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SUMMARY

Extracellular cues that regulate cellular shape, motility, and navigation are generally classified as 

growth-promoting (i.e., growth factors/chemoattractants and attractive guidance cues) or growth-

preventing (i.e., repellents and inhibitors). Yet, these designations are often based on complex 

assays and undefined signaling pathways, and thus may misrepresent direct roles of specific cues. 

Herein, we find that a recognized growth-promoting signaling pathway amplifies the F-actin 

disassembly and repulsive effects of a growth-preventing pathway. Focusing on Semaphorin/

Plexin repulsion, we identified an interaction between the F-actin-disassembly enzyme Mical and 

the Abl tyrosine kinase. Biochemical assays revealed Abl phosphorylates Mical to directly amplify 

Mical Redox-mediated F-actin disassembly. Genetic assays revealed Abl allows growth factors 

and Semaphorin/Plexin repellents to combinatorially increase Mical-mediated F-actin 

disassembly, cellular remodeling, and repulsive axon guidance. Similar roles for Mical in growth 

factor/Abl-related cancer cell behaviors further revealed contexts in which characterized positive 

effectors of growth/guidance stimulate such negative cellular effects as F-actin disassembly/

repulsion.

eTOC Blurb

Semaphorin/plexin signaling repels cellular growth and promotes actin disassembly. Surprisingly, 

Yoon et al. find that these effects are amplified by growth-promoting factors acting via Abl 

tyrosine kinase. These results reveal a role for chemoattractant cues in promoting the effects of 
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chemorepellents, and suggest complex interactions among growth-suppressing and -promoting 

pathways.

INTRODUCTION

Preventing cellular growth, motility, and navigation – in cancer, for example – or stimulating 

it in the diseased brain is crucial for curing many devastating pathologies. These cellular 

behaviors are specified in both physiological and pathological contexts when signals from 

outside of cells impinge through signal transduction pathways on the proteins that directly 

regulate the assembly, organization, and stability of the actin filament (F-actin) cytoskeleton 

(Pollard and Cooper, 2009; Bray, 2001). The search for the extracellular signals underlying 

these behaviors has now yielded a vast array of molecules that are generally grouped into 

two classes based on their positive or negative effects on cell shape and movement 

(Kolodkin and Tessier-Lavigne, 2011; Berzat and Hall, 2010; Swaney, et al., 2010). 

Extracellular signals such as growth factors, some of which are also chemoattractants 

(referred to as growth factors/chemoattractants below), and attractive guidance cues, for 

example, are linked together based on their positive effects on cell shape and motility – 

effects that are believed to be the result of their ability to promote F-actin formation and 

stability (Gomez and Letourneau, 2014; Vitriol and Zheng, 2012; Kolodkin and Tessier-

Lavigne, 2011; Berzat and Hall, 2010; Swaney, et al., 2010). Cues have also been identified 

and classified as inhibitors/repellents based on their negative influences on cellular form and 

mobility – effects that are believed to result from their ability to disassemble the F-actin 

cytoskeleton (Gomez and Letourneau, 2014; Vitriol and Zheng, 2012; Hung and Terman, 

2011; Kolodkin and Tessier-Lavigne, 2011; Mayor and Carmona-Fontaine, 2010). Such 

classifications have triggered a plethora of specific therapeutic strategies such as using 

growth factors/attractants to stimulate cellular movement (e.g., using nerve growth factors/

neurotrophins to encourage axon regeneration) and repellents to limit the movement of cells 

(e.g., using repulsive cues to limit cancer cell metastasis). Yet, these extracellular signals and 

their positive or negative effects have often been defined solely on the basis of complex in 

vitro and in vivo cellular assays where outcomes may be indirect and obscure the direct roles 

of specific cues. Likewise, there remains a lack of defined signaling pathways from the cell 

surface to the actin cytoskeleton for many of these extracellular signals, further confounding 

our understanding of their specific physiological and pathological functions. Such gaps in 

our knowledge are therefore likely to mask critical concepts and biomedically-relevant 

distinctions among these cues, their actions, and their use in clinical settings.

To aid in the understanding of how extracellular signals affect the actin cytoskeleton and 

elicit cellular behaviors, we have been employing simple high-resolution model systems and 

one of the largest families of guidance cues, the Semaphorins (Semas) (Taylor Alto and 

Terman, 2017). Semas, with over twenty members conserved from invertebrates to humans, 

play critical functional roles in numerous tissues and have been best characterized as 

repellents – destabilizing the F-actin cytoskeleton to negatively regulate the shape, 

movement, and navigation of cells and their membranous extensions (Hung and Terman, 

2011; Kolodkin and Tessier-Lavigne, 2011). Recently, our approaches uncovered a direct 

pathway from the cell surface repulsive Semaphorin receptor Plexin (Plex) to the actin 
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cytoskeleton – identifying an oxidation-reduction (redox) enzyme, Mical, that directly 

associates with both Plex and actin filaments, and induces F-actin disassembly via the 

posttranslational oxidation of actin (Hung, et al., 2011; Hung, et al., 2010; Terman, et al., 

2002). The MICALs are now becoming widely recognized as using this F-actin disassembly 

Redox activity to alter the behaviors of multiple cell types (reviewed in (Manta and 

Gladyshev, 2017; Wilson, et al., 2016)) but little is known if other signal transduction 

pathways may intersect with Mical to direct actin cytoskeletal disassembly.

We now find that the Abl non-receptor protein tyrosine kinase and oncoprotein signaling 

pathway activates Mical to direct multiple cellular effects – including extending and shaping 

cellular processes, guiding axons, and orchestrating cancer cell invasion, colony formation, 

and survival. Our results go on to reveal that Abl directly associates and phosphorylates a 

conserved tyrosine residue (Y500) on Mical, stimulating Mical’s enzymatic activity to 

disassemble F-actin and increase cellular repulsion. Moreover, we find that these Mical and 

Abl effects are amplified by the combinatorial action of both Growth Factors/

Chemoattractants and Sema/Plexin repellents. Our findings, therefore, uncover contexts in 

which a recognized “growth-promoting” signaling pathway functions to magnify the F-actin 

disassembly/repulsive effects of a “growth-preventing” pathway.

RESULTS

The Abl Non-receptor Protein Tyrosine Kinase is a Mical-interacting Protein

MICALs are large multidomain proteins that contain an enzymatically active 

monooxygenase (redox) domain, a calponin homology (CH) domain, a LIM domain, a long 

proline (P) - rich region, and an Ezrin-Radixin-Moesin (ERM) α-like domain (Figure 1A). 

The MICALs use their redox domain to exert their effects in multiple cell types (Manta and 

Gladyshev, 2017; Wilson, et al., 2016), but less is known of how this redox activity is 

regulated. Interestingly, MICALs have conserved proline (P)-rich PxxP motifs within their 

proline-rich region (Figures 1A and S1A), which are protein interaction modules known to 

serve as ligands for SH3 domains and regulate the biochemical function of different 

proteins. Employing different portions of the Mical proline–rich region, we conducted a 

yeast two-hybrid screen and identified the non-receptor protein tyrosine kinase Abl as a 

Mical interactor (Figures 1B, S1B–C). Further analysis revealed that the Abl SH3 domain 

specifically interacted with a particular portion of the Mical proline-rich region (Figures 1A, 

1B, S1B–C) and that this Mical–Abl SH3 domain interaction was specific since the SH3 

domains of other proteins that were tested did not interact in the yeast two-hybrid system 

(Figures S1C–D). Purifying proteins containing the interacting regions of Mical and Abl and 

performing GST pull down assays (Figure 1C) also supported our yeast two-hybrid results – 

and together with related yeast two-hybrid, co-localization, co-immunoprecipitation, and 

enzyme assays (as shown below) indicate that Mical and Abl associate together.

Abl Regulates Mical-mediated F-actin Disassembly and Cellular Remodeling

Abl family kinases are distinguished from other non-receptor tyrosine kinases by the 

presence of SH2, SH3, and actin binding domains (Figure 1B), and they play critical but still 

incompletely understood roles in multiple cellular events (Khatri, et al., 2016; Wang, 2014). 
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The MICALs also play essential cellular roles through their ability to control actin 

organization in multiple cell types (Manta and Gladyshev, 2017; Wilson, et al., 2016), 

including within developing Drosophila bristle cells (Hung, et al., 2010), which have long 

provided a simple high-resolution single cell model for characterizing actin dependent 

events in vivo (Figure 1D; (Hung and Terman, 2011)). We therefore employed the bristle cell 

to determine if Abl is involved in Mical-mediated actin alterations.

Bristle process elongation is actin dependent such that bristles are formed when a bristle cell 

orchestrates actin assembly to extend an unbranched, slightly curved, cellular protrusion 

(Figure 1D). Mical localizes prominently to growing bristles tips (Figure 1E; (Hung, et al., 

2010)), and Abl, likewise, localized to these extending tips, strongly co-localizing with 

Mical (Figure 1E). Turning to genetic analyses, we also found that Abl homozygous mutants 

displayed the straight, thick, blunt, and/or bent bristles that characterize Mical mutants and 

their altered F-actin organization (Figures S1E–G). Transheterozygous Abl and Mical 
(double heterozygotes (Abl+/− and Mical+/−)) mutants, likewise, displayed increased cell 

morphological defects when compared to either Mical or Abl heterozygotes alone (Figure 

S1H), providing additional genetic evidence that Abl and Mical function in the same 

signaling pathway in these cells. To further examine the cellular effects of this Mical and 

Abl genetic interaction, we increased Mical levels specifically in bristles, which generates F-

actin disassembly and reorganization that produces a branched bristle (Figures 1F, 1H, and 

1I; (Hung, et al., 2010)). Notably, decreasing Abl levels (Abl heterozygous mutants 

(Abl+/−)) suppressed this Mical-mediated F-actin disassembly/cellular remodeling, 

decreasing the length and number of bristle branches (Figures 1I and S1I). Loss of Abl (Abl 
homozygous mutants, Abl−/−) further suppressed Mical-mediated F-actin disassembly and 

remodeling, dramatically restoring bristles to a near-normal unbranched appearance (Figures 

1F–I and S1J and compare to wild-type in Figure 1D). Narrowing down the specific PxxP-

SH3 domain interacting region between Mical and Abl (Figure 1J) and generating transgenic 

flies with mutations altering these Mical-Abl interactions (which we called MicalKKLKK; 

Figure 1J–K), also significantly decreased Mical’s ability to induce F-actin/cellular 

remodeling (Figures 1K and S2A–B). Collectively, therefore, our results reveal that Abl is 

required in vivo for Mical-mediated F-actin disassembly and cellular remodeling, and 

support a hypothesis that an interaction with Abl is critical for Mical’s ability to orchestrate 

actin alterations and cellular remodeling.

Abl’s Kinase Activity Directly Enhances Mical-mediated F-actin Disassembly

A number of known Abl-SH3-binding proteins are also substrates for the Abl kinase 

(Colicelli, 2010), so in light of the physical and functional interaction we observed between 

Abl and Mical, we investigated if Abl uses its kinase activity to regulate Mical’s effects on 

actin/cellular remodeling. We first examined if Abl’s kinase domain is required for Mical-

mediated F-actin alterations in vivo. Employing the bristle system, we found that increasing 

Abl levels specifically in bristles dramatically enhanced Mical-mediated actin alterations/

cellular remodeling – generating bristles with more and longer branches (Figures 2A and 2C 

and compare to Figure 1F). In contrast, bristle-specific expression of a kinase dead version 

of Abl (AblKD), in which Abl’s catalytically critical lysine 417 was mutated to asparagine 

(K417N), not only did not enhance Mical-dependent actin alterations/cellular remodeling, it 
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suppressed Mical’s effects (Figures 2B–C and compare to Figure 1F). Furthermore, raising 

Abl levels alone, but not AblKD alone, in bristles was sufficient to generate branching 

(Figures 2C, S2C–D), and these cellular effects were suppressed by decreasing Mical levels 

(Figure S2E). Decreasing Mical levels in an AblKD background, in contrast, generated bent 

bristle defects that resembled both Mical and Abl homozygous mutants (Figure S2F). These 

results therefore support the necessity and sufficiency for Abl and its kinase function in 

Mical-mediated actin alterations and cellular remodeling.

To more directly examine the Abl kinase effect on Mical, we turned to in vitro actin 

biochemical assays, where we had previously identified that purified Mical protein in the 

presence of its NADPH co-enzyme directly induces F-actin disassembly (Figure 2D (left); 

(Hung, et al., 2010)). Strikingly, using purified proteins corresponding to the F-actin 

regulatory redox domain of Mical and the kinase domain of Abl, we found that the active 

Abl kinase (in the presence of ATP) significantly increased the rate and extent of Mical-

mediated F-actin disassembly (Figures 2D–F). Further analyses revealed that purified active 

Abl kinase alone had no effects on F-actin disassembly (Figure 2D), but its effects on Mical-

mediated F-actin disassembly were concentration dependent (Figure S2G). We saw similar 

results using purified proteins and F-actin sedimentation assays (Figures 2G–H), further 

demonstrating that the Abl kinase directly increases Mical-mediated F-actin disassembly.

Abl Phosphorylates Mical’s Actin-Regulatory Redox Domain to Amplify Mical’s Catalytic F-
actin Disassembly Activity

To better understand this Abl kinase-mediated enhancement of Mical F-actin disassembly, 

we turned to in vitro kinase assays to determine if the Abl kinase directly phosphorylates 

Mical. Using purified proteins, we found that Mical is specifically and selectively 

phosphorylated by Abl (Figures 3A and S3A–C). Furthermore, mass spectrometry revealed 

that a site of this phosphorylation occurs on a phylogenetically-conserved tyrosine (Y500) 

residue within the linker region of the actin-regulatory redox domain of Mical (Figures 3B, 

S3D–E, and S4A). While nothing is known of the importance of this residue in MICAL 

family redox enzymes, residues within the related linker/interface region of the Redox 

domain of p-hydroxybenzoate hydroxylase (PHBH) (Schreuder, et al., 1989) – the enzyme 

most closely related to Mical (Siebold, et al., 2005; Terman, et al., 2002) – play a critical 

role in regulating the enzymatic activity of PHBH (Figure 3C; (Moran, et al., 1997; van der 

Bolt, et al., 1997; Lah, et al., 1994; Palfey, et al., 1994; Eschrich, et al., 1993; Entsch, et al., 

1991)). Therefore, we wondered if phosphorylation of Y500 might regulate Mical’s catalytic 

activity. Since Mical is a redox enzyme that utilizes the co-enzyme NADPH to oxidize its F-

actin substrate (Hung, et al., 2011), we monitored Mical’s catalytic activity by following its 

NADPH consumption. Notably, Mical’s F-actin dependent enzyme activity increased 30% 

in the presence of the Abl kinase (Figures 3D and S4B), indicating a biochemical means by 

which Abl phosphorylation could affect Mical-mediated F-actin alterations. To further test 

this hypothesis, we purified Mical protein with a mutation of the Y500 residue to the 

chemically related phenylalanine (F) residue, and examined the effect of this 

Micalredox-Y500F protein on F-actin disassembly. Notably, we found that although purified 

Micalredox-Y500F protein behaved similarly to purified unmodified Micalredox protein 

(Figures 3E, S4C–D), it was no longer affected by Abl (Figures 3E and S4D). Moreover, 
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expression of a full-length Mical with a single substitution of this residue (MicalY500F) also 

suppressed Mical-mediated effects on F-actin alterations/cellular remodeling in vivo 

(Figures 3F–G, S4E). Thus, Abl phosphorylates Mical’s Y500 residue and this 

phosphorylation enhances Mical’s F-actin disassembly activity.

Abl Amplifies Mical-mediated Cellular Remodeling in Response to Semas/Plexins and 
Growth Factors

Abl family kinases are best known as functioning with a host of different growth factors/

chemoattractants including PDGF, VEGF, HGF, NGF, and EGF (reviewed in (Khatri, et al., 

2016; Wang, 2014)), which activate Abl to phosphorylate its targets. Interestingly, Mical has 

also been implicated in working with different growth factors including HGF, VEGF, EGF, 

and NGF (Deng, et al., 2016; Hou, et al., 2015; Lundquist, et al., 2014; Ashida, et al., 2006), 

but the role of these growth factors in regulating Mical-mediated F-actin disassembly is 

unknown. In a reciprocal way, Mical is best known to carry out the F-actin destabilizing 

effects of the cellular repellent Sema and its Plexin receptor (Hung, et al., 2010; Terman, et 

al., 2002) – and Abl, likewise, has been implicated in Sema/Plex signaling but its role in this 

process is unclear (Procaccia, et al., 2014; O’Connor, et al., 2008; Shimizu, et al., 2008; 

Moresco, et al., 2005; Toyofuku, et al., 2004). Therefore, we sought to better define these 

interactions, and did so by first using the bristle process, since our previous results revealed 

that increasing the Plexin A receptor (PlexA) specifically in bristles generates F-actin 

disassembly/cellular remodeling in a Mical-dependent manner (Figures 4A and 4C; (Hung, 

et al., 2010)). Notably, we found that these cellular changes were also dependent on Abl, 

such that decreasing Abl levels (Abl+/−) suppressed PlexA-mediated F-actin alterations/

cellular remodeling, decreasing the number of branches and restoring bristles to a more 

normal length (Figures 4B–C). We also found that increasing Abl levels enhanced PlexA-

induced bristle cellular changes (Figures S5A–C), revealing that Abl is both necessary and 

sufficient to modulate the actin disassembly/cellular remodeling abilities of Sema/Plex/

Mical signaling. We therefore next asked if growth factor signaling could also regulate Abl/

Mical-mediated F-actin disassembly and cellular remodeling. Since loss-of-function 

mutations in growth factor receptors such as PDGF/VEGF (PVR), EGF, and FGF lead to 

defects in bristle morphology and development (e.g., (Mummery-Widmer, et al., 2009; Culi, 

et al., 2001; Abdelilah-Seyfried, et al., 2000; Price, et al., 1997)) – we again employed the 

simple single cell bristle as an in vivo “F-actin disassembly/turning/branching assay” to 

determine the effects of increasing growth factor signaling on Mical-mediated F-actin 

alterations. Our results revealed that Mical and growth factor receptors are enriched in close 

proximity (including areas of overlap) in bristles (Figure 4D), and increasing the levels of 

signaling-competent growth factor receptors including PVR, EGF, or FGF in bristles 

significantly enhanced Mical-mediated F-actin alterations/cellular remodeling (Figures 4E 

and 4G, S5D). Dramatically, decreasing Abl levels (Abl+/−) suppressed these growth factor 

receptor-dependent effects on Mical-mediated F-actin/cellular alterations (Figures 4F–G). 

Together, these results indicate that Abl works to carryout the effects of both Semas/Plexins 

and growth factors on Mical-mediated F-actin disassembly and cellular remodeling.
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Growth Factor/Abl Signaling Amplifies Sema/Plexin/Mical Signaling in Repulsive Axon 
Guidance

Since both Mical and Abl are broadly expressed (Khatri, et al., 2016; Wilson, et al., 2016; 

Thompson and Van Vactor, 2006; Moresco and Koleske, 2003), including within similar 

patterns in the developing nervous system (e.g., (Terman, et al., 2002; Bennett and 

Hoffmann, 1992)), we also employed the Drosophila nervous system as a model to further 

examine the convergence of Mical, Abl, Sema/Plex, and growth factor signaling. Similar to 

what we had observed in the bristle model, both Mical and Abl colocalized within 

developing neurons and their axons (Figure 5A) – and they could also be 

coimmunoprecipitated from them (Figure 5B). We next turned to functional assays in 

neurons, since Mical repulsive signaling is required for Drosophila motor axons to 

selectively defasciculate and innervate their muscle targets (Figure S5E and compare to 

wild-type in Figure 5C; (Terman, et al., 2002)). Abl−/− mutants, likewise, exhibited these 

same types of motor axon guidance defects (Figure S5F; (O’Donnell and Bashaw, 2013; 

Wills, et al., 1999)) – defects that were not only enhanced by decreasing Mical levels (Figure 

S5G), but were also observed in Mical and Abl transheterozygous mutants (Figures 5D–E). 

Thus, these loss-of-function genetic assays indicate that Mical and Abl function in the same 

signaling pathway to mediate axon guidance.

We therefore turned to gain-of-function axon guidance assays that are dependent on the 

repulsive effects of Sema/Plex/Mical signaling to further define these interactions. 

Increasing Mical levels specifically in neurons generates increased motor axon-axon 

defasciculation/repulsion (Hung, et al., 2010; Terman, et al., 2002) – and we found that 

decreasing Abl levels suppressed these Mical-mediated repulsive effects (Figure S5H). In a 

similar way, increasing PlexA levels specifically in neurons generates increased central 

nervous system (CNS) axon-axon defasciculation/repulsion (Figure 5F; (Hung, et al., 2013; 

Yang and Terman, 2012)) – and we found that raising the levels of Abl or growth factor 

receptors enhanced these Sema/PlexA/Mical-dependent repulsive effects (Figure 5F). Our 

neuronal results therefore support our work in the bristle model and with purified proteins, 

and indicate that Mical and Abl functionally interact, converging with both Semas/Plexins 

and growth factors to direct repulsive axon guidance.

MICAL functions with Abl in tumor growth and progression – sensitizing cancer cells to 
treatment with the Abl kinase inhibitor Gleevec

In addition to Abl and Mical’s critical role in multiple physiological processes, Abl kinases 

contribute pathologically to multiple different cancers including leukemia, where Gleevec 

(imatinib mesylate, STI571), an Abl kinase inhibitor, is a well-known first-line therapeutic 

for Abl-related cancers (Greuber, et al., 2013). Interestingly, Mical also has ties to several of 

these Abl-related cancers (Mariotti, et al., 2016; Loria, et al., 2015; Ashida, et al., 2006), so 

we examined if MICAL might be linked to Abl’s carcinogenic effect. We tested this 

hypothesis using breast cancer cell lines as a model, because active Abl kinases are required 

for the invasion, growth, proliferation, and survival of these cancer cells (Ganguly and 

Plattner, 2012) – and genetic alterations including gene amplifications and mutations in 

MICALs have also been found in breast cancer cells/patient-derived xenografts (Figure S6A; 

(Eirew, et al., 2015; Rodenhiser, et al., 2008; Lin, et al., 2007; Sjoblom, et al., 2006)). First, 
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using a highly invasive breast cancer cell line (MDA-MB-231 cells) (Ganguly and Plattner, 

2012), we found that one of the human MICALs, MICAL-1, was expressed within these 

cancer cells (Figure S6B), and also co-immunoprecipitated with Abl in a growth factor 

serum-stimulation and PDGF-dependent manner (Figures S6C–D). Likewise, knockdown of 

MICAL-1 generated actin aggregation and morphological defects within these cancer cells 

(Figures S6E–F) – and made them dramatically more sensitive to the Abl kinase inhibitor 

Gleevec, including promoting an ~60% reduction in invasion when compared to Gleevec 

treatment alone (Figures 6A and S6G). We also saw similar effects following MICAL-1 

knockdown in another breast cancer cell line – non-invasive, colony-forming MCF-7 cells 

(Greuber, et al., 2013) – including altered morphology (Figures S6H–I) and a dramatic 

increase in sensitivity to Gleevec treatment (Figure 6B).

We therefore turned to robust in vivo assays, where injection of MDA-MB-231 breast cancer 

cells into immunodeficient nude mice produce tumors that are significantly reduced in size 

by treatment with the Abl kinase inhibitor Gleevec (e.g., (Blanchard, et al., 2014; Gil-Henn, 

et al., 2013; Schito, et al., 2012; Hiraga and Nakamura, 2009)). Likewise, injections of two 

independent MICAL-1 stable knockdown MDA-MB-231 breast cancer cell lines into 

immunodeficient nude mice revealed tumors that were significantly smaller than those 

formed from control cells (Figures 6C–D and S7A). Further histological examination 

revealed that MICAL-1 knockdown tumors had distinctive dark regions that were indicative 

of severe tumor necrosis (Figures 6C and 6E) – including a loss of nuclear staining, 

prominent cell death, and a decrease in the percentage of proliferating breast cancer cells 

(Figures 6F–G and S7B). Taken together, our observations indicate that MICAL proteins 

also function with Abl in tumor growth and progression, and decreasing MICAL levels 

sensitizes cancer cells to treatment with the Abl kinase inhibitor Gleevec.

DISCUSSION

Cellular behaviors are controlled by extracellular cues that have been historically classified 

into two independently acting and antagonistic groups: growth-promoting/attractants and 

growth-preventing/repellents. Our biochemical, genetic, and cellular assays herein now raise 

important concepts related to the role of these two groups of cues and how cells interpret and 

respond to them. Namely, we have identified a convergence of Mical and Abl signaling – 

with effects that serve to amplify Mical-mediated F-actin disassembly and repulsion in 

response to Sema/Plexin repellents and growth factors. Paradoxically, our results thus reveal 

contexts in which growth factor/chemoattractant signaling promotes repulsion/inhibition, 

thereby joining together these two disparate classes of cues for a common effect and 

reshaping our understanding of the role that chemoattractants and chemorepellents play in 

orchestrating cellular behaviors.

Abl is known to be activated by a diverse array of cell surface receptors, cytosolic proteins, 

and intrinsically generated stimuli such as DNA damage and oxidative stress (Khatri, et al., 

2016; Wang, 2014). The specificity in Abl’s action is thought to be accomplished through its 

restricted activation, such that while being broadly expressed, Abl’s SH3 domain binds an 

internal PxxP motif and this intramolecular SH3/PxxP interaction locks Abl in an 

autoinhibitory state (Figure 7A; (Wang, 2014; Nagar, et al., 2003)). Activation of Abl occurs 
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when a PxxP-containing protein binds to Abl’s SH3 domain, disrupting Abl’s intramolecular 

PxxP/SH3 interaction and thereby allowing Abl to specifically phosphorylate different 

proteins and regulate multiple different biological processes in a localized manner (Wang, 

2014; Nagar, et al., 2003). Our results are consistent with such a model and support that Abl 

is positioned such that when Mical is activated by Sema-Plex signaling, Mical uses its PxxP 

motif to bind to Abl’s SH3 domain, and thereby (in a similar manner to other proteins 

binding to Abl’s SH3 domain; (Wang, 2014; Nagar, et al., 2003)) we propose activating Abl 

to phosphorylate Mical and enhance Mical’s F-actin disassembly/repulsive activity (Figures 

7B–C). We also find that in the presence of other activators of Abl signaling, such as specific 

growth factor receptors, Mical-mediated F-actin disassembly/repulsion can be further 

amplified and this is dependent on the presence of Abl (Figure 7D). Our results therefore 

support a hypothesis that under conditions in which Sema/Plex activation is coupled with 

growth factor signaling, additional Abl becomes activated, allowing for the further 

amplification of Mical-mediated F-actin disassembly/cellular repulsion (Figure 7D).

Our observations therefore raise questions into the simplistic groupings of attractive and 

repulsive cues by discovering contexts in which growth factor/chemoattractant signaling 

cascades work in an opposite manner to how they are thought to act and promote repellent-

linked effects such as F-actin disassembly. In particular, in order to better understand the 

signal transduction pathways that form, elongate, shape, and orient/guide the membranous 

extensions of cells, we have sought to couple sensitive biochemical assays using purified 

proteins with clear single cell in vivo genetic and cellular models. Herein, our biochemical 

and in vivo observations support a role for Abl in promoting Mical-mediated F-actin 

disassembly. Likewise, our in vivo data support a role for Mical and Abl in Sema/Plex 

repulsive signaling. Yet, our in vivo cellular and genetic data also support a role for growth 

factors/chemoattractants – which are factors that are typically considered positive effectors 

of cytoskeletal assembly/growth/movement (i.e., enhancers of F-actin assembly/motility) – 

in amplifying the F-actin disassembly effects of Mical. Thus, our results are consistent with 

the idea that cues thought to function primary as positive effectors of movement (growth 

factors/attractants) can at least in some contexts serve to enhance the F-actin disassembly 

activity of repellents. Likewise, our observations may add to our understanding of why 

specific extracellular guidance cues have been characterized as having dual-functionality – 

being described as both attractants and repellents (Kolodkin and Tessier-Lavigne, 2011). 

Historically, this dual-functionality has been thought to be due to the activation of different 

receptors but our results indicate that such effects may also be related to the context in which 

they are functioning. Indeed, proteins such as Abl have long been considered to have 

different biological effects in different cells and in a context-dependent manner (Khatri, et 

al., 2016; Wang, 2014). In conclusion, therefore, understanding these context-dependent 

differences are not only critical for deciphering developmental events and physiological 

processes, but also for selecting appropriate therapeutic combinations that promote positive 

effects on cell movement versus inadvertently promoting cell repulsion/inhibition (e.g., for 

spinal cord injury/neurodegenerative disease treatment) – or vice versa (e.g., for cancer 

treatment) (Figure 7D).
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Jonathan R. Terman (jonathan.terman@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mice were housed and treated in accordance with The University of Texas Southwestern 

Institutional Animal Care and Use Committee. Likewise, in vivo tumor xenograft 

experiments were done on 5- to 6-week old female athymic nude mice – and all procedures 

and experiments were approved by The University of Texas Southwestern Institutional 

Animal Care and Use Committee and conducted according to the institutional guidelines 

using standard approaches as previously employed (Mender, et al., 2015) with both sexes of 

littermate or age-matched mice.

Fruit Flies

Flies were maintained and genetic crosses were performed at 25’C following standard 

procedures.

Yeast

Yeast growth, approaches, and protocols were conducted at 30’C using standard techniques.

Cell Lines

Cells were cultured in basal X media (the mixture of 4 parts of high glucose DMEM and 1 

part of HyClone™ medium 199 (GE Healthcare Life Sciences, Logan, UT) supplemented 

with 10% HyClone™ Cosmic Calf™ serum (GE Healthcare Life Sciences, Logan, UT) and 

were maintained in a humidified incubator at 37°C with 5% CO 2. Culture work was done 

using standard approaches for working with MCF-7, MDA-MB-231, and 293FT cells, which 

are female in origin, and all cell lines were negative for mycoplasma.

METHOD DETAILS

Yeast Two-Hybrid Screening and Interaction Assays

Yeast two-hybrid protocols were conducted using standard techniques (Golemis, et al., 2011; 

Terman, et al., 2002). Portions of the PxxP motif region of Drosophila Mical including 

amino acids 861-1539 (MicalPRNt), amino acids 1951-2550 (MicalIQP), amino acids 

2171-2550, amino acids 2171-2398, or amino acids 2171-2524 and 2533-2550 were inserted 

into the yeast bait vector (pEG202). The QuickChange® Multi Site-Directed Mutagenesis 

Kit (Stratagene) was used to introduce point mutations and generate MicalKKLKK (amino 

acids 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 PCR-amplify portions corresponding to their SH3 domains and inserted into 

the prey vector (pJG4-5). The levels of bait and prey interactions were determined using 
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standard approaches (Yang and Terman, 2012; 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.

GST pull-down assays

In vitro interaction between GST-AblSH3 and His-MicalIQP2 (amino acids 2171-2550) was 

examined using conventional GST pull-down assays (Yang and Terman, 2012). GST and 

His-tagged proteins were purified using standard approaches (e.g., (Yang and Terman, 

2012)). 380μM of GST recombinant protein (GST only or GST-AblSH3) was incubated with 

24μg (230μM) of His-MicalIQP2 recombinant protein in GST lysis buffer (20mM Tris-HCl, 

pH8.0, 1mM EDTA, pH8.8, 200mM NaCl, and 0.25% NP-40). Then, GST proteins and 

interacting proteins were pulled down by adding immobilized glutathione beads (Thermo 

Scientific) for 3hrs at 4°C on a tube rotator. Boun d proteins were detected by Western blot 

analysis using a His antibody (1:3,000; Roche) or a GST antibody (1:1,000; Genscript). 2% 

of each reaction was also analyzed with a His antibody (1:3,000; Roche) to determine that 

equal amounts of His-MicalIQP2 were used. Band intensity was measured using GeneTools 

(Syngene) and normalized to a beads-only negative control.

Co-immunoprecipitation

Co-immunoprecipitation assays were performed using standard approaches (Yang and 

Terman, 2012; Terman, et al., 2002). To look for co-immunoprecipitation between Abl and 

Mical in neurons, lysates from embryos expressing HA-Abl in neurons (ELAV-GAL4, 

UAS:HA-Abl embryos) were prepared in RIPA buffer (50mM Tris-HCl pH8.0, 150mM 

NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) supplemented with complete protease 

inhibitor cocktail tablets (Roche) and PhosSTOP 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)).

For co-immunoprecipitation assays from MDA-MB-231 breast cancer cells, cells were 

washed with PBS and replaced with serum-free medium overnight for serum starvation. To 

stimulate the cells with serum or growth factor (PDGF), the serum-free medium was 

replaced with 10% serum medium or medium with PDGF (5ng/ml; abcam) and the cells 

were incubated at 37°C for the indicated time. Serum-stimulated cells or PDGF stimulated 

cells were washed with PBS and lysed in IP buffer (50mM Tris-HCl, pH7.4, 120mM NaCl, 

0.5% NP-40, 1mM EDTA) supplemented with complete protease inhibitor cocktail tablets 

(Roche) and PhosSTOP tablets (Roche). Co-immunoprecipitation assays were performed by 

adding rabbit Abl polyclonal antibodies (5μg; K-12, Santa Cruz Biotechnology) into the cell 

lysates. Normal rabbit serum (5μg; Santa Cruz Biotechnology) was used as a negative 

control for immunoprecipitation, as was immunoprecipitating as described above with an 

antibody to Abl but using lysates from MICAL-1 stable knockdown cells. Western analysis 

was performed using MICAL-1 antibodies (1:1,000; Proteintech) and Abl antibodies 

(1:1,000; BP Pharmingen).
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Genetics, Molecular Biology, and Transgenic Lines

Mical pUAST flies, GFP-Mical pUAST flies, mCherry-Mical pUAST flies, Mical deficiency 

flies (MicalDf(3R)Swp2), and HA-PlexA flies were generated as described (Hung, et al., 2013; 

Hung, et al., 2010; Terman, et al., 2002). To generate MicalKKLKK 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 a DNA fragment derived from the 

pEG202 MicalKKLKK construct that was used for the yeast two-hybrid interacting assays, 

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. 

To generate MicalY500F pUAST flies, the A1499 nucleotide base was changed to T in Mical 
in the pOT2A vector using the QuickChange® Multi Site-Directed Mutagenesis Kit 

(Stratagene) following the manufacturer’s instructions. A DNA fragment (nucleotides 

476-4540) including A1499 was removed from Mical in the pUAST vector using AsiSI and 

SpeI and was replaced with the corresponding DNA fragment derived from MicalY500F 

pOT2A. HA-Abl pUAST flies were generated by inserting a 3x HA tag at the N-terminus of 

a full-length Drosophila Abl cDNA in the pUAST vector. Multiple fly lines of 

UAS:MicalKKLKK, UAS:MicalY500F and UAS:HA-Abl 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 Mical and Abl stocks had been used previously in multiple other studies. All other 

stocks were obtained from the Bloomington Stock Center except Mical point mutation 

stocks (kind gifts from Hermann Aberle), B11-Gal4 (a kind gift from John Merriam), 

endogenous-Abl::GFP (a kind gift from Mark Peifer), DAbl pUAST and DAblK417N 

(DAblKD) pUAST fly lines (kind gifts from Frances Fogerty), PVR-GFP and PVRDN (kind 

gifts from Pernille Rørth), and GFP-Actin pUAST (Drosophila Genetic Resource Center, 

Japan).

Bristle Morphology and F-actin Analysis

Adult fly bristle phenotypic analyses were done as described previously (Hung, et al., 2013; 

Hung, et al., 2010) 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). Specifically, 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 

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, and thereby allowing precise 

comparison between single bristle cells from animal to animal. The levels of enhancement/

suppression of Mical-mediated bristle effects were also measured in a category from −2 to 2 

(e.g., Figure S5D and similar to (Hung, et al., 2013), where 0 is similar to bristle 

morphological alterations with Mical only, −2 is strong and −1 is mild suppression of Mical-
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mediated bristle morphological alterations (such as, less numbers and shorter bristle 

branches), and +1 is mild and +2 is strong enhancement of Mical-mediated bristle 

morphological alterations (such as increases in the number, length, and complexity of bristle 

branches). 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 line on each bristle image 

and measuring the length of the line with the aid of Image J. Mutant analyses and genetic 

interactions were done with multiple different alleles.

Analysis of pupae were done similar to that described previously (Hung, et al., 2013; Hung, 

et al., 2010). Pupae were genotyped with the aid of Tb balancers on the second 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. For mCherry-Mical and GFP-Abl co-localization 

analyses and mCherry-Mical and GFP-PVR localization analyses in bristles, pupae were 

dissected and placed in concave well slides in Vectashield mounting medium (Vector Labs) 

and imaged using a Zeiss LSM 510 confocal microscope. For F-actin analysis, age-matched 

GFP-actin expressing pupae whose scutellar bristles had reached the length of 50–80μm 

were transferred to concave well slides with Vectashield mounting medium (Vector Labs) 

and imaged using a Zeiss LSM 510 confocal microscope. Any deviation of F-actin 

organization within the main shaft was considered an F-actin alteration.

Drosophila Embryonic Axon Guidance Assays

Drosophila embryos were collected, processed, staged, immunostained and dissected as 

previously described (Yang and Terman, 2012; Terman, et al., 2002). 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, endogenous-Abl::GFP embryos 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 to assess axon guidance defects, 

where embryos were incubated with N-CAM/Fasciclin II antibodies (1:4; 1D4 supernatant, 

Developmental Studies Hybridoma Bank). Immunostained embryos were then incubated and 

dissected in 70% glycerol and examined for motor axon guidance defects using detailed 

criteria as previously reported (Yang and Terman, 2012; Hung, et al., 2010; Terman, et al., 

2002) using a Zeiss Axioimager microscope equipped with DIC optics, a Zeiss Axiocam HR 

camera, and Zeiss Axiovision software. Semaphorin/Plexin/Mical repulsive CNS guidance 

defects were as described previously (e.g., (Grintsevich, et al., 2016; Hung, et al., 2013; 

Yang and Terman, 2012)), where embryos were examined for defects in CNS axonal 

pathfinding including discontinuous or missing first or second CNS longitudinal connectives 
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and/or axons crossing the midline. Midline guidance defects with UAS:Abl only were also 

similar to that described previously (e.g., (Hsouna, et al., 2003; Bashaw, et al., 2000)). As 

with our analyses in bristles, mutant analyses and genetic interactions were done with 

multiple different alleles.

Protein Purification

The Micalredox (redox domain, amino acids 44-531) and MicalredoxCH proteins were purified 

in a similar manner to that previously described (Wu, et al., 2016; Hung, et al., 2010). To 

generate Micalredox protein with a point mutation on the tyrosine 500 (Y500) residue, the 

QuickChange® Multi Site-Directed Mutagenesis Kit (Stratagene) was used following the 

manufacturer’s instructions. Micalredox in pET28a was used as a PCR template of site-

directed mutagenesis and the forward primer 5′-ggacatcagtgcctttaccgtggatccgg-3′ and the 

reverse primer 5′-ccggatccacggtaaaggcactgatgtcc-3′ were used. The generated cDNA 

construct was sequenced to confirm that the tyrosine 500 residue was mutated to 

phenylalanine and the rest of the sequence was not mutated. Micalredox-Y500F protein was 

purified using the same methodology as wild type Micalredox. In brief, the Micalredox-Y500F 

expression vector was transformed into ArcticExpress competent cells (Agilent 

Technologies) and grown in TB (Terrific broth) and 0.2mM IPTG (isopropyl-β-D-

thiogalactoside) was used to induce protein expression. Cells were then processed in lysis 

buffer (50mM Tris-HCl, pH8.0, 500mM NaCl, 20mM imidazole, and 10mM β-

mercaptoethanol) and cleared by centrifugation. Cleared cell lysates were loaded on to a 

HisTrap FF column (GE Healthcare) and bound proteins were eluted. The eluted protein 

from the HisTrap FF column was concentrated and diluted in S-A buffer (20mM MES, 

pH6.5, 150mM NaCl and 2mM DTT) and then loaded onto a Mono S 5/50 GL column (GE 

Healthcare). The purified Micalredox-Y500F protein was placed in storage buffer (20mM Tris-

HCl, pH8.0, 150mM NaCl, 5% glycerol, and 2mM DTT) and kept at −80°C until use.

In Vitro Kinase Assays

Phosphorylation of Mical protein was determined by standard in vitro kinase assays using 

[γ-32P] ATP (PerkinElmer) as a phosphate donor following the manufacturer’s 

recommendation for Abl tyrosine kinase and as described (e.g., (Yang and Terman, 2012; 

Xiong, et al., 2009)). We found similar results with two different independently generated 

and purified Abl kinases (containing the kinase domain [amino acids 254-516] of Abl), 

including one each from New England Biolabs (Abl amino acids 237-643) and Amsbio (Abl 

amino acids 248-531). Western analysis was also performed using standard approaches to 

determine the phosphorylation of the Mical protein using a phosphotyrosine antibody 

(1:2,000; 4G10, Millipore) in combination with a His antibody (1:3,000; His-2, Roche) or a 

GST antibody (1:1,000; polyclonal GST-tag antibody, GenScript). In particular, purified 

MicalredoxCH protein, Micalredox protein, or GST protein was incubated with 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) supplemented with 0.4mM ATP (or [γ-32P] ATP) 

at 30°C for 1hr. Other kinases were obtaine d as indicated: FAK (Sigma-Aldrich), Jak3 

(Sigma-Aldrich), and NDR2 (Origene) and diluted in each kinase reaction buffer. The 

reactions were stopped by adding 2X Laemmli sample buffer and boiling. The results of the 

kinase reactions were resolved by SDS-PAGE. In the case of the in vitro kinase assays using 
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[γ-32P] ATP, the gels were stained with Coomassie Brilliant Blue solution and dried gels 

were exposed to a PhosphorImager screen and the level of incorporated γ-32P was measured 

using a Storm PhosphorImager scanner (Molecular Dynamics). In cases where the samples 

were immunostained, SDS-PAGE gels were transferred to membrane using standard 

approaches and subjected to Western blotting with the antibodies described above. The 

concentrations of Mical and Abl we used in these assays were based off of previous studies 

(e.g., (Grintsevich, et al., 2016; Hung, et al., 2010; Xiong, et al., 2009)) and ranged from 

50nM – 3.5μM for Mical and 8.6nM – 560nM for Abl. We had similar observations over 

that range of protein concentrations.

Mass Spectrometry

Five different LC/MS/MS analyses of different kinase reactions were performed. Three 

LC/MS/MS analyses were performed in combination with David Trudgian at The University 

of Texas Southwestern Proteomics Core and two analyses were performed in combination 

with MS Bioworks, LLC (Ann Arbor, Michigan). Similar results and phosphorylation of 

Y500 and Y612 residues were obtained from both facilities. Purified MicalredoxCH protein 

was incubated at 30°C for 1hr with the Abl tyrosine kinase (NEB) as described above for the 

in vitro kinase assays. The results of the kinase reaction were resolved by SDS-PAGE and 

the gels were stained with Coomassie Brilliant Blue solution. The stained gel bands were 

washed with 25mM ammonium bicarbonate followed by acetonitrile. Then, the gel bands 

were reduced with 10mM dithiothreitol at 60°C followed by alkyla tion with 50mM 

iodoacetamide at RT and digested with sequencing grade trypsin (Promega) at 37°C for 4hrs 

or chymotrypsin/elastase (Promega) at 37°C for overnight. The digested samples were 

quenched with formic acid and the supernatant was analyzed by nano LC/MS/MS with a 

Waters NanoAcquity HPLC system interfaced to a ThermoFisher Q Exactive. The peptides 

were loaded on a trapping column and eluted over a 75μm analytical column at 350nL/min. 

Both columns were packed with Jupiter Proteo resin (Phenomenex). The injection volume 

was 30μL. The mass spectrometer was operated in data dependent mode, with the Orbitrap 

operating at 60,000 FWHM and 17,500 FWHM for MS and MS/MS respectively. The 

fifteen most abundant ions were selected for MS/MS. The data were searched using a local 

copy of Mascot. Mascot DAT files were parsed into the Scaffold software for validation, 

filtering and to create a non-redundant list per sample. Data were filtered using at 1% protein 

and peptide FDR and requiring at least two unique peptides per protein.

Actin Depolymerization and Sedimentation Assays

Actin depolymerization assays were performed using standard approaches (Grintsevich, et 

al., 2016; Hung, et al., 2010). Pyrene-labeled rabbit skeletal muscle actin (Cytoskeleton, 

Inc.) was resuspended in 1x G-actin buffer (5mM Tris-HCl, pH 8.0, 0.2mM CaCl2, 0.2mM 

ATP, and 1mM DTT) and then polymerized by adding 10x actin polymerization buffer 

(50mM Tris-HCl, pH7.5, 500mM KCl, 20mM MgCl2, 10mM EGTA, 2mM ATP, and 5mM 

DTT) and incubating for 1hr at 25°C to generate a final concentration of 23.25μM actin. 

Depolymerization of F-actin was initiated by a five-fold dilution with 1x G-actin buffer to a 

final concentration of 4.65μM actin at 25°C.
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To examine the ability of Abl to affect Mical’s actin depolymerizing activity, Abl kinase 

only, Micalredox protein + Abl kinase, Micalredox protein + Abl kinase buffer, 

Micalredox-Y500F protein + Abl kinase, or Micalredox-Y500F protein + Abl kinase buffer was 

incubated in a tyrosine kinase reaction buffer (50mM Tris-HCl pH7.5, 10mM MgCl2, 2mM 

DTT, 0.1mM EDTA, 0.01% Brij 35) supplemented with 0.4mM ATP at 30°C for 1hr as 

described above. After the kinase r eaction, each of the samples was then added to the final 

F-actin concentration as described above and fluorescence intensity was monitored at 407nm 

with excitation at 365nm using a fluorescence spectrophotometer (Spectra max M2; 

Molecular Devices). Multiple independent experiments were performed for each condition. 

The concentrations of Mical and Abl we used in these assays were based off of previous 

studies (e.g., (Grintsevich, et al., 2016; Hung, et al., 2010; Xiong, et al., 2009)) and were 

50nM for the different Mical proteins and ranged from 8.6nM – 1.1 μM for Abl.

To determine the composition of G-actin and F-actin after 1hr of actin depolymerization 

using the approach described above (pyrene-labeled actin fluorescence monitoring), actin 

cosedimentation assays were performed as described previously (Hung, et al., 2013; Hung, 

et al., 2011; Hung, et al., 2010). Each reaction was then transferred into polycarbonate 

centrifuge tubes and centrifuged at 156,565g for 20mins at room temperature. Supernatants 

containing G-actin were carefully transferred into new tubes and mixed with sample buffer. 

The pellet containing F-actin was resuspended in pure deionized water with pipetting and 

incubating on ice for 10mins. The resuspended pellet was transferred into new tubes and 

mixed with sample buffer. The supernatants and resuspended pellets were run on an SDS-

PAGE gel and then the gel was stained with Coomassie Brilliant Blue gel staining solution 

to visualize actin.

NADPH consumption

NADPH (the reduced form of the coenzyme), which is Mical’s coenzyme, absorbs light at 

340nm, while the oxidized form (NADP+) does not (Hung, et al., 2011). Therefore, this 

difference between the oxidized and reduced forms of the coenzyme makes it 

straightforward to measure the conversion of one to another in enzyme assays. To do this, 

Abl kinase only, Micalredox protein + Abl kinase, or Micalredox protein + Abl kinase buffer 

was incubated in a tyrosine kinase reaction buffer (50mM Tris-HCl pH7.5, 10mM MgCl2, 

2mM DTT, 0.1mM EDTA, 0.01% Brij 35) supplemented with 0.4mM ATP at 30°C for 1hr 

as described above. The samples from the kinase reaction were then added to NADPH after 

basal NADPH consumption had been measured in the presence of F-actin [18.4μM] and 

NADPH [200μM] for 3mins. Then, the absorbance was monitored every 2secs at 340nm 

using a fluorescence spectrophotometer (Spectra max M2; Molecular Devices) for 3mins.

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), pMD2.G, 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 
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efficiency of knockdown, Western analysis was performed using cell lysates and human 

MICAL-1 polyclonal antibodies (1:1,000; Protein Tech).

Cytochemistry of Cultured Cells

Cell were processed, plated, cultured, and analyzed using standard approaches (Kim, et al., 

2013). Specifically, MDA-MB-231 cells and MCF-7 cells were plated on cover slips coated 

with 1% gelatin. Then, cells were fixed using 3.7% paraformaldehyde for 10mins, 

permeabilized with 0.5% Triton X-100 in PBS on ice for 5mins and blocked with blocking 

solution (10% goat serum and 3% BSA in PBS containing 0.1% Triton X-100) for 30mins. 

Cells were then incubated with rhodamine phalloidin (1:40; Invitrogen) for an hour. 

Mounting solution (ProLong® Gold antifade reagent with DAPI, Life Technologies™) was 

then added to the cells and slides were coverslipped. Images were captured using a 

fluorescence microscope, Axiovert 200M (Carl Zeiss, Gottingen, Germany) and clarified 

using the deconvolution plug-in by ImageJ (NIH).

Matrigel Invasion Assay

Matrigel invasion assays were performed using standard approaches (Ly, et al., 2012) with 

minor modifications. Specifically, MDA-MB-231 cells were washed with PBS and replaced 

with serum-free medium with or without 10μM of Gleevec (Selleckchem) in dimethyl 

sulfoxide (DMSO) 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.

Colony Formation Assay/Clonogenic Survival 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.

Mouse Tumor Xenograft Model

In vivo tumor xenograft experiments were done on 5- to 6-week old female athymic nude 

mice – and all procedures and experiments were approved by The University of Texas 

Southwestern Institutional Animal Care and Use Committee and conducted according to the 

institutional guidelines using standard approaches as previously employed (Mender, et al., 

2015). A total of 2 × 106 MDA-MB-231 cells stably expressing control shRNA or MICAL-1 

shRNA were harvested and resuspended in 100μl of PBS and subcutaneously injected into 

the flanks of 5- to 6-week old athymic nude mice. The tumor sizes were measured weekly 

for nine weeks. Nine weeks after injection, the mice were sacrificed and the tumors were 
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dissected out. The tumors were fixed with 4% paraformaldehyde and embedded in paraffin. 

Sections from the tumors were stained with hematoxylin and eosin (H & E) or 

immunostained with Ki67 antibodies (1:200; Cell Signaling). The stained sections were 

examined and imaged with the aid of a Zeiss Axioskop 2 Plus upright microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

For each representative image, gel, graph, immunoblot, or in vivo experiment, the 

experiments were repeated at least two separate independent times with similar results. No 

statistical method was used to predetermine the sample size, which was based on what is 

published in the field. Differences between experimental and control animal conditions were 

large, with little variability and so the sample size was larger than needed to ensure adequate 

power to detect an effect. Animal studies were based on pre-established criteria to compare 

against age-matched animals. Animal experiments were not randomized: animals of the 

correct genotype were determined and those collected of that genotype were included as 

data. Blinding was done in initial genetic interaction assays (heterozygous genetic 

interactions in Bristle Mical assays) by two independent researchers. Other genetic 

experiments, in which the genotype needed to be determined on the basis of different 

Drosophila genetic/chromosome markers, blinding was not employed. Data are presented as 

means ± s.e.m. Statistical comparisons were performed with Student’s t-test or X2 test with 

the aid of GraphPad PRISM 7 and the statistical details including n can be found in the 

figure legends. A P value of >0.05 is not considered statistically significant. * indicates 

P≤0.05, ** indicates P≤0.01, *** indicates P≤0.001 and **** indicates P≤0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Abl binds Mical Redox enzymes to direct cellular remodeling and axon 

guidance

• Abl phosphorylates Mical to enhance Mical’s catalytic F-actin disassembly 

activity

• Abl amplifies Mical action in response to growth factors and Semaphorin 

repellents

• Decreasing Mical levels sensitizes cancer cells to the Abl cancer drug Gleevec
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Figure 1. The Abl non-receptor tyrosine kinase interacts with and modulates Mical-mediated 
actin disassembly and cellular remodeling
(A) Mical protein organization. Mical has a long proline (P) -rich region (yellow) containing 

well-conserved PxxP motifs (where x is any amino acid). Portions of Mical’s PxxP motif 

region (MicalPRNt, amino acids 861-1539; MicalIQP, amino acids 1951-2550) were baits in 

yeast two-hybrid screens. Redox, monooxygenase enzymatic domain; CH, calponin 

homology domain; LIM, LIM domain; PIR, plexin interacting region. (B) Drosophila Abl 

protein organization. G, G-actin binding domain; F, F-actin binding domain. (C) GST pull-

down assays. Purified GST-AblSH3 protein, but not beads or GST protein alone, significantly 

interacts with purified His-MicalIQP2 protein (a partial portion of the MicalIQP region, amino 
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acids 2127-2550). Note that equal amounts of purified GST tagged proteins (GST blot) and 

purified His-MicalIQP2 protein (His blot) were used. The interaction intensity was 

normalized to that of beads only. n=3; mean±s.e.m.; t-test; **P≤0.01. (D) The Drosophila 

bristle model. During wild-type bristle development (left), F-actin (green) pushes-out a 

branchless extension from the bristle cell body – and the morphology of this bristle process/

extension is preserved in the adult (right). (E) Mical (red) and Abl (green) prominently 

colocalize (yellow, arrowhead) within the tips of bristles at sites of F-actin reorganization 

and bristle branch formation (see Figure 1F). See also higher magnification images of the 

bristle tips in a′-c′. Abl showed a wider distribution than Mical in the bristle but like Mical, 

was enriched in the bristle tip (as seen in this single plane confocal image). Scale bar=2μm. 

(F–I) Abl is required for Mical-mediated F-actin disassembly and cellular remodeling. (F) 

Drosophila bristles remodel and become branched as the result of F-actin disassembly and 

reorganization (arrowheads) when Mical is overexpressed (Mical+++) specifically within 

them. (G) Decreasing Abl levels (Abl homozygous mutant [Abl−/−] background) strongly 

suppresses Mical-mediated F-actin disassembly and bristle branching to generate wild-type 

looking bristles (right, compare with wild-type in Figure 1D). Abl−/−=Abl2/Abl4. (H–I) 

Quantification of F-actin alterations and cellular remodeling following genetic 

manipulations of Mical and Abl. n≥29 bristles/genotype; mean ± s.e.m.; t-test; **P≤0.01; 

****P≤0.0001. Abl+/−=Abl4/+. Similar interactions were also seen with Abl1/+, Abl2/+, and 

Abl4/+. (J–K) Alteration to Mical’s Abl interacting region suppresses Mical-mediated F-

actin alterations/cellular remodeling. (J) Representation of protein constructs containing 

different portions of the Mical proline-rich region and their ability to interact with Abl’s 

SH3 domain (AblSH3), as assessed using a yeast two-hybrid assay in which the numbers of + 

equals the strength of the interaction. –, no interaction. The MicalIQP construct (blue 

bracket) was the bait construct used for the initial yeast two-hybrid screen described in 

Figure S1B–D. The region to the right of Mical residue 2398 is necessary for the interaction 

with AblSH3 and this region contains a stretch of PxxP/Y/L motifs predicted to interact with 

Abl’s SH3 domain (Hou, et al., 2006). Substituting the P/L residues in PPLPL with K 

residues decreases the interaction with AblSH3. (K) Expressing Mical with an alteration to 

its Abl interacting PxxP/Y/L motif (MicalKKLKK) decreases Mical-mediated F-actin 

alterations/cellular remodeling (arrowhead, drawings, and graph). n≥19 bristles/genotype; 

mean±s.e.m.; t-test; ****P≤0.0001.
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Figure 2. Abl augments Mical-mediated actin disassembly
(A–C) Abl modulates Mical-mediated actin alterations and cellular remodeling in vivo in a 

kinase-dependent manner. (A, C) Increasing the bristle levels of Abl enhances Mical-

induced F-actin/cellular remodeling and generates bristles with longer and more complex 

branches (e.g., arrowhead, compare with Figure 1F). (B–C) Bristle specific expression of a 

kinase inactive mutant of Abl (AblKD) suppresses Mical-induced F-actin alterations/cellular 

remodeling (e.g., arrowhead; compare with Figure 1F). n≥33 bristles/genotype; mean±s.e.m; 

t-test; ****P≤0.0001; ***P≤0.001. (D–F) Abl uses its kinase activity to directly promote 

Mical-mediated F-actin disassembly. Pyrene-labeled actin depolymerization assays using 

purified proteins, in which Mical’s ability to disassemble F-actin could be followed in real-

time, reveal that F-actin disassembles (decreasing fluorescence) in the presence of 

Micalredox (blue, preincubated with Abl kinase buffer). Pre-incubation of Micalredox with the 
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Abl kinase increases the rate and extent of Mical-mediated actin depolymerization (green, 

preincubated with Abl kinase). Abl kinase alone does not affect actin depolymerization 

(pink). Mical’s co-enzyme NADPH was present in all conditions. n=7; mean±s.e.m.; t-test; 

**P≤0.01; ****P≤0.0001. [Mical]=50nM, [NADPH]=100μM. (G–H) Actin sedimentation 

assays, using the same experimental strategy described in Figures 2D–F, also reveal that Abl 

enhances Micalredox-mediated F-actin disassembly (in which the actin present in the S 

fraction is from disassembled filaments). S, supernatant (G-actin); P, pellet (F-actin); n=3; 

mean±s.e.m.; t-test; *P≤0.05. [Mical]=50nM, [NADPH]=100μM.
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Figure 3. Abl phosphorylates Mical’s Redox enzymatic domain to potentiate Mical-mediated 
actin disassembly
(A) Purified MicalredoxCH protein (inset, Coomassie staining) is phosphorylated by purified 

Abl tyrosine kinase as determined by incorporation of 32P (left) – and mass analyses 

identified that the Y500 residue within Mical’s redox enzymatic portion is phosphorylated by 

Abl (right, see also Figures S3D–E). Coomassie staining shows the total amount of 

MicalredoxCH protein included. Other kinases (FAK, Jak3, and NDR2) show no appreciable 

phosphorylation of MicalredoxCH. n=3/kinase; mean±s.e.m.; t-test; **P≤0.01; n.s.=not 

significant. (B) The Y500 residue of Mical (yellow) that is phosphorylated by Abl resides in 
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the linker region (red) of Mical’s redox enzymatic portion. Protein Data Bank (PDB) ID is 

2BRY. (C) Mical’s Y500 residue within the linker region of its redox domain. Both the redox 

domain of mouse MICAL-1 (upper) and the Redox region of PHBH (lower) are shown. 

Mical’s linker region is comparable to the interface domain of PHBH, whose topology most 

closely resembles Mical’s redox domain. The interface domain is necessary for the 

activation and stability of PHBH’s enzyme function, while nothing is known of the role of 

the linker region in MICAL family enzymes. The linker region in mouse MICAL-1 

corresponds to amino acid residues 445-489. (D) Mical’s enzymatic activity (as determined 

by conversion of NADPH to NADP+, which is measured by a change in absorbance at 340 

nm [NADPH Consumption]) is markedly accelerated by pre-incubation with Abl kinase. 

[Mical]=50nM, [Abl kinase]=200U, [NADPH]=100μM, n=4; mean±s.e.m. (E) Pyrene-

labeled actin depolymerization assays as in Figure 2D. Substitution of Mical’s Y500 residue 

to F500 (phenylalanine) abolishes Abl’s ability to enhance Micalredox-mediated F-actin 

disassembly (compare green and red). Note also that in the absence of Abl, the F-actin 

disassembly activity of Micalredox-Y500F is similar to Micalredox (compare blue and light 

blue), indicating that the Micalredox-Y500F protein is equally active and has been added at a 

similar activity level as wild-type Micalredox protein. (F–G) Expressing full-length Mical 

with a single substitution mutation of the Abl Y500 phosphorylation site (MicalY500F) 

decreases Mical-mediated F-actin alterations/cellular remodeling (arrowhead, drawings, and 

graph). n≥41 bristles/genotype; mean±s.e.m.; t-test; ****P≤0.0001.
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Figure 4. Abl amplifies Mical-mediated cellular remodeling in response to Sema/Plexin repellents 
and growth factors
(A–C) Abl is required for Sema/Plex-mediated actin alterations/cellular remodeling. (A, C) 

Bristles become branched (arrowhead) and shorter when high levels (x2) copies of PlexA are 

expressed specifically within them. (B–C) Decreasing Abl levels (Abl+/−) strongly 

suppresses these Sema/Plex-mediated effects. (C, upper) n≥39 bristles/genotype; mean

±s.e.m.; t-test; ****P≤0.0001. (C, lower) n≥9 bristles/genotype; mean±s.e.m.; t-test; 

****P≤0.0001. Abl+/−=Abl4/+. (D) The transmembrane receptor PVR (green) localizes 

along the plasma membrane of extending bristles and is enriched in close approximation and 

overlap (yellow areas, e.g., arrowhead in higher magnification image in inset) with sites of 

prominent Mical cytosolic localization (red). (E–G) Growth factor receptors enhance Mical-

mediated F-actin alterations/cellular remodeling, and these effects are suppressed by 

decreasing Abl levels. (E, G) Bristles become heavily branched (e.g., arrowheads) when 

growth factor receptors and Mical are co-expressed in bristles. (F–G) Decreasing Abl levels 

(Abl+/−) strongly suppresses these growth factor receptor/Mical-mediated effects. Bristle-
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specific expression of these growth factor receptors alone has no effects on bristle branching 

under these conditions (not shown). n≥40 bristles/genotype; mean±s.e.m.; t-test; 

****P≤0.0001. Abl+/−=Abl4/+.
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Figure 5. Abl amplifies Mical-mediated repulsive axon guidance in response to Sema/Plexin 
repellents and growth factors
(A) Mical and Abl exhibit overlapping expression and co-localization in the developing 

Drosophila embryonic nervous system. Mical (Mical antibody, red) and Abl (genomic GFP-

Abl, green) co-localize (yellow) in both CNS and motor axon pathways. (B) Mical and Abl 

associate within neurons in vivo. Drosophila embryos expressing HA-Abl specifically in 

neurons were subjected to immunoprecipitation (IP), and antibodies against HA-Abl (top) IP 

Mical (bottom), while controls (beads only or FLAG antibodies) do not. (C–E) Abl and 

Mical work together to guide axons in vivo. (C) As depicted in the image and the drawing, 

wild-type intersegmental nerve b (ISNb) motor axons defasciculate from the main nerve and 

characteristically innervate muscles 6 and 7 (filled arrowhead) and muscles 12 and 13 (open 

arrowhead). (D, E) In comparison to either heterozygote alone (which are similar to wild-
type), note the absence/abnormal (arrowheads) innervation of muscles 6/7 and 12/13 in 

embryos heterozygous for mutations in both Abl (Abl1) and Mical (MicalDf(3R)swp2) (Abl+/− 
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and Mical+/−) (D) and quantified in (E) for ISNb motor axons and another motor axon 

pathway (segmental nerve a (SNa)). n≥100; X2 test; ****p≤0.0001. (F) Abl, PVR growth 

factor receptor, and Sema/Plex/Mical work together in repulsive axon guidance. Axons 

within the Drosophila CNS exhibit a characteristic organizational pattern of three (1, 2, 3) 

longitudinal fasciculated bundles of Fasciclin II (1D4)-positive axons (wild-type). Increasing 

PlexA levels in neurons (Neuronal PlexA+++) alters the fasciculation and pathfinding of 

these longitudinal axons (arrowhead). Increasing the levels of PVR or Abl in neurons 

significantly enhances these Sema/Plex/Mical-dependent repulsive guidance effects. All 

genotypes are heterozygous (ELAV-GAL4/+, UAS:HAPlexA/+, and/or transgenes/+). 

UAS:Abl only was similar to that previously described by others (e.g., (Hsouna, et al., 2003; 

Bashaw, et al., 2000)). Graph=percentage (%) of animals with defects in the 1st or 2nd 

longitudinals. n=16–75 animals/genotype; X 2 test; **p≤0.01; ***p≤0.001. Scale bar applies 

to all images.
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Figure 6. Mical and Abl interactions regulate cancer cell biology
(A–B) Decreasing MICAL-1 levels makes cancer cells more susceptible to the Abl kinase 

inhibitor Gleevec. (A) The Abl cancer drug Gleevec is more efficacious on inhibiting MDA-

MB-231 cancer cell invasion when MICAL-1 levels are also decreased. MDA-MB-231 

breast cancer cells infected with a lentiviral vector expressing an shRNA against non-

silencing or MICAL-1 (see also Figure S6B) were pre-treated with either vehicle (DMSO) 

or Gleevec (10μM) in serum-free medium for 18 hrs. Cells were then plated in the upper 

well of matrigel-coated transwell (see Figure S6G), and after 48 hrs of incubation, the 

invaded cells were stained and counted. (A, left graph): n=3 independent experiments; t-test 

(compared with shControl). (A, right graph): n=4 random field view from 2 independent 

experiments; t-test (compared with no Gleevec); mean±s.e.m; *P≤0.05; n.s. not significant. 

(B) Gleevec inhibits MCF-7 cancer cell colony formation more efficiently when MICAL-1 
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is decreased. To measure the ability of a single cell to grow into a colony (colony formation 

assay), MCF-7 cells, which are highly differentiated, noninvasive breast cancer cells, were 

cultured after infection with a lentiviral vector expressing an shRNA against non-silencing 

or MICAL-1 (see also Figure S6H). Either vehicle (DMSO) or Gleevec (6μM) was added 24 

hrs after plating. After 11 days of incubation, the colonies were stained and counted. 

Colonies were defined as clusters of >50 cells. (B, middle graph): n=3 independent 

experiments; t-test (compared with no shControl). (B, right graph): n=3 independent 

experiments; t-test (compared with no Gleevec); mean±s.e.m; *P≤0.05; ***P≤0.001. Scale 

bar=5mm. (C–G) Similar to treatment with the Abl kinase inhibitor Gleevec, MICAL-1 

knockdown decreases xenograft tumor size – increasing tumor necrosis and decreasing 

cancer cell proliferation in vivo. (C–E) MICAL-1 knockdown decreases MDA-MB-231 

cancer cell tumor size and increases tumor necrosis. (C) Following injection of MDA-

MB-231 cancer cells stably expressing shRNA against non-silencing (control) or MICAL-1 

into the flanks of nude mice, MICAL-1 knockdown tumors appear smaller in size (imaged at 

nine weeks following injection) compared to control knockdown tumors and have distinct 

dark areas of necrosis (arrows). (D–E) Isolated MICAL-1 knockdown tumors dissected nine 

weeks following injection also show a decreased size compared to controls (D, n=4/

genotype; mean±s.e.m) and have severe surface necrosis (E, n=4/genotype). (F–G) 

MICAL-1 knockdown tumors are characterized by cell death and decreased cellular 

proliferation. (F) Hematoxylin and eosin (H&E) histological staining from control or 

MICAL-1 knockdown tumors. Control tumors are enriched with viable cancer cells with 

intact nuclei (hematoxylin, purple). In contrast, MICAL-1 knockdown tumors have large 

regions, which are enriched with cell debris/ghost cells (eosin, pink) that are consistent with 

cell death. (G) MICAL-1 knockdown tumors have a significant decrease in the percentage of 

proliferating cells (Ki-67 positive cells) compared to control tumors (see also Figure S7B). 

n=6/genotype; mean±s.e.m.; t-test (compared with shControl); *P≤0.05.
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Figure 7. Model of Abl amplification of Mical-driven F-actin disassembly
(A) Intramolecular interaction between Mical’s N-terminal and C-termini keeps Mical 

inactive (Manta and Gladyshev, 2017; Wilson, et al., 2016). Abl is also kept inactive through 

intramolecular interactions between Abl’s SH3 domain and an internal PxxP motif (Wang, 

2014; Nagar, et al., 2003). (B) Activation of Sema-Plex signaling induces Mical’s activation, 

which directly disassembles F-actin through oxidation of the Met44/Met47 residues at the 

pointed end of actin subunits (Hung, et al., 2013; Hung, et al., 2011; Hung, et al., 2010; 

Terman, et al., 2002). Mical-oxidized actin also recruits cofilin to help in F-actin 

disassembly (Grintsevich, et al., 2016). (C) Herein, our results propose a model that Mical 

uses its proline-rich region to associate with Abl’s SH3 domain. We also propose that (in a 

similar manner to other proteins binding to Abl’s SH3 domain; (Wang, 2014; Nagar, et al., 

2003)) this intermolecular interaction activates Abl to phosphorylate the Y500 residue within 
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Mical’s actin regulatory redox domain and enhance Mical oxidation-mediated F-actin 

disassembly. (D) Our results also support that growth factor receptor signaling enhances 

Mical-mediated actin disassembly in an Abl-dependent manner. These observations are 

consistent with a model that under conditions when growth factor signaling is coupled with 

Sema/Plex activation, additional Abl becomes activated, allowing for the phosphorylation of 

additional amounts of Mical protein and further amplification of Mical-mediated F-actin 

disassembly. These results therefore also support a model that Mical activation through 

Sema/Plex signaling can be amplified when it takes place in combination with other 

extracellular signals such as growth factors. It is also interesting to note that Abl is inhibited 

through its interactions with actin filaments (Wang, 2014). These previous observations 

provide an intriguing addition to the model presented herein: that the Mical-induced 

dismantling (loss) of F-actin may also serve to activate additional Abl, which would allow 

for further phosphorylation/amplification of Mical-mediated F-actin disassembly. This 

Mical-induced disassembly of F-actin may also serve to activate Abl to phosphorylate 

additional F-actin regulatory proteins such as cofilin, cortactin, Ena/VASP, and WAVE 

(Khatri, et al., 2016; Courtemanche, et al., 2015; Wang, 2014). In addition, it should also be 

noted that while exuberant growth in response to the application of a particular extracellular 

cue in culture has historically led to the classification of a cue as a growth-promoting factor 

(i.e., growth factor/chemoattractant or attractive guidance cue), our results indicate that such 

a classification may be misleading or not tell the full story for that particular cue. For 

example, what looks like exuberant growth in culture could be the result of an excessive 

dismantling of F-actin and the sending out of filopodia/neurites in new directions. Thus, 

such an extracellular cue might not be a growth promoter (F-actin assembler) but an F-actin 

disassembler that limits growth in a particular direction. Another example would be using a 

culture assay to find that a given extracellular cue could amplify the effects of a given 

growth-promoting cue. Such a cue might then be classified as a growth promoter. However, 

given a different context, this same extracellular cue might amplify the effects of a growth-

preventing cue. Thus, classification of such a cue as a growth-promoter or a growth-

preventer would be inaccurate (because it can do both depending on the context and what 

other cues are present). Our results using simple in vivo, in vitro, and biochemical systems 

with purified proteins support contexts in which growth factors/chemoattractant signaling 

can enhance F-actin disassembly. Thus, this raises concerns about indiscriminately applying 

growth factors/chemoattractants in order to stimulate axon growth (for example), because 

the results could amplify F-actin disassembly (and enhanced branching in a given area, for 

example) and not lead to the intended effect of promoting F-actin assembly-driven long-term 

growth/extension of axons.
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