sema/Plexin/Mical alters the organization of the actin cytoskeleton in vivo.  These 

results support a model that repellents like Semaphorins disassemble the actin network, and 

this disassembly or “pruning” process initiates at times a cascade of events that leads to more 

branching and cellular complexity (Figure 3.4D).  Our results also indicate the need for tight 

control on the activation levels of these repulsive signaling cascades so as to not disassemble 

the actin cytoskeleton to a point that may be detrimental to normal cellular morphology.  Our 

results also reveal that Mical works in concert with other actin regulatory proteins to specify 

actin cytoskeletal organization (Figure 3.4D).  In particular, we find that the more actin 

bundling proteins that are available to stabilize F-actin structures in vivo, the less susceptible 

the cell is to Mical-mediated F-actin disassembly.  Our results also provide additional 
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insights into how bundled actin gets disassembled in vivo.  Well-known actin disassembly 

factors like cofilin only poorly disassemble bundled F-actin (Huang et al., 2005; Michelot et 

al., 2007; Ono and Ono, 2002; Schmoller et al., 2011), raising questions of the mechanisms 

underlying this actin disassembly.   Interestingly, insights into this problem have come with 

recent results that cofilin cooperates with fascin to disassemble filaments (Breitsprecher et 

al., 2011).  Likewise, the disassembly of bundled F-actin structures may occur at times by 

controlling the levels of bundling proteins (Aratyn et al., 2007; Courson and Rock, 2010; 

Vignjevic et al., 2006) or by post-translationally regulating the activity of bundling proteins 

like fascin (e.g., via phosphorylation; (Jayo and Parsons, 2010; Kureishy et al., 2002; 

Larsson, 2006)).  Our results now indicate that Mical also controls the “function” of actin 

bundling proteins in vivo by regulating the stability of the actin cytoskeleton and these 

interactions are critical for specifying the morphology, extension, and navigation of actin rich 

cellular processes. 
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Figure 3.1. Mical overexpression mimics actin bundling protein mutants.  (A) A 
schematic of the Mical protein domain structure.  CH, calponin homology; PxxP, putative 
ligands for SH3 domains; PIR, Plexin interacting region.  The region corresponding to the 
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MicalredoxCH construct is shown (red underline).  (B) Mical is necessary for normal bristle 
morphology and is also sufficient to alter bristle morphology.  Compared to wild-type 
bristles, Mical homozygous mutant bristles are straight, thick, bent, twisted and/or have 
altered tips.  In contrast, increasing the levels of Mical (including the hyperactive 
MicalredoxCH) in bristles induces branching.  (C) x2 bristle MicalredoxCH expression decreases 
bristle branching. Bristle branching is rarely seen in Mical loss-of-function mutant bristles 
but branching is observed as the expression of Mical is increased in bristles (full-length 
Mical or the hyperactive MicalredoxCH protein).   Interestingly, as the bristle expression of 
Mical increases to higher levels (x2 MicalredoxCH protein), a decrease in the number of 
branches is seen, suggesting that Mical’s function in vivo is not to directly induce branching 
but that branching is likely to be a secondary effect of Mical.   (n ≥ 15 bristles per genotype; 
data shown, mean ± s.e.m.)  Scale bar: 25µm.  (D) Both fascin and espin have long been 
known to play critical roles in regulating the actin organization in bristle processes, and 
mutations in both fascin (singed mutants, sn) and espin (forked mutants, f) generate bristles 
that are abnormally structured, tortuous, and branched (Mohr, 1922; Morgan and Bridges, 
1916; Tilney et al., 1995).  Expressing high levels of Mical in bristles (x2 bristle MicalredoxCH; 
Figure 3.1C) generates bristle defects that resemble those seen with a loss of F-actin 
bundling proteins (actin bundling protein “knockout [k/o]” mutant).  Scale bar: 25µm.  (E) 
Representative drawings of F-actin bundles from bristles subjected to cross-sectioning and 
EM analysis.  A decreased amount of F-actin is present around the membrane (gray) of 
bristles (compared to wild-type) when either the hyperactive Mical is expressed in bristles 
(bristle MicalredoxCH) or the actin bundling proteins espin or fascin are mutated (sn-/-, f-/-).  
Inversely, loss of Mical (Mical-/-) or elevating the level of f (espin protein) increases the 
amount of F-actin in bristles.  Modified from (Hung et al., 2010; Tilney et al., 1998; Tilney et 
al., 1995).  
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Figure 3.2. Decreasing the level of sn and f in bristles enhances Mical-dependent bristle 
defects.  (A) We noticed that several types of bristles did not exhibit substantial bristle 
defects when low levels of Mical (MicalredoxCH) were expressed within them (including 
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humeral, postvertical and vertical bristles) (Ferris, 1950a; Hartenstein and Posakony, 1989).  
However, expressing low levels of Mical (MicalredoxCH) in a genetic background 
heterozygous for loss-of-function alleles of fascin and espin (sn+/-,f+/-) induced highly-
penetrant morphological defects within these bristles.  (x1 bristle MicalredoxCH (n=18); sn+/-

,f+/- (n=25); x1 bristle MicalredoxCH + sn+/-,f+/- (n=24)).  (B) Expressing low levels of fascin in 
bristles (x1 bristle fascin) did not induce bristle defects but expressing fascin in a genetic 
background heterozygous for loss-of-function mutant of Mical (Mical+/-) induced bristle 
defects such as thick, short and bent bristles. (n=40)  (C) (Left) Low levels of Mical bristle 
expression in a genetic background homozygous for loss-of-function alleles of fascin and 
espin (sn-/-,f-/-) induces severe bristle morphology alterations such that bristle processes now 
appear almost round in some cases (arrows).  Scale bar: 25µm. (Right) Compared to the 
bristles of sn-/-,f-/- and x2 bristle MicalredoxCH, x1 bristle MicalredoxCH + sn-/-,f-/- bristles have a 
larger maximum width in the main bristle shaft.  (sn-/-,f-/- (n=11); x2 bristle MicalredoxCH 
(n=11); x1 bristle MicalredoxCH + sn+/-,f+/- (n=11)). (student t-test, *p<0.05).  (D) When both 
the activity of Mical is increased and the levels of actin bundling proteins are decreased, actin 
in no longer present in large, bundled filaments that provide the forces necessary to extend 
the normal bristle process, but instead has a meshwork appearance that generates an 
additional cell-body-like structure.  
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Figure 3.3. Mical disassembles Fascin and Espin bundled F-actin in vitro.  (A) Purified 
espin bundles F-actin.  After low-speed sedimentation, F-actin was mainly present in the 
soluble fraction indicating that most of F-actin is not bundled.  However, in the presence of 
purified espin protein, F-actin was mainly present in the pellet fraction, indicating that F-
actin was bundled by espin.  (B) Low-speed sedimentation was used to test if purified 
MicalredoxCH protein disassembles actin filaments bundled by espin.  Notice that the majority 
of actin is present in the supernatant (arrowhead) indicating that actin filaments bundled with 
espin are disassembled by purified MicalredoxCH protein with NADPH (S, supernatant; P, 
pellet).  Specifically, when these espin bundled actin filaments were treated with MicalredoxCH 
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protein and its coenzyme NADPH (which activates Mical), most of F-actin moved to the 
soluble fraction indicating that Mical disassembles espin bundled actin filaments.  (C) 
Purified MicalredoxCH protein also disassembles actin filaments bundled by two different actin 
bundling proteins, espin and fascin. The presence of espin and fascin protein in the pellet 
fraction with F-actin indicates that F-actin was bundled by both espin and fascin.  However, 
note that after treatment with purified MicalredoxCH protein and NADPH, the majority of actin 
is present in the supernatant (arrowhead) indicating that actin filaments bundled with espin 
and fascin are disassembled by Mical (S, supernatant; P, pellet). 
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Figure 3.4. Actin bundling proteins counteract Sema/Plexin/Mical-mediated axon 
guidance.  (A) (Left) Axon guidance defects are observed when sn and f are mutated (sn-/-,f-/-

).  (ISNb) In wild-type embryos, ISNb motor axons normally defasciculate from the ISN and 
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grow dorsally to innervate muscles 6/7 and 12/13 (arrows).  In sn-/-,f-/- mutant embryos, axons 
often fail to innervate their targets (arrows).  (SNa) In wild-type embryos, SNa axons extend 
dorsally between muscles 22 and 23 and then make two characteristic turns (arrows).  In sn-/-

,f-/- mutant embryos, SNa axons fail to make the two characteristic turns (arrowheads).  
(CNS) In wild-type embryos, three (1,2,3) characteristic CNS longitudinal connectives can be 
seen that are equally spaced and of a similar width.  In sn-/-,f-/- mutant embryos, axons within 
the third longitudinal are disrupted (arrows).  (Right) The percentage (%) of defective axons 
within ISNb, SNa, and CNS of wild type and sn-/-,f-/- mutant embryos.  n ≥ 96 / genotype.  
(B-C)  Guidance defects due to overexpression of Mical and Plexin are enhanced by 
decreasing the levels of actin bundling proteins.  (B) Overexpression of Mical in neurons 
leads to CNS axon guidance defects and these defects are enhanced by decreasing the levels 
of the actin bundling proteins fascin and espin. n=100/genotype.  (C) Overexpression of 
Plexin A in neurons leads to abnormally defasciculated axons within CNS and decreasing the 
levels of actin bundling proteins enhances these defects. n ≥ 100/genotype; error bars: SEM; 
***p < 0.001 by one-way ANOVA, Tukey’s multiple comparison test.  (D) Working model 
for Mical-mediated F-actin disassembly and reorganization.  Mical and actin bundling 
proteins work in opposition to regulate the F-actin cytoskeletion.  Low levels of Mical-
mediated F-actin disassembly in vivo trigger new F-actin branching and an increase in 
cellular complexity.   However, when high levels of Mical are present/activated, this Mical-
triggered F-actin branching is reduced.  Raising the levels of F-actin bundling proteins 
counteracts these effects of Mical.  These Semaphorin/Plexin/Mical-triggered actin 
rearrangements and newly-generated branches/filopodia would enable navigating cells/axons 
to identify new, more permissive substrates and are likely to underlie the directional changes 
associated with Semaphorin repulsive guidance.  
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Materials and Methods 

Fly Stocks and Genetics 

All fly stocks are as previously reported (Hung et al., 2010; Yang and Terman, 2012) except 

the fascin, espin stock (y1, w1, sn3, f36a), which was obtained from Bloomington Drosophila 

Stock Center, Bloomington, Indiana, USA.  The sn3 allele is a well-characterized 

hypomorphic allele (Cant et al., 1994; Paterson and O'Hare, 1991), while the f36a allele is a 

well-characterized null allele (Petersen et al., 1994)). 

  

Bristle Phenotype Analysis and Imaging 

All bristle analysis and imaging was done as previously described (Hung et al., 2010).  The 

maximum width of main bristle shaft was determined as described below.  A guideline 

tracing the direction of main bristle shaft extension was drawn and then multiple width lines, 

which are perpendicular to the guidelines, were drawn.  Out of the multiple width lines, the 

longest lines were determined as the maximum width of main bristle shaft.  Any branch of 

which width is smaller than 10µm was excluded from the measurement.  The measurement of 

the lines was performed using Image J. 

 

F-Actin Sedimentation and Bundling Assays 

All in vitro assays with purified actin and bundling proteins were done using standard 

approaches as previously described (Hung et al., 2010).  Non-muscle actin was purchased 

from Cytoskeleton Inc.   MicalredoxCH and fascin protein were purified as previously described 
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(Hung et al., 2010).  Espin protein was purified using standard approaches (Bartles et al., 

1998) after obtaining a cDNA of espin (a kind gift of J R Bartles; (Bartles et al., 1998)).  

 

Drosophila Embryonic Immunostaining and Axon Guidance Assays 

All Drosophila embryonic work and analysis for axon guidance defects were done using 

standard approaches as previously described (Terman et al., 2002; Yang and Terman, 2012). 

Genotyping of Drosophila embryos were done by either beta-galactosidase staining or 

immunostaining using anti-Singed 7C (1:20, Developmental Studies Hybridoma Bank; (Cant 

et al., 1994)). 
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CHAPTER FOUR 
 
 

The Abl Tyrosine Kinase Modulates Mical-mediated Actin Rearrangements  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Matrigel invasion assay and colony formation assay were performed by S B Kim.  
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Abstract 
 
Dynamic changes to the actin cytoskeleton are critical for directing the morphology, motility, 

and navigation of cells and their membranous processes.  In particular, maintaining a balance 

between the assembly and disassembly of the actin cytoskeleton underlies both the normal 

development and plasticity required for proper cellular behavior.  Mical, which is a 

cytoplasmic redox enzyme, is an F-actin disassembly factor and directly links extracellular 

repellent cues to F-actin rearrangements.  Interestingly, Mical-mediated actin disassembly 

ultimately triggers new actin assembly and results in increased cellular complexity, raising 

questions of the molecular mechanisms underlying these events.  Here we find that Abl 

tyrosine kinase is a new interacting protein of Mical and functions together with Mical to 

increase cellular plasticity.  Our functional assays reveal that Abl and Mical work together to 

regulate cellular process formation and axon guidance and that Abl is a part of the 

Semaphorin/Plexin signaling cascade. We also find that Abl directly phosphorylates Mical 

and that a functional tyrosine kinase domain is required for Abl to exert its effect on Mical in 

vivo.  Moreover, Abl is a well-known oncogene that is associated with leukemia and other 

cancers, and we find that MICAL proteins modulate Abl-dependent cancer cell survival and 

invasion.  Thus, we have identified that Abl-Mical interactions play critical roles in normal 

cell biology and that Mical is required for the full oncogenic properties of Abl.  
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Introduction 

Dynamic changes to the actin cytoskeleton underlie the various mechanics necessary for cells 

to change their shape, move, and navigate (Pollard and Cooper, 2009).  Extensive studies 

over the last two decades have revealed that various extracellular guidance cues regulate 

these actin cytoskeletal changes (Dent et al., 2011; Kolodkin and Tessier-Lavigne, 2011).   

For example, signaling mediated by one of the largest families of extracellular guidance cues, 

Semaphorins (Semas) and their Plexin (Plex) receptors, induces actin disassembly and 

negatively regulates the shape, movement, and navigation of a wide range of cells and their 

membranous processes (Hung and Terman, 2011; Yazdani and Terman, 2006).  Thus, we 

have chosen Semas and Plexins as a model to better understand the mechanisms by which 

extracellular guidance cues regulate the actin cytoskeleton.  In particular, our work has 

focused on trying to understand how Semas/Plexins induce their effects.  What are the 

cytoplasmic proteins involved in Sema/Plexin-mediated actin cytoskeletal rearrangements? 

What are the biochemical means through which they disassemble filaments?  How do 

Semas/Plexins exert their effects to precisely specify changes in cell morphology, motility, 

and navigation?  

  Recently, one of the proteins we have found to be involved in Sema/Plex-triggered 

actin rearrangements is a member of a new family of actin regulatory proteins, the MICALs, 

that are phylogenetically conserved both functionally and structurally from Drosophila to 

humans (Hung et al., 2011; Hung et al., 2010; Terman et al., 2002; Yoon et al., in 

preparation).  MICALs are large cytoplasmic proteins that contain an enzymatically active 

oxidation-reduction (redox) domain, a calponin homology (CH) domain, a LIM domain, a 
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long proline (P) - rich region, and an Ezrin-Radixin-Moesin (ERM) α-like domain (Figure 

4.1A; (Hung and Terman, 2011; Terman et al., 2002)).  Our recent results have also revealed 

that Mical uses actin filaments as a substrate and posttranslationally oxidizes the methionine 

44 residue within the D-loop of actin to induce actin filament disassembly (Hung et al., 2011; 

Hung et al., 2010).  Our results therefore present a model where Mical is activated by binding 

to Sema-activated Plexin to induce F-actin disassembly in a localized manner.   

This identification of Mical and characterization of Mical’s F-actin disassembly 

activity has thus provided a basis for better understanding the mechanisms by which 

extracellular guidance cues like Semas precisely regulate the actin cytoskeleton.  However, 

these findings have also raised a number of additional questions including: How is the 

activity of the MICALs regulated?  What turns the MICALs off?  Do they work with other 

axon guidance cues?  What is role of the different domains of MICALs to their actin 

regulatory activity?  Are there other molecules that function with the MICALs in Sema/Plex 

signaling? 

  We now find that the Abl non-receptor protein tyrosine kinase is a new Mical 

interacting protein that is involved in Sema/Plexin signal transduction.  Abl and Mical 

colocalize and physically interact in vivo.  Functional assays reveal that Abl and Mical work 

together to direct cellular process shape, axon guidance, and cancer cell survival and 

invasion.  Our findings, therefore, reveal that Abl plays a critical role in Sema/Plexin/Mical-

mediated actin reorganization and also uncover a new role for Mical in Abl-triggered cancer 

development and metastasis. 
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Results 

Mical’s Proline-Rich Region is Critical In Vivo for Effects on Actin Reorganization 

 MICAL family proteins work downstream of one of the largest families of extracellular 

guidance cues, the cellular repellents Semaphorins, where they bind to the Semaphorin 

receptor Plexin and directly regulate the polymerization properties of actin (Hung and 

Terman, 2011; Hung et al., 2010).  In particular, our recent observations have revealed that 

the MICALs use their conserved flavoprotein monooxygenase (Redox) domain (Figure 

4.1A) to specifically oxidize and disassemble actin filaments (Hung et al., 2011).  However, 

MICALs are large proteins with multiple domains (Figure 4.1A) and so we have been 

investigating the role of these different domains in MICALs actin regulatory activity.  

Specifically, MICALs direct the organization of actin in a number of different cell types 

(Giridharan et al., 2012; Hung et al., 2011; Hung and Terman, 2011) including within 

developing Drosophila bristle processes, which have long served as a simple, single cell 

model for characterizing actin dependent events in vivo (Figure 4.1B; (Hung et al., 2010; 

Sutherland and Witke, 1999; Tilney and DeRosier, 2005).  Thus, we have been using these 

developing bristle processes to determine which parts of Mical are critical for its normal actin 

regulatory functions.  In the process of generating a series of deletion mutants of Mical we 

noticed that deletion of the large proline (P)-rich region of Mical (Figures 4.1A, D) 

generated the bent bristle defects that are a characteristic of loss of Mical function (Figures 

4.1D, 4.3E; (Hung et al., 2010)).  Furthermore, these effects were in contrast to the 

expression of full-length Mical, which generates actin reorganization that results in bristle 
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branching (Figures 4.1C, D, E).  Thus, the proline-rich region of Mical is important for 

Mical-mediated actin reorganization in vivo. 

 

The Abl Non-Receptor Protein Tyrosine Kinase is a Mical Interacting Protein 

Drosophila Mical, like mammalian MICALs, has a number of well-conserved PxxP motifs 

within their long proline-rich region (Figure 4.1A).  PxxP motifs serve as binding modules 

for SH3 domains, which are well-known protein interaction modules that mediate signal 

transduction events that are required for normal cellular physiology (Ren et al., 1993).  

Employing different portions of the Drosophila Mical proline–rich region as baits we 

conducted a yeast two-hybrid screen and identified the SH3 domain of the non-receptor 

protein tyrosine kinase Abl as a Mical interactor (Figures 4.1A, F-G).  Further analysis 

revealed that the Abl SH3 domain specifically interacted with a particular portion of the C-

terminus of the Mical proline rich region (Figures 4.1A, G).  Moreover, this interaction 

between Mical and the Abl SH3 domain was specific since other SH3 domains that we tested 

including those from Shot, Trio, Vav and the calcium channel beta subunit did not exhibit the 

hallmarks of an interaction in the yeast two-hybrid system (Figures 4.1H, I).   

Drosophila Abl, like mammalian Abl family members, is a non-receptor tyrosine 

kinase that plays critical but still incompletely understood roles in multiple cellular events 

(Colicelli, 2010; Panjarian et al., 2013).  In particular, Abl is distinguished from other non-

receptor tyrosine kinases by SH2, SH3, and both G-actin and F-actin binding domains that 

flank its tyrosine kinase domain (Figure 4.1F).  To begin to determine whether Abl might 

play a role in Mical-mediated actin remodeling we compared the expression of Drosophila 
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Mical and Abl.  Both Mical and Abl are expressed in a similar pattern throughout Drosophila 

development (Gertler et al., 1989; Terman et al., 2002).  For example, both Mical and Abl are 

highly expressed in developing Drosophila axons (Gertler et al., 1989; Terman et al., 2002) 

and our results using both Mical specific antibodies (Terman et al., 2002) and endogenous 

GFP Abl (Fox and Peifer, 2007) revealed that Mical and Abl were present in both central 

nervous system (CNS) and motor axon pathways (Figures 4.1Ja, a’, b, b’).  Further analysis 

revealed that Mical and Abl colocalized within these axons, including at sites of axonal 

innervation of muscle targets (Figures 4.1Jc, c’).  To further test if Mical and Abl associate 

within neurons in vivo, we performed co-immunoprecipitation experiments following 

expression of an epitope tagged version of Abl (UAS::HA-Abl) specifically in neurons.  Our 

results revealed that Mical robustly and specifically co-immunoprecipitates with neuronally 

expressed Abl (Figure 4.1K), providing additional support that Abl and Mical physically 

associate with one another. 

 

Abl and Mical Function Together to Mediate Axon Guidance  

Both Mical and Abl have been found to play critical roles in a number of different cellular 

events in vivo (Colicelli, 2010; Hung and Terman, 2011).  In Drosophila, both Mical and Abl 

are required for normal connectivity of the nervous system and play important functions in 

the guidance of axons (Beuchle et al., 2007; Elkins et al., 1990; Gertler et al., 1989; Hung et 

al., 2010; Song et al., 2010; Terman et al., 2002; Wills et al., 1999a; Wills et al., 1999b).  

Thus, to determine if Abl and Mical work together in vivo we examined whether they 

functionally interact to regulate axon guidance.  Axons within the Drosophila embryonic 



82 

 

nervous system exhibit a stereotypic pattern of guidance and innervation and have long 

served as a model to characterize proteins important for axon guidance (Araujo and Tear, 

2003; Sanchez-Soriano et al., 2007).  For example, axons within the ISNb motor pathway are 

easily observed following their defasciculation from the main ISN nerve and along their 

dorsal extension through the musculature to specifically innervate muscles 6/7 and 12/13 

(Figures 4.2A, B).  In Abl mutants, these ISNb axons exhibit stalling before reaching their 

target muscles (Figures 4.2C, D; (O'Donnell and Bashaw, 2013; Song et al., 2010; Wills et 

al., 1999a; Wills et al., 1999b)).  Similarly, in the absence of Mical, ISNb axons exhibit a 

failure to innervate their target muscles (Figure 4.2E; (Beuchle et al., 2007; Terman et al., 

2002)).  Thus, the similar ISNb stall phenotypes of Abl and Mical mutants raised the 

possibility that Abl and Mical function together to direct axon guidance in the Drosophila 

embryonic nervous system. 

          To further address this possibility, we looked for genetic interactions between Abl and 

Mical in directing axon guidance.  Using a weaker Abl mutant allele (Abl2), which has 

relatively mild ISNb stall defects, we examined whether decreasing the levels of Mical would 

enhance or suppress the defects present in Abl mutants.  Our results revealed that decreasing 

the levels of Mical enhance the ISNb guidance defects present in Abl hypomorphs (Figures 

4.2D, F, G), suggesting that Abl and Mical work together to direct axon guidance.  Moreover, 

further examination revealed that raising the levels of Mical in neurons rescued the ISNb stall 

defects present in Abl mutants (Figures 4.2D, H, I).  Together, these results indicate that Abl 

and Mical function together to guide axons and that Mical can compensate for loss of Abl.  
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Abl Modulates Sema/Plexin/Mical-mediated Actin Reorganization 

To better understand the role of the Mical and Abl interaction to cellular function we 

returned to the use of the bristle system, which provides a higher resolution cellular assay.  In 

particular, we wondered if Abl might play a role in Mical-dependent actin reorganization.  

Raising the levels of Mical specifically in Drosophila bristles generates actin reorganization 

that produces a branched bristle process (Figure 4.3A; (Hung et al., 2010).  Thus, to test if 

Abl modulates Mical-mediated actin reorganization and bristle branching, we decreased the 

level of Abl (Abl heterozygous mutants) in the background of bristle specific Mical 

overexpression.  Strikingly, decreasing the levels of Abl suppressed Mical-induced bristle 

branching, decreasing both the number and length of branches (Figure 4.3C).  Moreover, 

loss of Abl (Abl homozygous mutants) further suppressed Mical-mediated bristle branching, 

restoring the bristles to a near-normal unbranched appearance, and also restored the length of 

bristles (Figures 4.3B, C, D).  Thus, Abl is required for Mical-induced actin reorganization.   

To further characterize the involvement of Abl in Mical-mediated bristle actin 

reorganization we further examined Abl homozygous loss-of-function mutants.  Surviving 

Abl homozygous mutants (Abl2/Abl4) had straight, thick, and/or bent bristles that resembled 

Mical mutant bristles (Figures 4.3E, F).  Furthermore, adult flies transheterozygous for Abl 

and Mical mutations (double heterozygotes) have bristle defects when compared to 

heterozygous for Abl or Mical alone (Figure 4.3G), further indicating that Abl and Mical 

genetically interact and that Abl, like Mical, is required for proper development of the bristle. 

Mical plays a critical role in mediating the repulsive effects of Sema/Plexin signaling.  

In particular, Sema/Plexins induce actin reorganization and morphological changes in bristles 
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and Mical is critical for their effects (Hung et al., 2010).  Thus, we wondered if Abl also 

plays a role in Sema/Plexin signaling.  Increasing the levels of PlexA specifically in bristles 

generates bristle morphological changes (Figure 4.3H) that depend on Mical (Hung et al., 

2010).  Likewise, we found that the ability of PlexA to induce changes in the morphology of 

bristle processes is dependent on Abl (Figure 4.3I).  Bristles were significantly less branched 

when PlexA was overexpressed in bristles in an Abl mutant background (Figure 4.3I, J), and 

were also restored to a more normal length (Figure 4.3K).  Thus, Abl functions to modulate 

the actin regulatory abilities of Sema/Plexin/Mical signaling.   

 

Abl-Mical Interactions are Critical for Normal Actin Regulation 

To begin to understand the role that Abl might play in regulating Sema/Plexin/Mical-

mediated F-actin rearrangements, we sought to determine the site of interaction between 

Mical and Abl.  Our yeast two-hybrid screen had revealed that the SH3 domain of Abl 

specifically associates with a region of Mical containing multiple PxxP motifs (the IQP 

region) (Figures 4.1A, G).  Thus, to determine the critical PxxP motif/s of Mical mediating 

the interaction with the Abl SH3 domain, we took a two-step approach.  First, we generated a 

series of yeast two-hybrid screening baits covering different lengths of the Mical proline-rich 

region (Figure 4.4A).  Testing these constructs revealed that a portion of Mical including 

Gly2399 to His2550 was necessary for the interaction with the Abl SH3 domain (Figure 4.4A).  

Then, using a prediction program for Abl SH3 domain protein interaction partners (Hou et al., 

2006), we identified three proline-rich motifs (PqlY, PplP, PlpL) that have a similar score to 

other known Abl SH3 binding sequences (Hou et al., 2006).  Therefore, we introduced point 
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mutations to substitute the Pro, Tyr, and Leu residues of these PxxP/PxxY/PxxL motifs to 

Lys, which would be predicted to alter the interaction (Hou et al., 2006), and tested if these 

amino acid substitutions diminished the interaction between Mical and Abl.  We found that 

bait constructs with these amino acid substitutions showed weaker interactions with the Abl 

SH3 domain (Figure 4.4A).  To test if these amino acid substitutions also affected Mical’s 

activity in vivo, we generated transgenic flies with these amino acid substitutions in Mical 

and expressed these altered Mical proteins (Mical 4K1 and Mical 4K2) in bristles  (Figures 

4.4B, C).  Our results using multiple different transgenic lines revealed that the expression of 

the Mical 4K1 or Mical 4K2 mutant proteins decreased the bristle branching effects seen 

following expression of wild type Mical (Figures 4.3A, 4.4B, C).  These results indicate that 

an interaction between Abl and Mical are important for Mical’s full effect on actin 

reorganization and cell morphology.   

 

Abl Does Not Affect Mical Localization 

Thus, we wondered how does Abl affect Mical’s function?  In particular, we wondered if Abl 

affects Mical’s localization or activity?  Wild-type Mical localizes to growing bristle tips in 

close proximity to the bristle cell membrane and at the sites of bristle branching and actin 

localization (Figure 4.5A; (Hung et al., 2010)).  This localization of Mical is required for 

Mical’s effects on actin reorganization and bristle branching (Hung et al., 2010).  Therefore, 

since Abl mutants strongly suppress Mical-induced bristle branching (Figures 4.3B, C, D), 

we wondered if Abl affects Mical localization and thereby suppresses Mical-dependent 

bristle branching.  To test this hypothesis, we expressed a full-length GFP-tagged Mical, 
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which generates a similar bristle branching phenotype as full-length untagged Mical (Hung et 

al., 2010), and compared the localization of GFP::Mical in developing wild-type or Abl 

mutant bristles.  Consistently, we found no significant difference in the localization of 

GFP::Mical between wild-type and Abl mutant bristles (Figures 4.5A, B, C).  Thus, the 

suppression of Mical-mediated bristle branching does not result from a change in Mical 

localization triggered by a loss of Abl. 

 
Abl Phosphorylates Mical and Requires Its Kinase Domain to Regulate Mical-

dependent Actin Reorganization 

Thus, we wondered if Abl might modulate the ability of Mical to alter the actin cytoskeleton.   

To begin to test this, we asked if increasing the levels of Abl was sufficient to alter Mical-

mediated bristle branching.  Indeed, we found that when we increased the levels of Abl 

specifically in bristles using bristle-specific expression of an Abl transgene, the actin-

dependent branching effects induced by Mical was dramatically enhanced (Figure 4.5D).  In 

particular, bristles had more and longer branches and branches were often more complex in 

their morphology (Figure 4.5D, F).  Likewise, we found that increasing Abl levels enhanced 

PlexA-induced bristle morphological changes, generating highly branched and shorter 

bristles (Figures 4.5G, H, I) that resembled the bristles seen with high levels of bristle PlexA 

expression (Figures 4.3H, 4.5I).  Together, the results indicate that Abl is sufficient to 

increase Sema/PlexA/Mical-mediated signaling.    

  Thus, we wondered which part/s of Abl were regulating Mical-mediated actin 

reorganization.  In particular, we wondered if the kinase activity of Abl is required to induce 

Mical’s effects. To begin to test this, we expressed a version of Abl in which the catalytically 
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critical K417 residue of Abl was mutated to N417 and thus generating a kinase dead version of 

Abl (Abl KD) (Bashaw et al., 2000; Fogerty et al., 1999; Henkemeyer et al., 1990; Ku et al., 

2009; Leyssen et al., 2005; Wills et al., 1999a).  In contrast to wild-type Abl, we found that 

when we expressed Abl KD with Mical, Mical-dependent bristle branching was not 

enhanced; rather it was slightly suppressed compared to Mical expressing bristles (Figures 

4.5E, F and compare to Figure 4.3A).  Furthermore, we found that unlike Abl 

overexpression on its own in bristles, which is sufficient to generate bristle branching and is 

dependent on Mical expression (Figure S4.1A), expression of Abl KD alone in bristles did 

not generate any morphological defects (Figure S4.1B).  Thus, a functional kinase domain is 

required for Abl’s function in bristle cell morphology and Mical-mediated actin 

reorganization. 

          To further understand the role of the Abl kinase in regulating Mical, we looked at the 

ability of Abl to regulate different forms of Mical.  Our previous results had revealed that the 

N-terminus of Mical containing only the Redox enzymatic domain and Calponin homology 

(CH) domain (what we have called MicalRedoxCH) is a constitutively active form of Mical that 

generates severe actin rearrangements and highly branched bristles in vivo (Figure 4.1A, 

4.6A ; (Hung et al., 2010)) and directly disassembles F-actin in vitro (Hung et al., 2011; 

Hung et al., 2010).  This MicalRedoxCH protein does not contain the Plexin interaction region 

or contain the proline-rich region, which mediates the interaction with the Abl SH3 domain.  

Thus, we wondered if Abl affected the actin regulatory activity of MicalRedoxCH.  To test this, 

we expressed MicalRedoxCH in bristles in a wild type background and in an Abl homozygous 

mutant background.  Surprisingly, Abl mutants strongly suppressed the MicalRedoxCH induced 
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bristle branching phenotype (Figure 4.6B, C).  Thus, we wondered if perhaps the Mical 

protein itself was a target of the Abl kinase, which might be directly modulating Mical’s 

activity.    Interestingly, we noticed there are several consensus Abl phosphorylation sites in 

the RedoxCH region of Abl (Figure 4.6D; (Amoui and Miller, 2000; Songyang et al., 1995; 

Wu et al., 2002), http://gps.biocuckoo.org/ (GPS2.1), http://www.phosphosite.org/, 

http://www.dabi.temple.edu/disphos/pred/predict).  So, given the requirement of the kinase 

portion of Abl in regulating Mical’s effects we wondered if Abl phosphorylates Mical.  

Conducting in vitro kinase assays using purified proteins for MicalRedoxCH and Abl, we found 

that MicalRedoxCH protein was phosphorylated by the Abl kinase (Figure 4.6D). 

 

MICAL-1 Knockdown Sensitizes Breast Cancer Cells to Gleevec Treatment 

Abl kinases are highly active in several poorly differentiated, highly invasive, estrogen 

receptor (ER)-negative breast cancer cell lines (Srinivasan and Plattner, 2006).  Active Abl 

kinases are required for the invasion, proliferation, anchorage-independent growth and 

survival of these breast cancer cells (Ganguly and Plattner, 2012; Srinivasan and Plattner, 

2006; Srinivasan et al., 2008).  Interestingly, recent genome wide studies suggest that 

MICAL-1 might be involved in breast cancer development (Lin et al., 2007; Rodenhiser et al., 

2008; Sjoblom et al., 2006).  Therefore, we wondered if Abl kinases and MICALs functions 

together in breast cancer development.  Using MDA-MB-231 cells, which are one of the 

most highly invasive breast cancer cell lines with high Abl activity, we generated MICAL-1 

stable knockdown cell lines and performed cancer cell invasion assays with/without Gleevec 

treatment (Figure 4.7A, B).  Gleevec is an Abl kinase inhibitor and is well-known for its use 
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in Bcr-Abl induced leukemia treatment (O'Hare et al., 2012).  Interestingly, MICAL-1 

knockdown makes MDA-MB-231 cells more sensitive to Gleevec treatment.  When the 

cancer cells were treated with Gleevec, MICAL-1 knockdown MDA-MB-231 cells were less 

invasive compared to control MDA-MB-231 cells (Figure 4.7B).  Abl kinases are also 

involved in the growth and progression of highly differentiated, noninvasive, ER-positive/PR 

(progesterone receptor)-positive breast cancer cells (Sirvent et al., 2007).  To test if MICAL-

1 is also involved in progression of ER-positive breast cancer cells, we performed a colony 

formation assay to measure the ability of a single cell to grow into a colony using MCF-7 

cells.  Like MDA-MB-231 cells, we generated a MICAL-1 stable knockdown cell line using 

shRNA (Figure 4.7C) and performed colony formation assays with/without Gleevec 

treatment.  Gleevec inhibited colony formation more effectively, when the levels of MICAL-

1 were decreased by shRNA (Figure 4.7D).  Taken together, our data indicates that MICAL-

1 functions with Abl kinase in cancer cell development and MICAL-1 knockdown sensitizes 

cancer cells to Gleevec treatment.  
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Discussion 
 
Maintaining the balance between actin assembly and disassembly is critical for normal 

cellular behaviors (Pollard and Borisy, 2003; Pollard and Cooper, 2009).  Recently, we found 

that MICAL family Redox enzymes use a previously unknown post-translational mechanism 

to regulate actin dynamics and cellular functions but the different proteins that MICAL 

works with are just beginning to be understood.  Now, we find that a member of the Abl 

family of tyrosine kinases regulates Mical-mediated effects on the actin cytoskeleton.  

Specifically, we find that Abl regulates the actin disassembly activity of Mical.  This occurs 

through the ability of the Abl SH3 domain to interact with the Mical PxxP motif.  Our results 

also indicate that Abl phosphorylates Mical and uses its kinase function to control Mical’s 

ability to exert its effects on actin.  These interactions spatiotemporally regulate actin 

organization to alter cellular behavior in response to Sema/Plexin extracellular guidance cues 

(Figure 4.8). 

          Our genetic and biochemical experiments identify Abl as a new Mical interacting 

protein that plays specific roles in Sema/Plex/Mical signaling.  Abl family proteins are 

evolutionarily well-conserved non-receptor tyrosine kinases found in all metazoans including 

one Drosophila form and two mammalian forms (c-Abl/Abl1 and Abl-related gene 

(Arg)/Abl2; (Colicelli, 2010; Lanier and Gertler, 2000; Panjarian et al., 2013)).  Abl is 

required for normal development of different cells and tissues including the nervous system 

(Bashaw et al., 2000; Gertler et al., 1990; Gourley et al., 2009; Koleske et al., 1998; Li et al., 

2005; Rhee et al., 2007; Schlatterer et al., 2011), epithelial tissues (Fox and Peifer, 2007; 

Grevengoed et al., 2001; Sheffield et al., 2007; Stevens et al., 2008), blood cells (Brightbill 
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and Schlissel, 2009; Chen et al., 2009; Liberatore and Goff, 2009; Schwartzberg et al., 1991; 

Silberman et al., 2008; Tybulewicz et al., 1991), bone cells (Kua et al., 2012; Li et al., 2000), 

and the heart (Qiu et al., 2010).  Abl also regulates normal cellular behavior including cell 

adhesion, motility and navigation by modulating the actin cytoskeleton through tyrosine 

phosphorylation of various actin cytoskeletal regulatory proteins including Abl interacting 

protein (Abi), Cortactin, Ena/VASP, Lamellipodin, and Wave (Bradley and Koleske, 2009; 

Colicelli, 2010).  Our results now indicate that Abl also phosphorylates Mical to control its 

actin regulatory abilities.  In addition, previous results have suggested that Abl may work in 

some capacity in the Sema3F/Nrp2/PlexinA1 signaling pathway (Shimizu et al., 2008).  

Therefore, our results uncover a molecular mechanism through which Abl tyrosine kinases 

are involved in Sema/Plex signaling.  Interestingly, it is also known that Abl-mediated actin 

regulation is required for extracellular guidance cue dependent signaling including that 

induced by members of the Slit family of guidance cues and their Robo receptors (Bashaw et 

al., 2000; Rhee et al., 2007).  Thus, future work should be aimed at determining if there is 

some integration point at Abl and Mical that allows a convergence of Slit/Robo and 

Sema/Plexin signaling. 

Our genetic and biochemical experiments indicate that the Abl tyrosine kinase 

directly phosphorylates Mical and regulates Mical activity in a kinase dependent manner.  

Phosphorylation is one of the most prevalent and important posttranslational modifications of 

proteins and it is estimated that around 30% of proteins are phosphorylated (Cohen, 2000; 

Hunter, 2012; Ubersax and Ferrell, 2007).  Dysregulation of protein phosphorylation 

including genetic mutations in protein kinases and phosphatases is a cause of numerous 
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diseases (Braithwaite et al., 2012; Brognard and Hunter, 2011; Dalton et al., 2012; Tonks, 

2006).  MICALs have multiple Ser/Thr and Tyr amino acid residues that are candidates to be 

phosphorylated and mass spectrometry analyses has identified phosphorylation on some of 

these residues (www.phosphosite.org; (Rahajeng et al., 2010; Rikova et al., 2007)).  

However, neither the kinases that phosphorylate the MICALs nor the roles of 

phosphorylation on MICAL function have previously been reported.  It is interesting to note, 

however, that NDR serine/threonine kinases have been identified as interacting proteins of 

mammalian MICAL-1, but they do not phosphorylate MICAL-1 nor affect MICAL-1’s 

enzymatic or cell contraction activity (Zhou et al., 2011).  Our findings also suggest that the 

actin regulatory enzymatic activity of MICALs is modulated by phosphorylation.  In this 

regard it is interesting that phosphorylation has previously been found to modulate the 

activity of some redox enzymes.  For example, Akt/PKB kinases phosphorylate heme 

oxygenase-1 (HO-1) at Ser188 residue and a phosphomimetic mutant form of HO-1 has 

increased activity (Salinas et al., 2004).  Future work should be aimed at determining the 

tyrosine residue/s on Mical that are phosphorylated by Abl, the effect of phosphorylation on 

Mical’s enzymatic activity, and if any phosphatases can reverse Abl-mediated 

phosphorylation of Mical.   

Our results also suggest a mechanism whereby Mical regulates the activity of Abl.  

Abl family proteins have conserved protein functional domains including an SH3 domain, an 

SH2 domain, a tyrosine kinase domain and actin binding domains (Panjarian et al., 2013). 

The tyrosine kinase activity of Abl is tightly regulated by autoinhibitory mechanisms through 

intramolecular interactions between the N-terminal SH3 and SH2 domains and the kinase 
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domain (Colicelli, 2010; Panjarian et al., 2013).  Interactions between foreign proteins and 

the SH2 or SH3 domains of Abl disrupt the autoinhibitory interactions and induce activation 

of the Abl tyrosine kinase (Colicelli, 2010; Panjarian et al., 2013).  Future work will 

determine if interactions between Mical and the Abl SH3 domain activate the Abl tyrosine 

kinase activity.  

Our experiments also find that mammalian MICAL-1 functions with Abl in cancer 

invasion, proliferation, and growth.  Constitutively active forms of Abl such as Bcr-Abl, 

which results from chromosomal translocation, drive the development of various forms of 

leukemia (O'Hare et al., 2012; Ren, 2005).  Likewise, recent studies find that when the kinase 

activity is dysregulated, “normal” forms of c-Abl/Arg also contribute to cancer development 

(Ganguly and Plattner, 2012; Srinivasan and Plattner, 2006; Srinivasan et al., 2008).  Yet, 

although growing evidence indicates that Abl is critically involved in the development of 

various cancers at different stages of development, the molecular mechanisms by which Abl 

is involved in cancer is not well understood.  Studies have indicted that c-Abl/Arg are 

involved in matrix degradation, invasion, proliferation, tumorigenesis, and/or metastasis 

depending on the tumor types (Ganguly and Plattner, 2012), but the mechanisms underlying 

these effects are not clear.  Small molecule tyrosine kinase inhibitors, including Gleevec 

(imatinib mesylate, STI571), are widely used for treatment of Abl-related cancers (O'Hare et 

al., 2012).  However, resistance to small molecule tyrosine kinase inhibitor treatment, which 

results from point mutations within Abl tyrosine kinases (Apperley, 2007; Gorre et al., 2001; 

O'Hare et al., 2012; Soverini et al., 2011), is one of the major hurdles to overcome in 
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effective Abl-related cancer treatment.  Thus, other targets, in addition to Abl, need to be 

identified and targeted during treatment of Abl-related cancers.  

          Growing evidence indicates that the MICALs are involved in the development of 

various cancer types.  Epigenetic mapping and functional analysis found that the promoter 

region of human MICAL-1 is hypermethylated, which usually represses transcription of the 

gene, in MDA-MB-468GFP-LN cell line, which is a highly metastatic variant of MDA-MB-

468GFP human breast adenocarcinoma cell line (Rodenhiser et al., 2008).  An independent 

somatic mutation analysis from a variety of tumor types also identified two mutations in the 

CH domain of human MICAL-1 in breast cancer cell lines (Lin et al., 2007; Sjoblom et al., 

2006).  Moreover, MICAL-2 has been reported to be involved in prostate cancer progression 

(Ashida et al., 2006).  However, despite considerable interest in the functions of MICALs in 

cancer, the molecular mechanism by which MICALs are involved is poorly understood.  We 

now find that MICAL-1 knockdown breast cancer cells become more sensitive to Gleevec 

(Imatinib mesylate, STI571) treatment suggesting that MICAL-1 functions with Abl tyrosine 

kinase in breast cancer development.  Our findings further suggest that MICALs might be a 

potential therapeutic target of Abl-related cancer treatment.  Future work should focus on 

answering the following questions: how do the MICALs and Abl regulate each other in 

cancer development?  What other proteins are involved in the Abl/MICAL cancer pathway?  

Previous studies using breast cancer cell lines (MDA-MB-231 and MCF-7) identified several 

Abl tyrosine kinase substrates including Wave-3 (Sossey-Alaoui et al., 2007), Crk (Hayes et 

al., 2012), Cortactin (Mader et al., 2011), estrogen receptor α (He et al., 2010) and AIB1 
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(amplified in breast cancer 1) (Oh et al., 2008).  Determining the roles of the MICALs as 

they relate to these known Abl targets should also be investigated.    

          In conclusion, we have identified a new interaction between MICAL and Abl enzymes.  

Our data indicates that Mical requires Abl to mediate F-actin disassembly and cellular 

plasticity. Interestingly, although Abl is mainly known to be involved in new actin assembly 

(Colicelli, 2010; Hernández et al., 2004), Abl has been found to be closely related with actin 

depolymerization and actin depolymerizing factors. For example, P210Bcr-Abl recruits the 

actin depolymerization factor ADF/destrin through RhoA/ROCK1 and induces amoeboid 

motility of mouse prolymphoblastic cells (Rochelle et al., 2013).  Abl2/Arg also has been 

linked to Sema3F-induced RhoA inactivation and cytoskeletal collapse in human glioma 

cells (Shimizu et al., 2008).  We now find that Abl is required for Mical’s effects suggesting 

that Abl might regulate actin disassembly through the direct interaction with the F-actin 

disassembly factor Mical.  Thus, Abl-Mical interactions are critical for proper actin 

regulation in vivo and this interaction is involved in multiple cellular events including 

membranous process formation, axon guidance and cancer development.  
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Figure 4.1. The Abl non-receptor tyrosine kinase is a new Mical interacting protein.  
(A) Mical protein organization.  Mical has a long proline (P) -rich region containing a 
number of well-conserved PxxP motifs (where x is any amino acid).  Portions of the PxxP 
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motif region of Mical (PRNt; light blue, amino acids 861-1539, IQP; blue, amino acids 1951-
2550) were baits in a yeast two-hybrid screen.  Redox, monooxygenase enzymatic domain; 
CH, calponin homology domain; PIR, plexin interacting region.  (B) Wild-type adult bristles 
are unbranched and slightly curved.  A posterior scutellar bristle, which is the longest large 
bristle (macrochaetae) of Drosophila, is presented in the figure.  (C) Mical is sufficient to 
alter bristle morphology and induces branching of bristles when it is expressed specifically 
within bristles.  (D) MicalΔPxxP expression generates bent bristles, which are similar in 
appearance to Mical loss-of-function bristles.  (E) Numbers of branches induced by different 
Mical constructs.  MicalΔPxxP expression is quantitatively distinct from Mical overexpression 
and MicalΔPIR expression, which is a constitutively active form of Mical.  MicalΔPxxP 
expression induced bristles are similar in appearance to MicalΔRedox or Mical ΔCH, which are 
inactive forms of Mical. n≥10 bristles per genotype; data shown, mean ± s.e.m.  (F) 
Drosophila Abl protein organization.  G, G-actin binding domain; F, F-actin binding domain.  
(G) The Abl SH3 domain specifically interacts with a particular portion of the C-terminus of 
the Mical proline-rich region (the IQP region, amino acids 1951-2550, see Figure 4.1A).  No 
interactions were observed between the Abl SH3 domain and the other part of Mical proline-
rich region (the PRNt region, amino acids 861-1539, see Figure 4.1A).  (H) The Mical IQP 
region specifically interacts with the Abl SH3 domain.  The SH3 domains of other proteins 
including Shot, Trio, Vav, and the calcium channel beta subunit do not interact with Mical 
IQP.  The interactions were measured by beta-galactosidase (β-gal) activity both in G and H.  
(I) A representative image of a yeast two hybrid interaction assay.  The interaction between 
PlexA and Mical was used as a positive control.  Note the strong blue color indicative of β-
gal activity of the yeast expressing both the Abl SH3 domain and the Mical IQP region.  The 
yeast expressing the Vav SH3 domain and Mical IQP region did not exhibit the same blue 
color.  (J) Mical and Abl are expressed in a similar pattern and co-localize in the developing 
Drosophila embryonic nervous systems in vivo.  Mical (antibody to Mical, red; a and a’) and 
Abl (genomic Abl::GFP construct (Fox and Peifer, 2007), green; b and b’) co-localize 
(yellow) in both CNS and motor axon pathways (c) and axonal innervations (c’).  (K) Mical 
and Abl associate within neurons in vivo.  Embryonic lysates from Drosophila embryos 
expressing HAAbl in neurons were subjected to immunoprecipitation with antibodies against 
HA.  Antibodies against HAAbl (top) immunoprecipitate endogenous Mical (bottom) while 
controls (beads only or antibodies against Flag) do not.  
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Figure 4.2. Abl and Mical function together to mediate axon guidance.  (A) Summary 
diagram of the wild-type ISNb axon pathway and innervation pattern.  (B) The normal axon 
guidance and innervation pattern of ISNb axons in wild-type embryos.  In wild-type 
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embryos, ISNb motor axons defasciculate from the ISN nerve and grow dorsally to innervate 
muscles 6/7 and muscles 12/13 (arrows, and compare with A).  (C) Summary diagram of 
ISNb stall phenotypes of Abl mutant and Mical mutant.  (D) ISNb axons of Abl mutant (Abl2 
or Abl4) exhibit innervation defects.  In Abl mutant embryos, ISNb motor axons fail to 
innervate their target muscles.  Note the lack of innervation of their target muscles (arrows).  
(E) ISNb axons of Mical mutant (MicalDf(3R)Swp2) exhibit similar ISNb stall phenotypes (and 
lack of innervation, arrows) to Abl mutant embryos (compare with D).  (F and G) Decreasing 
the levels of Mical enhanced the percentage of ISNb axon guidance defects present in Abl 
mutants.  n ≥ 100 hemisegments/genotype; data shown, the percentage of hemisegments with 
guidance defects.  (H and I) Increasing the levels of Mical in neurons suppressed the ISNb 
axon guidance defects present within Abl mutants.  n ≥ 95 hemisegments/genotype; data 
shown, the percentage of hemisegments with guidance defects. 
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Figure 4.3. Abl modulates Sema/Plex/Mical-mediated actin reorganization.  (A) 
Expression of Mical in bristles generates branched bristle processes.  (B-D) Decreasing the 
levels of Abl suppresses Mical-induced bristle branching.  (B) Abl homozygous mutants 
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strongly suppress Mical-mediated bristle branching to generate bristles that look similar to 
wild-type bristles, which are unbranched and slightly curved (compare with Figure 4.1B).  
(C) Decreasing the levels of Abl decreases the number of Mical-induced bristle branches.  n 
≥ 29 bristles/genotype; data shown, mean ± s.e.m.; t-test; ****P<0.00001.  (D) Bristle 
specific expression of Mical generates shorter bristles whose length is restored to more 
normal length when the levels of Abl are decreased.  n ≥ 7 bristles/genotype; data shown, 
mean ± s.e.m.; t-test; **P<0.001.  (E)  Mical is necessary for normal bristle morphology.  
Mical mutant bristles are straight, thick, and/or bent (Hung et al., 2010).  (F) Abl 
homozygous mutant (Abl2/Abl4) bristles resemble Mical loss-of-function mutant bristles.  Abl 
mutant bristles are straight and/or bent.  All large bristles (macrochaetae) were examined.  
(G) The percentage of adult flies containing bristle defects in different genetic backgrounds.  
Compared to Abl heterozygous mutants (Abl4/+) or Mical heterozygous mutants 
(MicalDf(3R)Swp2/+, a deficiency allele of Mical) only, Abl/Mical transheterozygous mutant 
(Abl4/+, MicalDf(3R)Swp2/+) flies have higher percentage of bristle defects.  n ≥ 30 adults 
flies/genotype.  (H) Increasing the levels of PlexA generates branched bristles.  (I) 
Decreasing the levels of Abl suppresses PlexA-induced bristle branching phenotypes.  (J) 
Decreasing the levels of Abl decreases the number of branches induced by PlexA 
overexpression.  n ≥ 39 bristles/genotype; data shown, mean ± s.e.m.; t-test; ****P<0.00001.  
(K) Decreasing the levels of Abl restores the length of bristles.  n ≥ 9 bristles/genotype; data 
shown, mean ± s.e.m.; t-test; ****P<0.00001. 
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Figure 4.4.  Abl and Mical interactions are necessary for Mical’s effects.  (A) 
Representation of protein constructs containing different portions of the Mical proline-rich 
region and their ability to interact with Abl SH3 domain, as assessed using a yeast two-
hybrid assay as in Figure 4.1G-I. +++, strong interaction; ++, medium interaction; +, weak 
interaction; -, no interaction. The blue box corresponds to the Mical IQP construct, which 
was the bait construct used for the initial yeast two-hybrid screen as in Figure 4.1G-I.  The 
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orange box (Gly2399 - His2550) indicates the region that is necessary for the interaction with 
the Abl SH3 domain.  This region contains a number of PxxP/Y/L motifs predicted to 
interact with Abl SH3 domain (Hou et al., 2006).  The 2Δ construct has a deletion of the 
region corresponding to amino acids Asp2525-Ser2532 including the PplP (blue) and the PlpL 
(light blue) motifs.  The PlpL motif (blue) was substituted with KlpK (P2530 to K2530 and L2533 
to K2533) in the 2K, 4K1 and 4K2 constructs.  In addition, the PqlY motif (green) in the 4K1 
construct and the PplP motif (light blue) in the 4K2 construct were substituted with KqlK 
(P2502 to K2502, Y2505 to K2505) and KplK (P2529 to K2529, P2532 to K2532), respectively.  (B and 
C) The Abl SH3 interacting region is necessary for Mical’s full activity.  The point mutations 
in PxxP/Y/L motifs (Mical 4K1 and Mical 4K2) decrease Mical-mediated bristle branching. 
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Figure 4.5.  Abl modulates Mical’s actin regulatory effects in a kinase dependent 
manner.  (A) GFPMical (green) localizes to elongating pupal bristle tips (arrow).  CB, cell 
body.  (B) Loss of Abl, which strongly suppresses Mical-induced branch formation, does not 
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change the localization of GFPMical (green, arrow).  CB, cell body.  (C) The levels of 
GFPMical in the bristle tips are indistinguishable between wild-type and Abl homozygous 
mutants (Abl2/Abl4) during different stages of bristle development.  n=10 pupal bristles for 
each genotype and each developmental stage; t-test.  (D) Increasing the levels of Abl 
enhances Mical-induced bristle branching and leads to bristles that are longer and more 
branched, including often have secondary or tertiary branches.  (E) An intact Abl kinase 
domain is required for Abl’s effect on Mical.  Overexpression of AblKD (KD, kinase dead; 
kinase inactive mutant), unlike wild type Abl (compare with D), does not enhance Mical-
induced bristle branching.  Rather, AblKD slightly suppresses Mical-induced bristle branching 
(compare with Figure 3.3A).  (F) The change in Mical-induced branch number by wild-type 
Abl or AblKD. n ≥ 39 bristles/genotype; data shown, mean ± s.e.m.; t-test; ***P<0.0001, 
****P<0.00001.  (G-I) Abl enhances PlexA-induced actin-dependent bristle branching.  
Low-level expression of PlexA does not alter bristle morphology.  However, increasing the 
levels of Abl enhances PlexA-induced bristle branching, generating highly branched bristles 
resembling those seen following high level expression of PlexA (compare with Figure 4.3H).  
n ≥ 39 bristles/genotype; data shown, mean ± s.e.m.; t-test; **P<0.001, ****P<0.00001. 
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Figure 4.6.  Abl phosphorylates Mical.  (A-C) (A) Expression of MicalRedoxCH (a 
constitutively active form of Mical) induces highly branched, complex bristles.  (B) 
Decreasing the levels of Abl suppresses MicalRedoxCH-induced bristle branching.  (C) n ≥ 20 
bristles/genotype; data shown, mean ± s.e.m.; t-test; ****P<0.00001.  (D) Consensus Abl 
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phosphorylation sites predicted in the MicalRedoxCH protein.  MS analysis identified 
phosphorylation on some Y residues (green *; www.phosphosite.org).  Purified MicalRedoxCH 
protein is phosphorylated by purified c-Abl tyrosine kinase as determined by western blot 
using a phosphotyrosine antibody.   
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Figure 4.7.  MICAL-1 knockdown sensitizes breast cancer cells to Gleevec treatment.  
(A and C) Human MICAL-1 shRNA knockdown was performed in two different breast 
cancer cell lines, MDA-MB-231 cells and MCF-7 cells.  Western blot using a MICAL-1 
antibody shows that the levels of MICAL-1 protein in the two cell lines were decreased by 
MICAL-1 shRNA compared to non-silencing control shRNA.  MICAL-1A and MICAL-1B 
in (A) are knock-down lines using two different MICAL-1 shRNAs.  Actin levels indicate 
that equal amount of samples were loaded.  (B) Gleevec inhibits MDA-MB-231 cancer cell 
invasion more efficiently when MICAL-1 levels are decreased.  MDA-MB-231 cells infected 
with a lentiviral vector expressing an shRNA against non-silencing or MICAL-1 were pre-
treated with either vehicle (DMSO) or Gleevec (10µM) in serum-free medium for 18hrs.  
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Then, the cells were plated in the upper well of Matrigel-coated transwell. After 48hrs of 
incubation, the invaded cells were stained and counted.  n = 3; data shown, mean ± s.e.m.  
(D) Gleevec inhibits MCF-7 cancer cell colony formation more efficiently when MICAL-1 
levels are decreased.  MCF-7 cells were plated in 6-well plates.  Either vehicle (DMSO) or 
Gleevec (6µM) was treated 24hrs after plating.  After 11 days of incubation, the colonies 
were stained and counted. Colonies were defined as clusters of >50 cells.  n = 3; data shown, 
mean ± s.e.m. 
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Figure 4.8. Working model: The Abl non-receptor tyrosine kinase modulates 
Sema/Plex/Mical-mediated actin cytoskeletal rearrangements.  (A) Semaphorin directly 
interacts with extracellular region of Plexin receptor.  (B) Mical interacts with Plexin 
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receptor on the cytoplasmic tail region.  Through this interaction, Mical is activated and 
disassembles F-actin through oxidation of the Met-44 residue of actin.  The Abl non-receptor 
tyrosine kinase phosphorylates Tyr residue/s in the redox region of Mical.  (C) 
Phosphorylated Mical continues to disassemble F-actin and generates free barbed ends of F-
actin.  Abl tyrosine kinase may also phosphorylate other Abl substrates including actin 
regulatory proteins to induce new actin assembly.  (D) The interactions between Mical and 
Abl spatiotemporally regulate actin disassembly and new actin assembly and results in 
increased cellular plasticity in response to extracellular guidance cues.  
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Materials and Methods 

Yeast Two-Hybrid Screening and Interaction Assay 

Yeast protocols were conducted using standard techniques (Golemis et al., 2011; Terman et 

al., 2002).  Portions of the PxxP motif region of Drosophila Mical (PRNt; amino acids 861-

1539, IQP; amino acids 1951-2550, 1; amino acids 1951-2170, 2, 2K, 4K1 and 4K2; amino 

acids 2171-2550, 3; amino acids 2171-2398, 2Δ; amino acids 2171-2524, 2533-2550) were 

inserted into the yeast bait vector (pEG202).  QuickChange® Multi Site-Directed 

Mutagenesis Kit (Stratagene) was used to introduce point mutations in 2K (amino acids P2530 

to K2530 and L2533 to K2533), 4K1 (amino acids P2502 to K2502, Y2505 to K2505, P2530 to K2530 and 

L2533 to K2533) and 4K2 (P2529 to K2529, P2530 to K2530, P2532 to K2532, and L2533 to K2533) 

constructs.  All resulting constructs were sequenced on both strands.  cDNAs of Abl 

(LD03455), shot (SD19937), Trio (LD19830), Vav (LD25754), and Calcium channel β 

subunit (RH74212) were used to amplify portions corresponding to SH3 domains and cloned 

into the prey vector (pJG4-5).  The levels of bait and prey interactions were determined using 

standard approaches (Golemis et al., 2011; Terman et al., 2002) by observing color 

development and growth rate from day 3 to day 5 after plating on both Glucose and 

Galactose/Raffinose-containing media with 0.05mg/ml of X-gal. 

 

Co-immunoprecipitation  

Co-immunoprecipitation assays were performed using standard approaches (Terman et al., 

2002).  Neuronal HAAbl embryonic lysates were prepared in RIPA buffer (50mM Tris-HCl 

pH8.0, 150mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) supplemented with 
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complete protease inhibitor cocktail tablets (Roche) and phosphoSTOP tablets (Roche).  Co-

immunoprecipitation assays were performed by adding mouse HA monoclonal antibodies 

(5µg; 12CA5, Roche) into the embryonic lysates.  Beads only (no antibody) or mouse Flag 

monoclonal antibodies (5µg; M2, Sigma) were used as negative controls for 

immunoprecipitation.  Western analysis was performed using HA antibodies (1:3,000; 3F10, 

Roche) and the Mical-CT antibodies (1:2,000; (Terman et al., 2002)).  

 

Drosophila Genetics, Molecular Biology, and Transgenic Lines 

Mical pUAST flies, MicalredoxCH pUAST flies, MicalΔredox pUAST flies, MicalΔCH pUAST 

flies, MicalΔPIR pUAST flies, GFPMical pUAST flies, HAPlexA pUAST flies and Mical 

deficiency flies (MicalDf(3R)Swp2) were generated as described (Hung et al., 2010; Terman et 

al., 2002).  MicalΔPxxP pUAST flies were generated by removing the region of Mical that is 

enriched with proline residues and contains at least 18 PxxP motifs (amino acids 862-2533) 

from the Mical “short” isoform and moving the resultant cDNA into the pUAST vector.  To 

generate Mical4K1 pUAST flies and Mical4K2 pUAST flies, a DNA fragment (nucleotides 

6894-7978) was removed from the Mical “short” isoform cDNA using SapI.  The removed 

region of cDNA was replaced with the DNA fragments derived from pEG202 4K1 or 

pEG202 4K2 constructs, which corresponds to the same region (nucleotides 6894-7978) 

including point mutations.  The resultant cDNA was then moved into the pUAST vector to 

generate the transgenic flies.  AblΔSH3 pUAST flies were generated by removing the region of 

Abl corresponding to the SH3 domain (amino acids 201-272) from Drosophila Abl and 

moving the resultant cDNA into the pUAST vector.  HAAbl pUAST flies were generated by 
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inserting 3x HA tag in front of a full length Drosophila Abl cDNA in the pUAST vector.  

Multiple fly lines of UAS: MicalΔPxxP, UAS: Mical4K1, UAS: Mical4K2, UAS:Abl ΔSH3 and  

UAS:HAAbl were generated and transgenic fly lines of the same genotypes showed similar 

bristle defects when expressed with the bristle-specific B11-GAL4 driver.  Drosophila 

embryo injections were done by BestGene, Inc. All other stocks were obtained from the 

Bloomington Stock Center except Mical point mutation stocks (kind gifts from Hermann 

Aberle; (Beuchle et al., 2007)), B11-Gal4 (a kind gift from John Merriam; (de la Cova et al., 

2004; Guild et al., 2003; Hopmann and Miller, 2003; Tilney et al., 2003; Tilney et al., 2004; 

Tilney and DeRosier, 2005)), Abl::GFP (a kind gift from Mark Peifer; (Fox and Peifer, 

2007)) and DAbl pUAST, DAblK417N pUAST, and Bcr-AblP210 pUAST fly lines (kind gifts 

from Frances Fogerty; (Fogerty et al., 1999)). 

 

Bristle Phenotype Analysis and Imaging 

Adult fly bristle phenotypic analyses were done by crossing flies at 25°C and subjecting only 

recently emerged adult offspring to collection, genotyping, and qualitative and quantitative 

analysis under a dissecting microscope (Leica Stereo Zoom S8 APO).  Bristles were scored 

for defects in morphology including branching, bending, and alterations to their tips as 

described previously (Hung et al., 2010).  We considered any deviation from the main bristle 

shaft as a branch.  For example, a bent bristle would not be considered to have a branch 

because it is simply bent without any deviation.  However, a “cross” shaped bristle would be 

considered to have a branch.  The number of branches on each mutant bristle was counted 

and the results were presented as the mean number of branches per bristle (± the standard 
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error of the mean (SEM)).  All large bristles (macrochaetae) were examined for defects in 

Mical-/- and Abl-/- mutant flies.  For all genetic interaction experiments, adult flies were 

examined for alterations to their posterior scutellar bristles, for precise comparison between 

single bristle cells from animal to animal.  Adult bristle imaging and drawings were done 

with the aid of a Zeiss Discovery M2 Bio stereomicroscope, a Zeiss Axiocam HR camera, a 

motorized focus and zoom, three-dimensional reconstruction software (Zeiss Axiovision 

software and Extended Focus Software [a kind gift from Bernard Lee]), and Microsoft Office 

Powerpoint, as described (Hung et al., 2010).  Bristle length was determined by drawing a 

tracing line on each bristle image and measure the length of line with the aid of Image J. 

 

Genotyping, Dissection and Analysis of Pupal Bristle 

Pupae were genotyped with the aid of Tb balancers on the second (Lattao et al., 2011) and 

third chromosomes and placed on double-sided tape (3M) within Petri-dishes containing wet 

Kimwipes to keep the pupae moist.  The pupae were incubated in a 25°C incubator until they 

reached the desired developmental stage.  Pupae were dissected by opening the outer pupal 

case with Dumont #5 forceps and GFPMical localization in the developing bristles was 

examined under a Zeiss Discovery M2 Bio stereomicroscope.  Pupal bristle imaging was 

done from ten bristles for each genotype at three different developmental stages with the aid 

of a Zeiss Discovery M2 Bio stereomicroscope, a Zeiss Axiocam HR camera, and Zeiss 

Axiovision software.  Comparison of GFPMical intensity was done using Image J. 

 

Drosophila Embryonic Immunostaining, Imaging and Axon Guidance Assays 



116 

 

Drosophila embryos were collected, processed, staged, immunostained and dissected as 

previously described (Terman et al., 2002).  In brief, embryos were collected with PBS 

containing 0.1% Triton (PBT) and dechorionated in 50% bleach for 5mins. Embryos were 

then fixed in 4% paraformaldehyde containing 50% heptane for 12mins.  Following 

devitellization with hard shaking in methanol, embryos were then washed in PBT and 

incubated with the appropriate antibodies.  For colocalization experiments, Abl::GFP 

embryos (Fox and Peifer, 2007) were incubated with the Mical-CT antibody (1:2,000; 

(Terman et al., 2002)).  Immunostained embryos were dissected in the mounting media (50% 

PBS and 50% Vectashield (Vector Labs)) and analyzed for endogenous Abl::GFP and Mical 

localization.  Embryo imaging was done with the aid of a Zeiss LSM 510 confocal 

microscope.  Standard approaches were used for axon guidance assays (Terman et al., 2002), 

where embryos were incubated with Fasciclin II antibodies (1:4; 1D4 supernatant, 

Development Studies Hybridoma Bank).  Immunostained embryos were then incubated and 

dissected in 70% glycerol and examined for ISNb motor axon guidance defects.  We 

examined 100 hemisegments for each genotype and scored ISNb axons missing innervation 

between muscles 6/7 and 12/13 or ISNb axons missing innervation between muscles 12/13 as 

ISNb defects.   

 

In Vitro Kinase Assay 

The MicalredoxCH protein was purified as described (Hung et al., 2010).  Purified MicalredoxCH 

protein was incubated with c-Abl tyrosine kinase (NEB) in a tyrosine kinase reaction buffer 

(50mM Tris-HCl pH7.5, 10mM MgCl2, 2mM DTT, 0.1mM EDTA, 0.01% Brij 35) 
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supplemented with 0.4mM ATP at 30°C for 1hr.  The results of the kinase reaction were 

resolved by SDS-PAGE and Western analysis was performed using phosphotyrosine 

antibodies (1:2,000; 4G10, Millipore) and His antibodies (1:3,000; His-2, Roche) to 

determine phosphorylation of MicalredoxCH protein.  Phosphorylation of MicalredoxCH protein 

was also determined by standard in vitro kinase assays using [γ-32P] ATP (PerkinElmer) as 

a phosphate donor following the manufacturer’s recommendation for c-Abl tyrosine kinase 

(NEB) and as described (Rhee et al., 2007; Xiong et al., 2009).  The reactions were incubated 

at 30°C for 1hr and stopped by adding 2X Laemmli sample buffer and boiling.  The results of 

the kinase reactions were resolved by SDS-PAGE and the gels were stained with Coomassie 

Brilliant Blue solution.  Dried gels were exposed to a PhosphorImager screen and the level of 

incorporated γ-32P was measured using a Storm PhosphorImager scanner (Molecular 

Dynamics).   

 

Human MICAL-1 Stable Knockdown Cell Line Generation 

Lentiviruses were collected from the culture medium of 293FT cells, which were transfected 

with pGIPZ-shRNA against MICAL-1 (Open Biosystems), pMD2G, and psPAX2 plasmids 

using Effectene Transfection Reagent (Qiagen).  To establish a human MICAL-1 knockdown 

cell line, two different breast cancer cell lines (MDA-MB-231 and MCF-7) were infected 

with lentiviruses expressing an shRNA against human MICAL-1 in the presence of 2µg/ml 

Polybrene (Sigma).  Viral infected cells were selected using puromycin.  To check the 

efficiency of knock down, Western analysis was performed using cell lysates and human 

MICAL-1 polyclonal antibodies (1:1,000; Protein Tech; (Giridharan et al., 2012)). 
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Matrigel Invasion Assay 

Matrigel invasion assays were performed using standard approaches with slight 

modifications (Ly et al., 2012).  MDA-MB-231 cells were washed with PBS and replaced 

with serum-free medium with or without 10µM of Gleevec (Selleckchem) overnight for 

serum starvation.  24-well Matrigel-coated transwell filters (BD Biosciences) were thawed 

and rehydrated according to the manufacturer's instructions.  Cells were collected, 

resuspended in 1000µl of serum-free medium, and 300µl were added to the top chamber in 

triplicates.  The bottom chamber was filled with 600µl of 10% serum medium as a 

chemoattractant.  After 48hrs incubation at 37°C, non-invaded cells were scraped off with a 

cotton swab and wells were washed with PBS.  Invaded cells were fixed and stained with 6% 

Glutaraldehyde and 0.5% Crystal Violet solution.  

 

Clonogenic Survival Assay (Colony Formation Assay) 

Clonogenic survival assays were performed using standard approaches (Kim et al., 2012).  

Trypsinized MCF-7 cells were counted and 100 cells of each genotype were seeded for 

colony formation assays in 6-well plates in triplicates.  24hrs after plating, vehicle (DMSO) 

or 6µM of Gleevec (Selleckchem) were added to cultures.  After incubation for 11 days, 

colonies were stained with a mixture of 6.0% glutaraldehyde and 0.5% crystal violet and 

counted.  Colonies were defined as clusters of >50 cells. 
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CHAPTER FIVE 
 
 

Conclusions 

 
Proper regulation of actin dynamics including maintaining a balance between the assembly 

and disassembly of the actin cytoskeleton is critical for the normal development and behavior 

of a cell.  Extracellular guidance cues have been identified that regulate this internal actin 

cytoskeleton but how these cues exert their effects is poorly understood.  During my graduate 

studies, I investigated members of the MICAL family of proteins, which were initially 

identified as interacting with receptors for one of the largest families of extracellular 

guidance cues, the Semaphorins.  My thesis observations reveal that Mical directly binds to 

F-actin and induces disassembly of F-actin in response to Semaphorin/Plexin signaling.  I 

have also found that Mical-mediated actin disassembly triggers new actin assembly and 

results in increased cellular plasticity.  My work has gone on to reveal that Mical proteins 

directly interact with Abl tyrosine kinases, which regulate the actin disassembly properties of 

Mical in a kinase dependent manner.  Thus, my thesis work has provided important new 

insights into the molecules and mechanisms linking extracellular guidance cues to precise 

actin regulation. 

 

Mical Directly Binds and Disassembles F-actin  

MICALs are evolutionally conserved cytoplasmic proteins including a number of functional 

domains: a redox domain, a CH domain, a LIM domain, a long proline-rich region, and an 
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ERM α-like motif.  However, nothing was known of the specific roles of the MICALs in 

Semaphorin/Plexin mediated signaling.  Combining Drosophila genetics, cell biology, and 

biochemical approaches, my colleagues and I found that Mical is both necessary and 

sufficient for Semaphorin/Plexin mediated F-actin reorganization.  Mical directly binds F-

actin and disassembles F-actin both in vivo and in vitro.  My structure/function analysis 

using a series of domain deletion mutant constructs of Mical revealed that the redox domain 

and CH domain of Mical are both necessary and sufficient for Mical’s function in F-actin 

arrangements in vivo.  My work went on to reveal that Mical utilizes its redox activity to 

directly alter F-actin stability, indicating a previously unknown role for specific redox 

signaling events in actin cytoskeletal regulation.  Mical, therefore, is a novel F-actin-

disassembly factor that provides a means through which actin reorganization – a hallmark of 

numerous cell behaviors – can be precisely achieved spatiotemporally in response to 

Semaphorins. 

 

Mical Induces New Actin Assembly and Increases Cellular Plasticity  

My observations also provide a better understanding of the actions of repulsive guidance 

cues.  Semaphorins have long been known to have localized destabilizing effects on F-actin 

that include a loss of F-actin, a decreased ability to polymerize new F-actin, a decrease in the 

number of F-actin bundles and the extension of new branches (Hung and Terman, 2011).  I 

now find that Mical is necessary and sufficient to trigger each of these Semaphorin/Plexin-

dependent events. In particular, my observations indicate that Semaphorin/Plexin/Mical 

signaling directly destabilizes F-actin, and in this way works in contrast to the effects of F-
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actin stabilizing/bundling proteins such as fascin and espin.  However, my results reveal that 

Mical also triggers a secondary response that produces branched meshwork actin and actin-

rich extensions – and this is also consistent with previous observations on the action of 

Semaphorins/Plexin (Hung and Terman, 2011).   Thus, my results indicate that Mical exerts 

two effects on the cell: 1) directly inducing F-actin disassembly and 2) indirectly increasing 

cellular plasticity through interacting with other actin regulatory proteins.  These results also 

indicate that MICAL functions as a key regulatory point of actin dynamics where actin 

disassembly and new actin assembly are integrated.   

 

Mical-Abl Kinase Interactions are Critical for Multiple Cellular Behaviors Including 

Cancer Cell Survival and Invasion 

My observations also reveal important new interactions between the MICALs and proteins 

previously characterized as important for actin regulation and cell biology.  In particular, I 

identified that Mical interacts with the Abl non-receptor tyrosine kinase, a protein of 

considerable interest due to its involvement in a wide range of physiological and pathological 

conditions.  My results reveal that Mical and Abl physically interact in vivo and that Abl is a 

new component of the Semaphorin/Plexin/Mical signaling cascade.  My work also shows 

that Abl directly phosphorylates Mical and regulates the effects of Mical in a kinase 

dependent manner.   Moreover, I find that Mical and Abl functionally work together to 

specify cellular process extension, axon guidance, and cancer cell survival and invasion.  

Therefore, my results also provide new insights into how Mical activity is spatiotemporally 
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regulated and indicate that Mical and Abl interactions play important roles in a number of 

important biological events. 
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APPENDIX A 
 

Supplemental information for chapter two 
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Figure S2.1. Adult Drosophila Mical-/- mutants exhibit abnormal bristle morphology.  
(a) The Mical genomic locus.  A number of P elements were identified as situated within 
Mical suggesting they might be Mical mutant alleles.  As described previously (Terman et 
al., 2002), cDNA analysis of Mical indicated multiple splice forms including 1) a “long”; 2) a 
“medium” (spliced out exon is shown in blue); and 3) a “short” isoform (spliced out exons 
shown in green).  The asterisk indicates an exon not found in the “short” or “medium” 
isoform and therefore the P element (KG00339) situated in this exon may not affect the 
expression level of the “short” or “medium” isoforms.  (b) Mical is a large multi-domain 
cytosolic protein characterized by an oxidoreductase (redox) enzymatic portion (containing 
flavin adenine dinucleotide [FAD] binding motifs [GxGxxG, DG, and GD] that define a 
flavoprotein monooxygenase domain), a calponin homology (CH) domain, a LIM domain, a 
number of consensus SH3 domain binding motifs (PxxP motifs), a Proline-rich region, and 
the Plexin-interacting region that contains a coiled-coil motif similar to the alpha region of 
Ezrin-Radixin-Moesin (ERM) proteins.  Two regions variable in length (Variable Regions) 
are generated by alternative splicing (Terman et al., 2002).  There is one Mical family 



125 

 

member in Drosophila and three Mical family members in mammals that show a similar 
domain organization (Terman et al., 2002).  Aberle and colleagues (Beuchle et al., 2007) 
recently described a number of new nonsense mutations in Mical.  The position of these point 
mutations within the Mical protein (and the name of the corresponding alleles) are indicated 
with arrows.  (c) Genetic complementation and molecular analysis were used to identify 
fourteen different Mical alleles.  Most predicted severe alleles of Mical are homozygous 
lethal but transheterozygous combinations of these alleles generated a few escaper adults.  
Characterization of these fourteen Mical mutant alleles revealed misshapen adult bristles that 
were thick, bent, twisted, non-curved, and/or had abnormal “club-like” or blunt endings.  –, 
lethal; percentage (%) =  percent of flies of the corresponding genotype that contained bristle 
defects (n > 10 flies examined per genotype).  Df(3R)swp2 is the small Mical deletion mutant 
(Terman et al., 2002; Yazdani et al., 2008) and the other alleles are as listed in a and b.  
Stretch mutations (Yazdani et al., 2008) do not have noticeable bristle defects (data not 
shown).  The Mical point mutations also contain CD8-GFP-Sh (the starting line used for the 
screen conducted by (Beuchle et al., 2007)) and so as a control experiment we also crossed 
these lines to the original CD8-GFP-Sh line (a kind gift from H. Aberle); this combination 
(as expected) showed no bristle defects.  Several combinations of crosses that included the 
KG00339 allele (which only is predicted to disrupt the “long” form of Mical) do not exhibit 
any noticeable defects in bristle morphology. 
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Figure S2.2. Drosophila bristle development and anatomy. Specialized cells such as 
neurons and bristle cells have the ability to place parts of themselves, specific cellular 
extensions or processes, at a distance from their cell body of origin.  This process extension 
requires actin filament assembly in both neurons and bristle cells and modulating the 
organization and dynamics of these actin filaments leads to specific changes in the 
morphology of these processes.  Neurons, for example, extend long tortuous axonal and 
dendritic processes with multiple branches and expansive growth cones.  Bristle cells, in 
contrast, are much simpler and project short, unbranched, slightly curved processes.  The 
bristle cell, therefore, provides a simple model cell process in which to examine the 
molecules and mechanisms that regulate actin filament architecture (Sutherland and Witke, 
1999; Tilney and DeRosier, 2005) and mutations in actin modifying proteins including actin 
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bundling/crosslinking proteins like fascin and espin, actin regulators like cofilin, profilin, and 
WASP, and actin nucleators like Arp2/3 lead to altered actin filament organization in 
developing bristle processes and misshapen adult bristles (Tilney and DeRosier, 2005).  (a) 
During pupal development, each bristle cell (trichogen) extends an actin (green circles seen 
in the cross section) and microtubule (gray circles seen in the cross section)–filled 
membranous process outside the fly’s body that is an extension of the bristle cell soma 
present within the fly (left).  This membranous bristle process later retracts after chitin cuticle 
deposition and leaves the stiff bristle exoskeleton found in adult flies (right). Adapted from 
(Tilney et al., 1995) and our own observations.  Like hair cells of the vertebrate inner ear 
(Muller and Littlewood-Evans, 2001), adult bristles are typically mechanoreceptors and 
neuronal dendrites attach to the upper surface of the bristle from the earliest stages of bristle 
elongation and are important for the characteristic, slightly-curved shape of Drosophila 
bristles (Tilney et al., 2004).  Note that the socket (tormogen) cell surrounds the base of the 
bristle cell body and shaft.  Previous results have indicated that actin filaments, but not 
microtubules, are essential for bristle elongation (Tilney et al., 2000a; Tilney and DeRosier, 
2005).  (b) A drawing of the normal organization of F-actin bundles in developing wild-type 
pupal bristle processes.  The drawing illustrates the presence of actin monomers (green 
circles) assembled into actin filaments and bundled together with actin crosslinkers/bundling 
proteins like fascin (yellow).  These bundles of actin filaments are situated around the 
periphery of the bristle, closely adherent to the plasma membrane. (c-e) Photomicrographs of 
a Drosophila pupa (c) during the late stages of bristle development before full chitin cuticle 
deposition, and a “wild-type” adult fly (d) showing the organization of the bristles on the 
dorsal thorax (notum) and head.  Note that the specimens are shown “upside-down” to match 
the orientation of the bristles that are shown in this and other figures (note also that the wings 
are not visible to allow better visualization of the bristles).  The large region outlined in c-d 
with the dashed box is shown in schematic form in e to provide a simple overview of the 
position and size of different types of bristles (also called chaetae or setae).  The smaller 
region outlined in c is shown in g-i at higher magnification and with both fluorescence (g) 
and differential interference contrast (DIC; h) microscopy.  Other bristles present on 
Drosophila adults (e.g., the side of the thorax [sternopleural bristles], and the ventral thorax) 
are not shown.  Modified from (Ferris, 1950b; Hartenstein and Posakony, 1989).  (f-i) F-actin 
can be visualized in developing bristles with fluorescently-conjugated phalloidin or bristle-
specific expression of GFP-actin using the B11-GAL4 driver (also called P[GAL-4]B-11 and 
B11-98; a kind gift from John Merriam; (de la Cova et al., 2004; Guild et al., 2003; Hopmann 
and Miller, 2003; Tilney et al., 2003; Tilney et al., 2004; Tilney and DeRosier, 2005)).  (f) 
The normal organization of F-actin can be visualized with fluorescently-conjugated 
phalloidin (red) in developing bristle processes; note the ordered, parallel arrangement of F-
actin bundles (red) in developing wild-type bristle processes.  (g-i)  Photomicrographs of two 
developing bristle processes as observed in a pupa expressing GFP-actin under the bristle 
specific B11-GAL4 promoter.  Note that the two bristle cells and their processes are easily 
visualized with GFP-actin (green; g, i), even though neither their cell body nor process is 
readily visible with differential interference contrast (DIC) microscopy (h, i). 
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Figure S2.3. Characterization of Mical mutant bristle morphologies and F-actin 
organization. (a) Photomicrographs of individual adult bristles document the range of bristle 
abnormalities seen in Mical-/- mutant bristles and the types of bristles affected in Mical-/- 
mutants.  In addition to the abnormal bristles found on the scutellum of Mical mutant adults 
(Figure 1c, photomicrograph of scutellar bristles), we found abnormally shaped bristles on 
the dorsal thorax/“back” (a1- a4; dorso-central bristles), head (a5; vertical bristle), “side” (a6; 
sternopleural bristle), “shoulder” (a7- a9; humeral bristles), and ventral thorax (inset of a7; 
mesosternal bristle).  On occasion we saw branches or bifurcations (arrows) arising from the 
abnormal bristles of Mical mutant flies as can be seen in a bristle present on the “back” (a10) 
and “shoulder” (inset of a10). Scale bar in a1 can also be used for a2 - a10. Inset a7 = 5µm; Inset 
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a10 = 10µm. These images and all the drawings of bristles from different genotypes are 
oriented so that the normal curved portion of the bristle (concave side) is on the right.  (b) 
Darkfield photomicroscopic visualization of adult bristles reveals abnormal F-actin 
organization within Mical mutant bristles. (Wild-type) Layers of chitin are deposited on 
developing bristles giving rise to grooves, demarcating the position occupied by single 
bundles of F-actin (e.g., arrowheads), and ridges (luminescent) that are a record of the area 
between these F-actin bundles (Tilney and DeRosier, 2005).  Note the ordered, parallel 
arrangement of the grooves and ridges present in this wild-type adult bristle.  (Mical-/- 

Mutant) In Mical loss-of-function (-/-) adults, a disorganized arrangement of grooves and 
ridges indicates that bundles of F-actin are not arranged in a parallel fashion during the 
development of these bristles.  Also, the large size of the grooves (e.g., arrowhead) that 
demarcate the position of one of the F-actin bundles, indicates that the F-actin bundles are 
larger in size in Mical-/- mutants than in wild-type bristles.  Scale bar can be used for all 
photomicrographs. (c) Unlike the evenly spaced, parallel arrangement of F-actin bundles 
seen in wild-type pupae, bundles of F-actin are disorganized and larger in size in Mical 
mutants. F-actin was visualized by expressing GFP-actin selectively in bristles.  (c1) Parallel 
arranged F-actin bundles (arrowheads) can be seen intersecting with one another towards the 
top of the image.  (c2 - c3) Bundles of actin are also larger in size than normal (arrowheads).  
(c3) Regions in which this parallel arrangement of F-actin bundles are most disorganized are 
often bent (arrows, also see inset) and contain individual F-actin bundles intersecting with 
one another (arrowhead; also see inset).  Scale bar in c1 can be used for c2 – c3. 
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 Figure S2.4. Characterization of bristle process morphology and F-actin organization 
following bristle-specific overexpression of Mical. (a) Photomicrographs of bristles from 
wild-type adult flies overexpressing one copy of Mical (x1 bristle Mical) specifically in 
bristles (UAS:Mical/+; B11-GAL4/+) reveals the appearance of bristle branches.  The images 
seen in a4 (from the box outlined in a3), a9, and a10 are higher power photomicrographs that 
show the fine branches/protrusions (e.g., arrowheads in a4 and a9) exhibited by these Mical 
overexpression bristles.  Note that some of these fine branches are curved (e.g., arrows, a9- 
a10) and some have their own branches (e.g., open arrow, a7, a9).  These Mical overexpression 
bristles were also often shorter than normal.  Scale bar: a1 (also for a2, a3, a5-8 and b).  (b) 
Photomicrographs of bristles from wild-type adult flies overexpressing two copies of Mical 
(x2 bristle Mical) specifically in bristles (UAS:Mical/UAS:Mical; B11-GAL4/+) reveal 
multiple bristle branches.  In some extreme examples (b4 – b6), branches were so prevalent 
that they intertwined with the branches of adjacent bristles.  These interlaced branches were 
captured when the chitinous exoskeleton was deposited during development such that in each 
of these cases the two bristles appear “fused” together.  (c) In-depth examination shows that 
bundles of F-actin are reorganized by overexpressing Mical selectively in bristle cells and 
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small “finger-like” protrusions/branches containing actin filaments were observed extending 
out of this Mical-reorganized actin and from the sides of F-actin bundles.  F-actin was 
visualized by expressing GFP-actin selectively in bristles.  (c1) In a mild Mical 
overexpression phenotype, a relatively ordered array of actin filaments is seen in this bristle 
process (arrowheads) except for the single bundle of F-actin projecting off at an angle 
(arrow).  (c2) In another bristle process from the same Mical overexpression pupa, an ordered 
array of actin bundles is seen in the region outlined with the dashed box (arrowheads, at 
higher power in the inset).  However, at regions more distal to the cell body, the F-actin 
bundles become smaller in caliber (e.g., open arrowhead) and arranged in a disordered 
meshwork; a single F-actin branch (arrow) off the main bristle shaft is seen arising from this 
disorganized region.  (c3) Multiple branches are observed in this bristle (arrows) and the 
branch indicated with the asterisk is shown at higher power in the inset.  (c4) In some cases 
we observed that several large bristle branches had formed and each contained multiple 
bundles of F-actin.  In this example, notice that three distinct bristle shafts are present 
(arrows) and the region indicated with the open and closed arrowheads can be seen in a 
different focal plane at higher power in c5.  In c5, an individual F-actin bundle is indicated 
(closed arrowhead), while another bundle of F-actin can be seen in close association and 
oriented at an angle (lower open arrowhead).  Note that the upper open arrowhead also 
demarcates a similar close association of F-actin bundles in different orientations.  (c6 - c7) 
When higher levels of Mical are expressed, additional rearrangement of the F-actin 
cytoskeleton is seen.  A portion of the image in c6 (dashed box) is seen at higher power in the 
inset in c7.  Notice that F-actin bundles are present but have often lost their parallel 
arrangement.  Likewise, individual bundles of F-actin vary in caliber and length (e.g., open 
arrowheads, c7) and extend in different directions. Inset c2= 1µm. 
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Figure S2.5. Characterization of genomic Mical overexpression lines and GFPMical 
transgenics reveal bristle branching following bristle-specific expression.  (a-b) As in our 
transgenic Mical bristle expression lines, bristle specific expression of the Mical genomic 
locus under GAL4/UAS control generates branched bristles. (a) We identified several 
publicly available fly lines containing transposable genetic elements inserted in the Mical 
genomic locus.  Each of these transposable elements contains an upstream activator sequence 
(UAS) that allows UAS-inducible gene expression of downstream genomic targets in 
response to expression of a GAL4 transcription factor. The arrows indicate in which direction 
the UAS is situated.  (b) To determine if bristle specific expression of genomic Mical 
generates bristle defects we crossed flies containing each of these UAS transposable lines to 
the bristle specific GAL4 line, B11-GAL4.  Fly lines containing UAS elements directed 
towards the Mical genomic locus (GS15400, d06043), but not those fly lines containing UAS 
elements directed in the opposite direction to Mical, exhibited branched bristle defects when 
crossed to B11-GAL4.  These results further confirm our findings with our full-length 
Drosophila Mical transgenic line.  Scale bar applies to all bristle drawings.  n>20/genotype.  
(c-d) GFPMical transgenic fly lines contain full-length Mical with a Green Fluorescence 
Protein (GFP)-tag inserted at the N terminus.  (d) Like expression of our untagged Mical 
transgene and the Mical genomic locus, GFPMical generates branched bristles in response to 
bristle-specific expression using the B11-GAL4 driver.  
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Figure S2.6.  Characterization of bristle morphology and F-actin organization in Mical 
redox mutants. (a) A model for the Mical enzymatic reaction.  The flavoprotein 
monooxygenase (redox) domain of Mical is known to bind flavin adenine dinucleotide 
(FAD), consume the coenzyme nicotinamide adenine dinucleotide phosphate (NADPH), and 
generate H2O2 (Gupta and Terman, 2008; Nadella et al., 2005; Schmidt et al., 2008; Siebold 
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et al., 2005; Terman et al., 2002).  The rest of the model is based on the catalytic pathway for 
PHBH (modified from (Schreuder et al., 1991)), the enzyme most closely related to the Mical 
flavoprotein monooxygenase (redox) domain at the amino acid and structural level (Nadella 
et al., 2005; Siebold et al., 2005; Terman et al., 2002).  The substrate for Mical is unknown 
(?).  (Inset) PHBH directly hydroxylates the aromatic substrate p-hydroxybenzoate to 3,4-
dihydroxybenzoate (arrowhead).  In the absence of its substrate (p-hydroxybenzoate), PHBH 
can weakly consume NADPH and generate H2O2.  Likewise, since a substrate for Mical has 
not yet been identified, the H2O2 that Mical generates may only occur in the absence of a 
substrate.  Alternatively, Mical may generate H2O2 (i.e., function as an oxidase) and have no 
direct substrates.  (b-c) Mical is a multi-domain protein characterized by binding motifs 
(GxGxxG, DG, and GD) for the cofactor FAD that define it as a flavoprotein 
monooxygenase (Nadella et al., 2005; Siebold et al., 2005; Terman et al., 2002).  Micals 
contain a 100% match with the consensus ADP binding region of FAD binding proteins 
(FAD Fingerprint 1), a well-conserved GD sequence (FAD Fingerprint 2), and a well-
conserved DG motif: distinguishing features of flavoprotein monooxygenases. Aberle and 
colleagues (Beuchle et al., 2007) recently described two point mutations within the FAD 
binding motif of Mical.  One of these mutants, MicalI1367, codes for a substitution of the first 
glycine (G) in the dinucleotide binding motif (GxGxxG) to arginine (R) (MicalI1367, FAD 
Fingerprint 1, arrow).  Another mutant line, MicalG158, contains a substitution of glycine (G) 
for serine (S) (G433S) within the GD motif of Mical that is important for binding the ribose 
moiety of FAD (Siebold et al., 2005) (MicalG158, FAD Fingerprint 2, arrow).  Likewise, we 
previously described a transgenic fly line (Terman et al., 2002) that was engineered with 
three amino acid substitutions of tryptophan (W) for glycine (G) so as to disrupt the 
dinucleotide binding motif (GxGxxG) of Mical (UAS:MicalΔredox; FAD Fingerprint 1; arrows 
[also called UAS:MicalGàW]).  Each of these lines affects the oxidoreductase domain of 
Mical by disrupting the binding site of the cofactor FAD.  (c) In this alignment of Micals 
with members of the flavoprotein monooxygenase family, (+) indicates that Micals match the 
consensus, (*) indicates that Micals match the highly important conserved residues, and (.) 
indicates the conserved spacing of these residues within these motifs.  The proline ((*)) in the 
FAD fingerprint 2 is also likely to be conserved.  Sequence coloring: light blue=hydrophobic 
and cysteine residues, purple = acids, green= bases, yellow = proline, and orange = glycine.  
(d) The redox domain is required for Mical’s role in axon guidance, synaptogenesis, and cell 
morphology (Beuchle et al., 2007; Schmidt et al., 2008; Terman et al., 2002) but the specific 
cell biological changes mediated by this redox activity are unknown.  We now find that fly 
lines containing missense mutations disrupting the oxidoreductase domain of Mical exhibit 
Mical loss-of-function-like bristle defects and F-actin disorganization.  (d1) Genetic 
complementation and molecular analysis were used to determine if bristle defects were 
present in Mical alleles containing missense mutations within either the FAD Fingerprint 1 
(the MicalI1367 allele) or the FAD Fingerprint 2 (the MicalG158 allele) when they were in 
combination with other Mical alleles.  +, viable/wild-type; –, lethal; percentage (%) =  
percent of flies of the corresponding genotype that contained bristle defects (n > 20 flies 
examined/genotype).  Df(3R)swp2 is the small Mical deletion mutant (Terman et al., 2002) 
and the other alleles are as listed in Figure S2.1.  These Mical point mutations also contain 
CD8-GFP-Sh (the starting line used for the screen conducted by (Beuchle et al., 2007)) and 
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so as a control experiment were also crossed both missense mutant lines to the original CD8-
GFP-Sh line (a kind gift from H. Aberle): as expected we saw no bristle defects in resultant 
flies.  (d2) Quantification of the number of bristle branches reveals that mutations within the 
redox portion of Mical generates Mical loss-of-function-like bristle defects (see also Figure 
2.1i).  On the left, the number of mutant bristles that contained branches was counted and the 
results are presented as a percentile of the total number of mutant bristles examined.  On the 
right, the number of branches on each mutant bristle examined was determined and the 
results are presented as the mean number of branches per bristle (+ the standard error of the 
mean (SEM)).  Mical redox mutant (MicalG158/Df(3R)swp2).  n=40.  (d3 - d5) An antibody 
directed against the C-terminus of Mical (red) decorates developing bristle processes in 
Mical FAD-binding mutants combined with the Mical deficiency (d3, MicalI1367/Df(3R)swp2; 
d4 – d5, MicalG158/Df(3R)swp2).  Note that these results indicate that Mical protein containing 
either missense mutation is still expressed in developing bristles (red) and localizes along 
bundles of F-actin (e.g., d5, open arrowheads).  Mical immunostaining can also be seen 
decorating F-actin bundles captured in cross-section (d5, closed arrowhead) and at higher 
power in the inset.  Abnormally arranged Mical-immunostained F-actin bundles can also be 
seen (e.g., d4, arrow) such that F-actin bundles intersect with one another at this abnormal 
bend in the bristle.  Scale bars: d3 - d5= 4µm; inset in d5 = 1µm.  (d6)Drawings of individual 
representative bristles from adults containing either of the missense mutations in the Mical 
redox domain. Note that they are typically bent and/or have abnormal tips and are very 
similar to those bristles observed in Mical-/- mutants.  (d7) Bristles that were similar in 
morphology but were more severe than those we had seen in Mical-/- mutants (e.g., bent in 
multiple places, contained thick crossbars) were also present in adults containing either of the 
missense mutations in the Mical redox domain.  These observations suggest that the Mical 
redox mutant proteins are also likely to be functioning in a dominant negative fashion and 
interfering with the function of other proteins required for bristle morphology.  Scale bar in 
the image applies to all bristle images.  Scale bar in the drawing also applies to d6. 
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Figure S2.7. Characterization of bristle development and morphology following the 
expression of different forms of Mical in bristles.  (a) The percentage of adult flies 
containing bristle defects as a percentage of the total number of flies examined following the 
specific expression in bristles of one (x1 bristle) or two copies (x2 bristle) of different forms 
of Mical using the B11-GAL4 bristle driver.  In all cases, only one copy of the bristle driver 
(B11-GAL4) was employed.  n > 50 adults/genotype.  (b) The Micalredox protein is poorly 
localized to bristle processes and has little effect on bristle morphology.  The Micalredox 
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transgenic fly line contains only the Mical flavoprotein monooxygenase (redox) domain, 
followed by a 6 histidine (his) tag and a stop codon at the C-terminus. Very few flies 
expressing Micalredox in all bristles (one or two copies) exhibit any bristle defects (quantified 
in a) but the majority of those that do, exhibit weakly branched bristles.  Examination of the 
expression levels of Micalredox protein revealed that high levels of Micalredox protein is 
expressed (data not shown) but the majority of the Micalredox protein did not localize to bristle 
processes (but was found in the cell body, data not shown).  For example, using the bristle 
specific B11-GAL4 driver, His-tagged Micalredox protein (red) can be seen in Drosophila 
pupal bristle processes (green) but shows only a relatively diffuse pattern of localization 
(with only low levels present in the bristle processes) when compared to GFP-labeled F-actin 
and full-length Mical (Figures 2.2b, 2.3A, 2.3B).  These results indicate that Mical is 
localized in a very specific manner within elongating bristle processes and the redox domain 
is not sufficient to allow for this localization.  Scale bar can be used for all images in b. (c) 
The MicalredoxCH protein localization.  The MicalredoxCH transgenic fly line and protein 
contains the Mical flavoprotein monooxygenase (redox) domain as well as the calponin 
homology (CH) domain followed by a six histidine (his) tag and stop codon at the C-
terminus. Bristle specific expression of MicalredoxCH generates highly tortuous bristles that are 
even more abnormal and branched than those seen when full-length Mical is overexpressed 
in bristles (see Figure 2.1h - i).  MicalredoxCH bristles were also found resting directly on the 
body of the fly indicating that they could not support themselves normally (see Figure 2.1h).  
Confocal microscopy revealed that His-tagged MicalredoxCH (red) and F-actin (green, GFP-
actin) co-localize (yellow, merge) in developing bristle processes as observed in a pupa 
expressing GFP-actin specifically in bristles.  MicalredoxCH shows a puncate localization 
within the bristle process and the normal organization of F-actin bundles is disorganized.  
Notice also that MicalredoxCH colocalizes with this disorganized F-actin and shows highest 
localization to regions of the bristle process showing the most F-actin disorganization.  The 
region outlined with the dashed box is shown in higher power images in c1 where 
MicalredoxCH and GFP-actin co-localization can be seen more clearly.  Interestingly, some 
regions of higher MicalredoxCH immunostaining (red) appeared to exhibit diffuse GFP-actin 
(green) immunostaining (e.g., closed arrowheads, stars) and regions showing stronger 
immunostained GFP-actin bundled filaments exhibited weaker MicalredoxCH immunostaining 
(e.g., open arrowheads).  These results are consistent with our results that Mical disassembles 
bundled actin filaments and MicalredoxCH is constituitively active.  Interestingly, the 
MicalredoxCH protein while showing a punctate localization within bristle processes, and co-
localization with actin, did not localize as selectively as full-length Mical to the tip of 
extending bristle processes or along the membrane in distinct puncta. These results indicate 
that Mical is localized in a very specific manner within elongating bristle processes and this 
localization is altered to some extent by removing portions of Mical C-terminal to the CH 
domain.  Scale bar can be used for all images in c.  (d) MicalΔCH protein induces abnormal 
localization of Mical within the developing bristle process and acts like a dominant-negative 
Mical protein.  A transgenic fly line was generated containing full-length Mical with a 
deletion of its calponin homology (CH) domain (MicalΔCH).  Immunostaining pupae 
expressing MicalΔCH with a Mical antibody revealed that Mical (red) shows weaker 
localization within the developing bristle process and tip in the presence of MicalΔCH protein 
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and is highly localized within the bristle cell body and at the base of the bristle (compare 
with Figure 2.2b). These results indicate that Mical is localized in a very specific manner 
within elongating bristle processes and the CH domain of Mical is necessary for this 
localization.  (d1-d2) Several different genetic assays indicate that MicalΔCH acts as a Mical 
dominant negative protein.  (d1) Bristle expression of MicalΔCH does not rescue the bristle 
defects seen in a Mical loss-of-function mutant.  The bristle defects observed in a Mical loss-
of-function mutant (MicalK1496/Df(3R)swp2) can be significantly rescued with bristle 
expression of full-length Mical (Mical-/-; x1 Mical; as described and also shown in Figure 
2.1c) but not with bristle expression of MicalΔCH (Mical-/-; x1 MicalΔCH).  Chi-Square Test; 
*** = p<0.0001. n > 25/genotype.  (d2)  The percentage of flies seen with bristle defects 
when one copy of MicalΔCH is expressed in all bristles (x1 MicalΔCH) in a wild-type 
background can be significantly enhanced (Chi-Square Test; *** = p<0.0001, ** = p<0.01) 
by removal of one copy (Mical+/-) of a Mical loss-of-function mutation (Df(3R)swp2/+). n > 
25/genotype.  Furthermore, as shown in Figure 2.3A, MicalΔCH, unlike full-length Mical, does 
not enhance (but suppresses) the branching defects seen when plexA is overexpressed in 
bristles. t-test; *** = p<0.0001. Scale bar can be used for all images in d.   
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Figure S2.8.  Plexin A receptors are expressed in developing bristle processes and are 
necessary for normal bristle cell process morphology. (a) Plexin A (plexA) is expressed in 
developing bristle processes. A polyclonal rabbit antibody directed against plexA (red) 
decorates the developing bristle process as visualized using a bristle specific expression of 
GFP-actin (green).  Note that plexA shows strong localization to particular regions along the 
bristle process (e.g., arrows) and is often in close association with GFP labeled F-actin 
(yellow). (b) Characterization of two viable mutant alleles of Plexin A.  A previously used 
plexA mutant is a small deficiency that is adult lethal (Winberg et al., 1998); but a viable P 
element line (YD0269) with an insertion in the plexA gene situated upstream from the start 
(ATG) codon has recently been published (Kelso et al., 2004) and another P element 
mutation of plexA (EY16548) has recently been identified and documented in FlyBase.  
Using a recently published antibody that selectively recognizes plexA (Sweeney et al., 2007), 
we examined YD0269 homozygous mutants and find that the levels of plexA are decreased in 
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this P element insertion line.  Using the Drosophila embryonic nervous system, we find that 
plexA is normally expressed at high levels in the nervous system (left image) but this 
immunostaining is substantially decreased in embryos either homozygous for the YD0269 
insertion (right image) or homozygous for the plexA null allele (Df(4)C3; data not shown). 
The scale bar can be used for both images. (c) plexA mutants exhibit adult bristle defects.  
Bristles in plexA mutants exhibit abnormal morphologies that are short, thick, bent, non-
curved, twisted, and/or contain abnormal tips and resemble the bristles seen in Mical-/- 
mutants.   Examples of abnormal bristles present on the scutellum (c1), “shoulder” (c2), head 
(c3-c4), and “side” (c5) are shown. (c6) The percentage of adult flies containing bristle defects 
in different combinations of either the viable plexAYD0269 homozygous mutant or plexAYD0269 

or plexAEY16548 heterozygotes in combination with the small plexA deficiency 
(Df(4)C3;(Winberg et al., 1998)) is shown.  n > 25 adults examined for each genotype.  Scale 
bar in c1 can be used for c2-c5. 
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Figure S2.9.  Plexin A is sufficient to alter bristle process morphology and requires its 
cytoplasmic portion to mediate its bristle branching effects. (a) Overexpression of plexA 
in bristle cells (but not plexA without its cytoplasmic portion [Δcyto]) generates highly 
penetrant branched bristle phenotypes.  (a1) To further examine if the branching effects we 
observed in Mical overexpression mutants were consistent with an increase in semaphorin-
plexin signaling in the bristle we overexpressed plexA in all bristles with or without its 
cytoplasmic portion. The plexAΔ

cyto construct (He et al., 2009) provided the ability to 
examine the importance of the plexA cytoplasmic domain in altering bristle morphology and 
actin organization.  Furthermore, Plexin A receptors without their cytoplasmic portion have 
been found previously to function as dominant negative Plexin receptors (e.g., (He et al., 
2009; Takahashi and Strittmatter, 2001; Zhuang et al., 2009)) and so plexAΔ

cyto also offered 
an alternative approach to disrupt endogenous plexA signaling.  (a2 – a3)  Both HAplexA and 
HAplexAΔ

cyto localize strongly to developing bristle processes (arrows).  (a4) The percentage 
of adult flies containing bristle defects as a percentage of the total number of flies examined 
following the specific expression in bristles of one (x1 bristle) or two copies (x2 bristle) of 
different forms of plexA using the B11-GAL4 driver.  In all cases, only one copy of the 



142 

 

bristle driver (B11-GAL4) was employed.  n > 50 adults/genotype.  (a5 – a10) Our results 
revealed that overexpression of one copy of plexA in all bristles led to branched Drosophila 
bristles.  These branching phenotypes could be further increased by elevating the number of 
copies of plexA expressed in bristles.  In addition to these branching defects, we also noticed 
that, like Mical overexpression mutants, the length of the bristles was also decreased in 
plexA bristle overexpression mutants.  Photomicrographs of bristles from adult flies 
overexpressing one (a5) or two copies of plexA in all bristles using the B11-GAL4 driver 
(UAS:HAplexA/+; B11-GAL4/+; Bristle plexA).  Bristles in these plexA overexpression adults 
exhibited branches, examples of which are shown on the scutellum (a5- a6, a8), dorsal 
thorax/“back” (a7, a9), and head (a10).  See also Figure 2.3A.  (a11) plexAΔ

cyto overexpression 
(one or two copies) resulted in few branched bristles and those bristle defects that we did see 
resembled plexA loss-of-function bristles.  See also Figure 3A.  Scale bar in a5 can be used 
for a6-a10.  
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Figure S2.10. Transmembrane Semaphorins are expressed in developing dendritic 
processes and are necessary for normal bristle cell process morphology. (a) Semaphorin-
1a is expressed in developing dendritic processes in close apposition to the developing 
bristle.  A polyclonal rabbit antibody directed against Sema-1a (red) decorates the tortuous 
dendritic process (arrow) of a sensory neuron innervating a bristle. Weaker Sema-1a 
immunostaining could also be visualized along axons and in the neuronal cell body (n) from 
an adjacent bristle.  In the same field-of-view, GFP-actin (green) expressed in neurons (as 
well as weakly in the bristle lineage) using the Sca-GAL4 driver identifies the neuronal 
dendrite (arrow), bristle, axons, and a neuronal cell body (n).  Merging Sema-1a (red) and 
GFP-actin expressed in neurons and bristles (green) demonstrates Sema-1a localization along 
the dendritic process in close apposition with the developing bristle process.  (b) Sema-1a 
and Sema-1b mutants exhibit bristle morphological defects. Sema-1a homozygous adults and 
Sema-1a heterozygotes crossed to a Sema-1a deficiency line exhibited the same types of 
bristle defects we saw in Mical and plexA mutants but these defects only occurred in a small 
percentage of adult flies (b1).  Therefore, we wondered if Sema-1b, the other Class 1 
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transmembrane Semaphorin in Drosophila, might also be important for bristle 
morphogenesis. Sema-1b, like Sema-1a, is also a ligand for Plexin A (Winberg et al., 1998) 
but no mutant analysis has been conducted. (b1 - b2) Mutations in Sema-1b have not been 
previously published but a mutant fly line (EY21782) containing a P element mutation 
situated just upstream from the start (ATG) codon of Sema-1b has recently been identified 
and documented in FlyBase (b2).  To confirm that we were looking at homozygous 
transmembrane Sema mutants which are on the 2nd chromosome, we crossed Sema mutant 
alleles into a second chromosome balancer marked with both the dominant wing marker, Cy, 
and the dominant eye marker, Gla.  Adult Sema homozygotes were selected by the absence 
of both a dominant wing phenotype and a dominant eye phenotype.  Percentage of adult flies 
containing bristle defects in different combinations of viable Sema-1a (P1, P2, or P01432 
alleles) or Sema-1b (EY21782) alleles can be seen (b1).  Deficiencies (Df) removing either 
Sema-1a (Df(2L)Exel7039) or Sema-1b (Df(2L)Exel7149) were also employed.  No bristle 
defects were seen in heterozygous animals containing any of these alleles.  (b3 – b8) Bristles 
in both Sema-1a and Sema-1b single mutants exhibit an abnormal morphology.  Examples of 
abnormal bristles present on the head (b3, Sema-1a mutant), dorsal thorax/“back” (b4, Sema-
1b mutant), “side” (b5, Sema-1a mutant; b6, Sema-1b mutant), and scutellum (b7, Sema-1b 
mutant). n  > 25 adults examined for each genotype.  Drawings of representative bristles 
from either Sema-1a and Sema-1b mutant adults are shown in the same orientation and 
magnification as those in other figures and they are thick, bent, non-curved, twisted, and/or 
contain abnormal tips.  On occasion we also saw branched, or bifurcated bristles. Scale bar in 
b3 applies to b4-b7. 
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Figure S2.11. Transmembrane Semaphorins are sufficient to alter the morphology of 
bristle processes. (a) Overexpression of transmembrane semaphorins in the neurons that 
innervate bristles using Sca-GAL4 (but not in the bristle cells themselves using B11-GAL4) 
resulted in alterations to bristle morphology, and were more prevalent with Sema-1b 
overexpression than with Sema-1a.  In light of the sufficiency of Mical and plexA to induce 
changes to bristle morphology, we wondered if transmembrane semaphorins were also 
sufficient to induce alterations to bristle morphology.  Employing the Sca-GAL4 driver to 
express transmembrane semaphorins primarily in neurons, we noticed alterations in the 
morphology of bristle processes that included selective branching of bristles as well as 
dramatic changes to the length and diameter of bristles.  We noted, however, that these 
phenotypes seen when transmembrane semaphorins were overexpressed primarily in neurons 
were less prevalent than those seen when Mical or plexA were overexpressed in bristle 
processes.  Among other reasons, these differences could be due to the high levels of 
transmembrane semaphorins already present in the innervating dendrites (Figure S2.10a), 
that transmembrane semaphorins are not the limiting factors in inducing changes in bristle 
morphology and actin reorganization (but that their receptor and downstream signaling 
components are), and/or the fact that the Sca-GAL4 driver is not only expressed in neurons 
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but also in the bristle cells themselves (and Sema-1a, for example, is known to also signal 
through its cytoplasmic portion [reverse signaling; (Komiyama et al., 2007)] which could 
complicate our experiments).  (a1 – a5) Photomicrographs of bristles from adult flies 
overexpressing Sema-1b primarily in neurons using the Sca-GAL4 driver.  Bristles in these 
transmembrane semaphorin overexpression adults exhibit branches, examples of which are 
shown on the scutellum (a1), and head (a2 – a5).   Scale bar in a1 applies to a2 – a5.  (a6) 
Drawings of representative bristles from flies overexpressing Sema-1b primarily in neurons 
using the Sca-GAL4 driver.  Note that they are abnormally shaped and many exhibit branches 
of varying shapes, position, sizes, and number.  (a7) We also saw a class of phenotypes that 
were more severe in the transmembrane semaphorin overexpression lines.  Overexpression of 
Mical or plexA in bristles using the B11-GAL4 driver led to bristle branching defects as well 
as to a decrease in bristle length.  Likewise, overexpression of Sema-1b in neurons using the 
Sca-GAL4 driver resulted in some bristles that were much shorter and smaller in diameter 
than wild-type adult bristles. Examples of these smaller bristles are shown in the drawings of 
the x1 Sema-1b bristles: they range in size but should all be the same size as the wild-type 
bristle.  A severe example of the reduced size of a bristle observed when Sema-1b was 
overexpressed primarily in neurons can be seen in the photomicrograph (arrow).  An adjacent 
bristle that has a relatively normal diameter (arrowhead) is seen at the top of the image from 
the same fly.  (a8) The percentage of adult flies containing bristle defects as a percentage of 
the total number of flies examined following the specific expression primarily in neurons of 
one (x1 neuron/bristle) or two copies (x2 neuron/bristle) of Sema-1a or Sema-1b using the 
Sca-GAL4 driver.  In all cases, only one copy of the Sca-GAL4 driver was employed. We saw 
no defective bristles when we expressed Sema-1a or Sema-1b in the bristle cells themselves 
using B11-GAL4 (x1 bristle).  n > 50 adults/genotype. 
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Figure S2.12. Further characterization of actin organization in Semaphorin, Plexin, and 
Mical mutants. (a) We did not find any evidence indicating a lack of dendritic innervation of 
bristle processes in Sema-1b-/-, plexA-/-, or Mical mutants but we did find an increase in the 
size of F-actin bundles in the bristle processes of these mutants.  Using an antibody to Sema-
1a, which selectively labels the dendrites innervating bristle processes (Figure S2.10a), or 
ultrastructural analysis we did not find any differences in the presence of dendrites within the 
bristle processes of Sema-1b, plexA, or Mical (data not shown) mutants when compared to 
wild-type pupae (or pupae with a Mical dominant negative protein expressed selectively in 
bristles [e.g., Bristle MicalΔredox]).  In these examples from a Sema-1b-/- mutant, the dendrite 
(red) is present within the bristle process of a late stage pupa with a tip alteration (as seen 
using DIC optics).  Likewise, in these examples examined using EM, dendrites (arrows) 
could be found in the bristles of Sema-1b, plexA, and bristle-expressing MicalΔredox mutants 
(in close association with F-actin bundles).  The plasma membrane (pm), chitin cuticle (c), 
and bundled F-actin (actin) are labeled for reference.  These findings are supportive of our 
results that transmembrane semaphorins in the dendrite signal to plexA/Mical in the 
developing bristle process and this signaling event regulates the actin organization in the 
developing bristle process.  These findings are also in line with our expression analysis for 
plexA and Mical which shows strong expression in bristle processes and no identifiable 
expression in the dendrites that innervate the bristles.  Likewise, expression of dominant-
negative forms of either plexA (without its cytoplasmic portion) or Mical (Δredox, ΔCH) 
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selectively in bristles generates loss-of-function-like bristle defects.  These observations are 
also in line with the sufficiency of plexA and Mical to generate actin alterations in bristle 
processes when they are expressed selectively in bristle cells; while Sema-1’s are sufficient 
to generate actin alterations in bristle processes when they are expressed in neurons but not in 
bristle cells.  Furthermore, our observations that indicate a requirement for Sema–Plex–Mical 
signaling in bristle cells are supported by our ability to rescue the Mical-/- mutant bristle 
defects by restoring Mical selectively in bristle cells and with our in vitro results showing 
that Mical can directly regulate actin filament dynamics (Figures 2.3-2.4).  Notice also the 
increase in size of the bundles of F-actin (Actin) present in Sema-1b-/-, plexA-/-, and bristle-
expressing MicalΔredox bristles when compared to the bundles of F-actin found in wild-type 
bristles (see also Figure 2.2d and S2.12b).  (b) Ultrastructural analyses on 
longitudinal/horizontal sections of the developing bristle process viewed at the same 
magnification (and also the same magnification as in (a)) and cut through the “widest” 
portion of the actin bundle for each genotype also reveals that transmembrane Semas, plexA, 
and Mical regulate actin filament distribution and bundling in vivo.  Longitudinally cut 
microtubules can also be seen (e.g., arrowheads).  For example, (Wild-type) a longitudinal 
section cut through two bundles of a normal developing bristle process and examined using 
transmission EM reveals bundled actin filaments.  (Sema-1b-/-) An increase in the size of the 
bundles of F-actin was observed in Sema-1b mutant bristle processes.  (Bristle MicalredoxCH) 
Only small bundles of F-actin (arrows) are present at the membrane and within the interior of 
the bristle process when MicalredoxCH is expressed selectively in bristle cells (see also the 
main manuscript Figure 2.2d, Bristle MicalredoxCH).  Interestingly, when full-length Mical is 
overexpressed in developing bristles, only small bundles of F-actin are present at the 
membrane (e.g., see Figure 2.2d, x2 bristle Mical, arrow) but larger bundles of F-actin are 
present in the interior of the bristle process (e.g., see the main manuscript Figure 2.2d, x2 
bristle Mical, arrowhead).  These results suggest that full-length Mical specifically regulates 
F-actin bundling in close association to the membrane while MicalredoxCH regulates F-actin 
bundling throughout the bristle process (i.e., at the membrane and in the interior of the bristle 
process).  The scale bar in the Wild-type ultrastructural image (250nm) applies to all EM 
images. 
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Figure S2.13. Mical works with Sema–plexA signaling to direct modifications to bristle 
morphology.  (a) Genetic interaction analysis reveals that Mical works with Sema–plexA 
signaling to direct modifications to bristle morphology.  See also Figure 2.3A.  Genetic 
interaction analyses between Mical, Sema-1a, Sema-1b, and plexA.  (a1) Compared to either 
mutation alone, the percentage of flies with defective bristles increased to 100% when we 
made flies containing hypomorphic mutations in both Sema-1b and Mical.  Likewise, 
compared to flies containing a homozygous mutation in plexA, the percentage of flies with 
defective bristles increased to 100% when we made flies containing a homozygous mutation 
in plexA as well as a heterozygous mutation for Mical.  In addition, as we were attempting to 
make different double mutant combinations we noticed weak but consistent dominant genetic 
interactions between mutant alleles of Mical and mutant alleles Sema-1a, Sema-1b, and 
plexA.  Compared with flies containing heterozygous mutations in either Mical, Sema-1a, 
Sema-1b, or plexA (which showed little to no bristle defects [<2%]), transheterozygous flies 
containing P element or small deficiency mutations in Sema-1a and Mical 
(Df(2L)Exel7039/+; Df(3R)swp2/+), Sema-1b and Mical (Sema-1bEY21782/+; Df(3R)swp2/+), 
or Mical and plexA (Df(3R)swp2/+; Df(4)C3/+) exhibit bristle defects and these differences 
were statistically significant (Chi-Square Test; p<0.0001).  n > 16 adults/genotype.  (a2) 
Genetic interaction assays reveal that Mical is sufficient to enhance the bristle branching 
effects of plexA overexpression and that Mical-mediated bristle branching is regulated by 
plexA.  To determine if Mical works with plexA to generate F-actin reorganization and 
bristle branching we overexpressed plexA in the presence or absence of Mical.  For the 
overexpression studies, one of the transgenic lines that showed weaker expression of Mical 
(x1 Mical) was used since it was found to give rise to bristle branches of relatively similar 
shape, position, size, and number.  Expressing both one copy of plexA and one copy of Mical 
in all bristles (x1 bristle plexA + x1 bristle Mical) revealed a pronounced enhancement of 
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bristle branching when compared to animals expressing either one of the transgene’s alone 
(see also Figure 2.3A).  In contrast, removing one copy of plexA in the Mical bristle 
overexpression background suppressed Mical-mediated bristle branching indicating that 
plexA is an activator of Mical (see also Figure 2.3A).  (b) A transgenic fly line was generated 
containing full-length Mical with a deletion of only its plexin-interacting region (PIR) 
domain followed by a 6 histidine (his) tag and a stop codon at the C-terminus (MicalΔPIR).  
Bristle specific expression of this MicalΔPIR protein results in a hyperactive form of Mical and 
generates multiple bristle branches.  Furthermore, decreasing Sema–Plexin signaling limited 
the actin destabilizing activity of full-length Mical (see Figures 2.3A, S2.13a2), but not that 
of this constitutively active MicalΔPIR (see Figure 2.3A) or MicalredoxCH (data not shown).  
These findings with MicalΔPIR, coupled with our MicalredoxCH data, our genetic analysis, and 
previous results (Schmidt et al., 2008; Terman et al., 2002) indicate that Mical’s ability to 
control F-actin organization is tightly regulated by other regions of the large Mical protein.  
These results also reveal that Mical plays a positive (and necessary) role in Sema–plexA 
signaling and suggest that the Plexin-interacting region of Mical serves to autoinhibit Mical 
activity and that binding of Mical to Sema-activated Plexin releases this Mical autoinhibition 
and activates Mical. This mechanism would enable the localized activation of Mical in 
response to extracellular signals carried by semaphorins.  All together, these results are 
consistent with a model in which Plexin is typically in an inactive conformation (e.g., (He et 
al., 2009; Negishi et al., 2005b; Oinuma et al., 2004; Takahashi and Strittmatter, 2001)), and 
upon binding to Sema, Plexin becomes active and then binds and activates Mical.  The scale 
bar can be used for all of the bristle drawings. 
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Figure S2.14.  The Mical redox enzyme, but not the related redox enzyme PHBH, co-
sediments with F-actin and alters actin dynamics.  As described in Figure 2.3C, pyrene-
labeled actin was used to monitor actin polymerization, where the fluorescence intensity (a.u. 
(arbitrary units)) of the pyrene-labeled actin polymer is substantially higher than the pyrene-
labeled actin monomer. (a) Further analysis of the effects of Mical on actin polymerization 
and depolymerization. (a1) A Coomassie brilliant blue stained gel revealing the purity of the 
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MicalredoxCH protein that was used for the biochemistry experiments.  (a2) MicalredoxCH alters 
actin polymerization in an NADPH dependent manner. As can be observed by following the 
characteristic increase in fluorescence intensity over time, the addition of 600 nM 
MicalredoxCH (black dots) does not affect the rate (r), extent (e), or steady-state level (ss) of 
actin polymerization (see also Figure 2.3C, a).  However, the addition 600 nM MicalredoxCH in 
the presence of 50 µM of its NADPH coenzyme (MicalredoxCH (NADPH), green dots) results 
in specific alterations to the ability of actin to polymerize such that actin polymerization 
slows-down over time (1), which is followed by a substantial decrease in the extent of 
polymerization (2), the rapid depolymerization of F-actin (3), and the inability of actin to 
reinitiate polymer formation (4).  (a3 – a4) Mical’s ability to alter actin polymerization shows 
a dosage response that depends on the concentration of both NADPH and MicalredoxCH.  (a3) 
The effect of MicalredoxCH (600 nM) on actin polymerization weakens as the concentration of 
the NADPH (N) coenzyme decreases from 25 µM (green) to 5 µM (red).  (a4) Likewise, the 
effect of Mical on actin polymerization appears catalytic since Mical alters actin 
polymerization at very low, substoichiometric concentrations (relative to the concentration of 
actin which was 1.1 µM in all experiments).  The concentration of the NADPH coenzyme 
was fixed at 400 µM to maximize the number of activated MicalredoxCH proteins.  (a5) A 
dilution-induced actin depolymerization assay was also used to determine the effect of 
purified MicalredoxCH protein on actin depolymerization.  Depolymerization was induced by 
diluting pre-assembled pyrene labeled actin filaments so that there was a gradual disassembly 
of actin filaments (decreasing fluorescence intensity) as seen in our control experiment (100 
µM NADPH; blue dots).  In contrast, MicalredoxCH (600 nM) in the presence of NADPH (100 
µM) rapidly accelerates the rate and extent of this depolymerization (green dots).  (b) 
Micalredox co-sediments with F-actin and regulates actin polymerization. (b1) Co-
sedimentation analysis reveals that purified Micalredox associates with actin filaments.  Some 
calponin homology (CH) domains are involved in actin filament binding and are present in a 
number of F-actin bundling proteins.  Likewise, the redox domain of Mical also contains an 
extensive patch of positive charge that may provide a binding surface for negatively charged 
actin filaments (Siebold et al., 2005).  We therefore tested whether the CH domain was 
necessary for the association we had seen between MicalredoxCH and F-actin (see also Figures 
2.3B, c-d).  Images of Coomassie blue stained gels are shown after subjecting the samples to 
high-speed centrifugation.  F-actin was assembled from purified actin in vitro.  In the 
presence of purified actin filaments, purified Micalredox protein (arrowhead) is present in the 
pellet (Micalredox + F-actin) indicating that the redox portion of Mical associates with F-actin. 
Sol, G-actin (soluble); Pel, F-actin (pellet).  Micalredox did not co-sediment with microtubules 
(Figures 2.3B, d; S2.16) indicating that Micalredox selectively associates with actin.  (b2) 
Micalredox directly affects actin polymerization in the presence of NADPH.  Pyrene-actin was 
polymerized in the presence of Micalredox (600 nM), NADPH (100 µM), or either Micalredox 
or MicalredoxCH (600 nM) in the presence of NADPH.  Micalredox, in the presence of NADPH, 
exerts a similar effect on actin polymerization as MicalredoxCH (in the presence of NADPH).  
These in vitro results, therefore, coupled with our in vivo observations (Figure S2.7), indicate 
that the CH domain of Mical is necessary for the proper localization of Mical in vivo, but is 
dispensable for Mical’s ability to directly alter actin dynamics.  (c) p-hydroxybenzoate 
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hydroxylase (PHBH), an enzyme related to Mical, does not co-sediment with F-actin or 
regulate actin polymerization.  (c1) Standard actin co-sedimentation assays reveal no 
association between PHBH and F-actin.  Images of Coomassie blue stained gels are shown 
after subjecting the samples to high-speed centrifugation.  Filamentous actin was assembled 
from purified actin in vitro (F-actin); notice that after high-speed centrifugation the majority 
of actin is present in the pellet (Pel).  In contrast, after high-speed centrifugation, purified 
PHBH protein (PHBH) is present in the soluble (Sol) fraction.  In the presence of purified 
actin filaments, purified PHBH protein remains in the soluble fraction (PHBH + F-actin) 
indicating that PHBH does not associate with F-actin.   Note that PHBH and actin migrate at 
a similar molecular weight and since there is little to no change in the size of the PHBH band 
in the soluble fraction in the presence or absence of F-actin (black arrows), we conclude that 
little to no PHBH co-sediments with F-actin.  Also notice there is little to no change in the 
size of the F-actin band in the pellet in the presence or absence of PHBH (blue arrows) 
further supporting our conclusion that PHBH does not co-sediment with F-actin.  (c2) PHBH 
does not affect actin polymerization in the presence of NADPH.  PHBH, an enzyme related 
to the Mical oxidoreductase domain, was used to examine the specificity of Mical’s effects 
on actin polymerization.  Like Mical, PHBH also utilizes NADPH, and generates NADP+ and 
H2O2 in the absence of its substrate.  Therefore, pyrene-labeled actin was polymerized in the 
presence of either NADPH (100 µM) alone, or with either PHBH (NADPH) or MicalredoxCH 

(NADPH).  Unlike either MicalredoxCH or Micalredox in the presence of NADPH, PHBH in the 
presence of NADPH exerted no effect on actin polymerization.  
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Figure S2.15. Further characterization of the effects of MICAL on actin.  As described 
in Figures 2.3C and S2.14, pyrene-labeled actin was used to monitor actin polymerization 
using standard approaches, where the fluorescence intensity (a.u. (arbitrary units)) of the 
pyrene-labeled actin polymer is substantially higher than the pyrene-labeled actin monomer.  
(a) Purified MicalredoxCH (600 nM) protein has no intrinsic fluorescence that can be monitored 
at the same wavelength as pyrene actin.  (b) MicalredoxCH (600 nM) alters the rate and extent 
of both actin polymerization and depolymerization more effectively in the presence of 
NADPH (100 µM NADPH; green dots) than with the related pyridine nucleotide coenzyme 
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NADH (100 µM NADH; blue dots).  (c) NADP+, which is a product of the reaction when 
MicalredoxCH consumes NADPH, does not affect actin polymerization.  (d) MicalredoxCH has no 
effect on actin polymerization in the presence of NADP+.  This further indicates the 
specificity of the pyridine nucleotide coenzyme utilized by Mical and that NADP+ does not 
work in combination with Mical to affect actin polymerization.  (e) MicalredoxCH induces 
effects on actin polymerization that are distinct and much stronger than those induced by 
hydrogen peroxide (H2O2).  The addition of extremely high concentrations of H2O2 (purple 
dots, 20 mM; blue dots, 40 mM) results in a decrease in the extent of actin polymerization 
and also induces a gradual depolymerization of actin. The scope and time course of these 
H2O2-mediated effects, however, are much weaker (>1 million times lower) than those 
induced by small concentrations of MicalredoxCH protein (i.e., 40 mM H2O2 compared to 25 
nM MicalredoxCH), revealing that Mical’s effects on actin dynamics are not likely to result 
from non-specific production of H2O2.  High levels of H2O2 also have no appreciable effects 
on actin depolymerization as determined using a pyrene actin depolymerization assay (see 
Figure 2.3C, b).  (f) Products of the Mical reaction (NADP+ and H2O2) do not work in 
synergy to alter actin polymerization. NADP+ concentration = 100 µM.   
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Figure S2.16. Purified Mical protein shows little to no association with microtubules 
and does not alter tubulin polymerization dynamics.  (a) Co-sedimentation analysis was 
used to examine the association between Mical and microtubules.  Images of Coomassie blue 
stained gels are shown.  Microtubules were assembled in vitro from purified tubulin (α and β 
subunits); notice that after high-speed centrifugation the majority of microtubules (MT) are 
present in the pellet (Pel, arrows).  In contrast, after high-speed centrifugation the majority of 
purified MicalredoxCH or Micalredox is present in the soluble (Sol) fraction (arrowheads).  
Likewise, in the presence of purified microtubules, the majority of MicalredoxCH or Micalredox 
protein (and a negative control, BSA) is present in the soluble fraction indicating that both 
MicalredoxCH and Micalredox have little to no association with microtubules.  Notice that 
microtubule associated proteins (MAPs, arrowhead), known microtubule binding proteins 
that were used as a positive control, change their distribution from the soluble fraction to 
pellet fraction in the presence of microtubules.  (b) The effect of MicalredoxCH on tubulin 
polymerization was examined.  A fluorescence-based tubulin polymerization assay was 
employed using standard approaches, where the fluorescence intensity (a.u. (arbitrary units)) 
of microtubules is substantially higher than tubulin monomers.  MicalredoxCH and NADPH 
were added in the tubulin solution and polymerization was initiated by increasing the 
temperature from 4°C to 37°C.  There is no appreciable difference between tubulin 
polymerization alone (tubulin only) and tubulin polymerization in the presence of 
MicalredoxCH with NADPH. 
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Figure S2.17. Purification and characterization of Drosophila fascin.  (a) Purification of 
recombinant Drosophila fascin protein.  (a1 – a5) Coomassie stained gels are shown and the 
arrows point to the fascin protein in all gels.  L (lysates), F (flowthrough), E (different eluted 
samples).  (a1) A cDNA encoding full-length Drosophila fascin was inserted into a His-tag 
containing bacterial expression vector, transformed into bacteria, and following the 
appropriate growth conditions, lysates (L) were loaded on a Nickel (Ni)-NTA affinity 
column to enrich (E) for the His-tagged fascin (arrow).  (a2)  Following elution from the Ni-
NTA column, the enriched fascin (U) was digested (D) with a SUMO protease to cleave-off 
the SUMO-His tag.  The smaller size of the digested fascin (without the SUMO-His tag) can 
be seen (arrow).  (a3) The digested (D) sample was then loaded again on a Ni-NTA column 
to separate fascin from the SUMO-His tag.  Only the flow-through (F) was saved (*) and 
used for a4 while the elutions (E) from the Ni column (containing the SUMO-His tag) were 
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discarded.  (a4 – a5) Ion-exchange chromatography was then used to remove contaminating 
proteins since fascin only binds weakly to the UnoQ column under these specific ionic 
conditions (see Methods) and the flow-through (F) was then concentrated (a5) and analyzed 
on a gel to determine the purity of the fascin protein.  (a6) Western blotting results after 
loading the purified Drosophila fascin protein and staining it with a monoclonal antibody to 
Drosophila fascin revealed a strong fascin immunoreactive band (arrow).  No fascin 
immuonblotting was observed on a lane containing other purified proteins (negative controls: 
α-actinin and MicalredoxCH).  MW (molecular weight).  (b) Purified Drosophila fascin bundles 
F-actin. To test for the ability of fascin to bundle actin filaments, purified actin was 
polymerized, incubated with purified Drosophila fascin, and then subjected to low-speed 
centrifugation.  Bundled actin filaments because of their increase in mass can be pelleted at 
lower speeds than unbundled actin filaments.  At these low speeds, actin filaments were 
present primarily in the soluble (Sol) fraction.  However, in the presence of fascin, actin 
filaments were present primarily in the pellet (Pel) indicating that purified Drosophila fascin 
bundles actin.  No actin filament bundling was seen with BSA or MicalredoxCH (see Figure 
S2.18).  (c) MicalredoxCH/NADPH does not alter the ability of purified fascin to bundle F-
actin.  To determine if Mical/NADPH directly inhibits the bundling ability of fascin, we 
incubated MicalredoxCH with or without NADPH with purified fascin. We then removed the 
small molecule NADPH through filtration and added preassembled F-actin.  We then 
subjected the samples to low-speed centrifugation to examine the ability of the treated fascin 
to bundle actin filaments.  Note that fascin exhibited robust actin bundling activity which was 
unaltered when fascin was pretreated with MicalredoxCH/NADPH. 
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Figure S2.18. Purification and characterization of Drosophila α-actinin.  (a) Purification 
of recombinant Drosophila α-actinin protein.  (a1 – a5) Coomassie stained gels are shown and 
the arrows point to the α-actinin protein in all gels. F (flowthrough), E (different eluted 
samples).  (a1) A cDNA encoding full-length Drosophila α-actinin was inserted into a His-tag 
containing bacterial expression vector, transformed into bacteria, and following the 
appropriate growth conditions, lysates were loaded on a Nickel (Ni) – NTA affinity column 
to enrich (E) for the His-tagged α-actinin (arrow).  (a2) Following elution from the Ni-NTA 
column, the enriched α-actinin (U) was digested (D) with a SUMO protease to cleave-off the 
SUMO-His tag.  The smaller size of the digested α-actinin  (without the SUMO-His tag) can 
be seen (arrow).  (a3) The digested (D) sample was then loaded again on a Ni-NTA column 
to separate α-actinin from the SUMO-His tag.  Only the flow-through (F) was saved and used 
for a4 while the elutions (not shown) from the Ni column were discarded.  (a4 – a5) Ion-
exchange chromatography under specific ionic conditions (see Methods) was then used to 
enrich for α-actinin and selected eluates (E) containing high amounts of α-actinin were saved 
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and concentrated (a5) and analyzed on a gel to determine the purity of the α-actinin protein.  
(b) Purified Drosophila α-actinin, but not MicalredoxCH, bundles F-actin. To test for the ability 
of α-actinin to bundle actin filaments, purified actin was polymerized, incubated with 
purified Drosophila α-actinin, and then subjected to low-speed centrifugation.  Bundled actin 
filaments because of their increase in mass can be pelleted at lower speeds than unbundled 
actin filaments.  At these low speeds, F-actin, α-actinin, and MicalredoxCH was present 
primarily in the soluble fraction.  However, in the presence of α-actinin, but not MicalredoxCH, 
F-actin was present primarily in the pellet indicating that purified Drosophila α-actinin 
bundles actin but MicalredoxCH does not.  (c) MicalredoxCH/NADPH does not alter the ability of 
α-actinin to bundle F-actin (performed in a similar way as Figure S2.17c).  To determine if 
Mical/NADPH directly inhibits the bundling ability of α-actinin, we incubated MicalredoxCH 
with or without NADPH with purified α-actinin. We then removed the small molecule 
NADPH through filtration and added preassembled F-actin.  The samples were then 
subjected to low-speed centrifugation to examine the ability of the treated α-actinin to bundle 
actin filaments.  Note that α-actinin exhibits robust actin bundling activity which was 
unaltered when α-actinin was pretreated with MicalredoxCH/NADPH.  (d) 
MicalredoxCH/NADPH disassembles α-actinin bundled actin filaments.  The ability of 
MicalredoxCH/NADPH to disassemble α-actinin bundled actin filaments was examined using 
low-speed centrifugation, since this technique differentiates between unbundled actin 
filaments (present in the soluble fraction) and bundled actin filaments (present in the pellet).  
As can be observed in these Coomassie stained gels, MicalredoxCH (in the presence of NADPH) 
substantially increases the amount of unbundled actin filaments (arrowhead). 
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Figure S2.19.  Mical localizes to neuronal growth cones in vivo. GFPMical expressed 
specifically in aCC/RP2 pioneer motor neurons using the RN2-GAL4 driver (Fujioka et al., 
2003; Sanchez-Soriano and Prokop, 2005) localizes strongly to the growth cone (arrow) and 
is present in a punctate pattern within the central portion of the growth cone and extends into 
filopodia.  Cb, neuronal cell body. 
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Figure S2.20.  Mical directs CNS and motor axon guidance through its redox and 
Calponin Homology (CH) domains. Axons within motor and central nervous system (CNS) 
pathways following neuronal expression of MicalΔCH or MicalΔredox exhibit Mical-/- mutant-like 
axon guidance defects.  In contrast, axon guidance defects similar to those seen following 
expression of full-length Mical in neurons are seen after neuronal expression of MicalredoxCH 
and MicalΔPIR.  (a) Abdominal hemisegments of filleted stage 16/17 embryos stained with the 
monoclonal antibody 1D4 are shown to visualize motor and CNS axons (Anterior, left; 
dorsal, up).  Intersegmental nerve (ISN), Intersegmental nerve b (ISNb), and ventral muscles 
6, 7, 12, and 13 are indicated.  (ISNb Motor Axons) In wild-type embryos, ISNb motor 
axons normally defasciculate from the ISN and grow dorsally to innervate muscles 6/7 and 
12/13 (arrows).  In Mical-/- and neuronal MicalΔCH expressing embryos, axons often fail to 
innervate their targets (arrows), exhibiting increased axonal fasciculation.  In contrast, 
following neuronal expression of full-length Mical, MicalredoxCH, and MicalΔPIR, axons 
abnormally defasciculate from one another (e.g., area demarcated by arrowheads), such that 
individual, punctate-labeled, axons could be seen in some cases (MicalredoxCH).  We also saw 
ISN, ISNd, SNa, and SNc motor axon guidance defects in these different Mical neuronal 
overexpression lines. (CNS Axons) In wild-type embryos, three (1,2,3) characteristic 1D4- 
positive CNS longitudinal connectives can be seen that are equally spaced and of a similar 
width.  In Mical-/- and neuronal MicalΔCH embryos, axons within the third longitudinal 



163 

 

(arrows) are often absent; phenotypes indicative of increased fasciculation with other axons 
(Winberg et al., 1998; Yu et al., 1998).  In contrast, following neuronal expression of full-
length Mical or MicalredoxCH, multiple thin bundles of axons (e.g., area demarcated with 
arrowheads) are seen indicating that axons are abnormally defasciculating from one another.  
Scale bar applies to all images.  (b) The percentage (%) of defective ISNb, Segmental nerve a 
(SNa), and CNS pathways in Mical-/- embryos, or following neuronal expression of different 
forms of Mical using the ELAV-GAL4 driver.  (c) Percentage (%) of ISNb, SNa, and CNS 
axon guidance defects that are characteristic of decreased axon repulsion (left) or increased 
axon repulsion (right). Phenotypes that are characteristic of decreased repulsion were defined 
as follows – ISNb defects: stalling of motor axons exiting the CNS; or failure of ISNb axons 
to defasciculate from the ISN; or ISNb axons following the ISNd or SNc; or ISNb axons 
stalling; or ISNb axons remaining fasciculated with the ISN but wandering in the lateral 
muscle fields or projecting back to innervate ventral muscles; or ISNb axons bypassing 
targets; or absent or decreased 6/7 or 12/13 muscle innervation; SNa defects: stalling of 
motor axons exiting the CNS; or SNa axons fasciculated with the ISN nerve; or failure of the 
dorsal branch of the SNa to separate from the lateral branch of the SNa; or failure of the 
lateral branch of the SNa to separate from the dorsal branch of the SNa; or SNa axons failing 
to make two turns between muscles 22 and 23 and muscles 23 and 24 (either stalling near 
muscle 12 or projecting long distances between muscles 22 and 23); CNS defects: bundling 
of more than one longitudinal axonal connective; or absent or thin Fas-II CNS third 
longitudinals; or abnormally clumped axons; or stalling of axons.  Phenotypes characteristic 
of increased repulsion were defined as follows – ISNb defects: abnormal projections of ISNb 
axons; or projecting into abnormal target fields; or presence of single axons in abnormal 
areas; or premature innervation of abnormal targets; SNa defects: premature branching of 
SNa axons; or abnormal defasciculation of SNa axons; or SNa axon termination at incorrect 
muscles; or SNa single axons projecting abnormally; CNS defects: longitudinal connective 
axons defasciculated/more numerous in first, second, or third longitudinals; or longitudinals 
crossing the midline/extending away from the CNS.  n  > 80/genotype.  In total, we find that 
Micals are highly localized to growth cones and are also present within filopodia (Figure 
S2.19; (Terman et al., 2002)), that Micals are sufficient to regulate the size and actin 
organization of growth cones in vivo (Figure 4C), and that Micals are sufficient to mis-guide 
developing axons (Figure S20; (Terman et al., 2002)). 
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Figure S3.1. Mical is required for normal bristle development.  (A) The Drosophila 
bristle is a simple but robust model system for understanding the molecules and mechanisms 
that drive the elongation and shape of cells and their processes.  (Left) A photomicrograph of 
a wild-type bristle.  (Middle) During pupal development, organized F-actin bundles (green) 
“push-out” a long and branchless extension from the bristle cell soma present inside the fly.  
(Right) During later stages of pupal development, a chitin cuticle forms around the 
membranous bristle process to leave the stiff adult bristle.  In adult flies, this chitinous 
exoskeleton preserves a record of the actin organization and morphology of developing 
bristles  (Adapted from (Hung et al., 2010)).  (B) F-actin is normally organized in parallel 
bundles.  Decreasing Mical activity results in an increase in size of F-actin bundles.  In 
contrast, increasing Mical activity results in thinner and shorter F-actin bundles.  High levels 
of Mical activity induce a meshwork array of F-actin (Adapted from (Hung et al., 2010)). 
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Figure S4.1. Kinase activity is required for Abl-mediated actin dependent bristle 
morphological effects.  (A) Abl overexpression on its own in bristles generates bristle 
morphological changes.  (B) Expression of AblKD alone does not generate any bristle 
defects.  
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