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Cellular form and function are controlled by the assembly and stability of actin cytoskel-
etal structures—but disassembling/pruning these structures is equally essential for
the plasticity and remodeling that underlie behavioral adaptations. Importantly, the
mechanisms of actin assembly have been well-defined—including that it is driven by
actin’s polymerization into filaments (F-actin) and then often bundling by crosslinking
proteins into stable higher-order structures. In contrast, it remains less clear how these
stable bundled F-actin structures are rapidly disassembled. We now uncover mecha-
nisms that rapidly and extensively disassemble bundled F-actin. Using biochemical,
structural, and imaging assays with purified proteins, we show that F-actin bundled
with one of the most prominent crosslinkers, fascin, is extensively disassembled by
Mical, the F-actin disassembly enzyme. Furthermore, the product of this Mical effect,
Mical-oxidized actin, is poorly bundled by fascin, thereby further amplifying Mical’s
disassembly effects on bundled F-actin. Moreover, another critical F-actin regulator,
cofilin, also affects fascin-bundled filaments, but we find herein that it synergizes with
Mical to dramatically amplify its disassembly of bundled F-actin compared to the sum
of their individual effects. Genetic and high-resolution cellular assays reveal that Mical
also counteracts crosslinking proteins/bundled F-actin in vivo to control cellular exten-
sion, axon guidance, and Semaphorin/Plexin cell-cell repulsion. Yet, our results also
support the idea that fascin-bundling serves to dampen Mical’s F-actin disassembly
in vitro and in vivo—and that physiologically relevant cellular remodeling requires a
fine-tuned interplay between the factors that build bundled F-actin networks and those
that disassemble them.
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Cellular form and function are governed through both stabilizing and destabilizing the
actin cytoskeleton. In particular, actin’s transition from monomeric (G-actin) to filamen-
tous (F-actin) states—and then further transition into more stable structures of numerous
bundled filaments, provides the stability essential for diverse cellular and tissue actions
(1, 2). Importantly, an in-depth understanding has now been gained into how actin
polymerizes and is organized into stable bundled F-actin networks, including the identi-
fication of numerous actin crosslinking/bundling proteins such as fascin, fimbrin, filamin,
villin, a-actinin, and espin (1-3). In contrast, how these stable bundled F-actin structures
are rapidly destabilized/disassembled remains less clear (2, 4, 5).

Recently, we defined a class of F-actin disassemblers—the MICALs [composed of one
invertebrate (Mical) and three vertebrate (MICAL-1, MICAL-2, and MICAL-3) family
members]—that regulates diverse cellular events in multiple tissues (6, 7). MICALs are
oxidation-reduction (Redox) enzymes that directly bind to and are activated by F-actin.
In the presence of their coenzyme (NADPH), MICALs promote F-actin disassembly
[Fig. 14 (1 and 2); (8—11)]. MICALs disassemble F-actin through a catalytic posttrans-
lational mechanism, directly oxidizing actin’s methionine (M) M44 and M47 residues to
destabilize filaments [Fig. 14 (2); (8-12)]. Previous work on MICALs has focused on its
direct effects on unbundled filaments (6, 7), but observations indicated that MICALs also
directly affect bundled filaments (8). In this regard, previous research has noted differences
in the ability of the best-known disassembly proteins to disassemble bundled F-actin (e.g.,
refs. 2 and 13-18). This raised questions that we have pursued herein about the mecha-
nisms by which the higher-order bundled F-actin structures that underlie cellular stability
are rapidly disassembled/pruned to allow for cellular plasticity and remodeling.

Utilizing fascin, one of the most abundant F-actin-bundling proteins (19-23), our
biochemical and real-time imaging results now show that in a similar way to unbundled
filaments, the enzymatic activity of Mical is rapidly triggered by fascin-bundled F-actin,
which it then oxidizes and extensively disassembles. Cofilin, a key F-actin severing and
depolymerization factor, also affects fascin-bundled filaments (13), but we show herein
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that Mical and cofilin synergize to dramatically amplify their indi-
vidual rates and extent of bundled F-actin disassembly. Our results
also show that Mical—in combination with cofilin—also disas-
sembles bundled F-actin in vivo, but bundling proteins serve to
dampen this effect to allow for proper cellular extension and
Semaphorin/Plexin repulsive axon guidance.

Results

Mical Rapidly and Extensively Dismantles Bundled F-actin. Actin
bundling/crosslinking proteins stabilize actin cytoskeletons by
bundling together multiple single filaments (Fig. 1B). Yet, how
these stable bundled F-actin structures are rapidly dismantled
is yet to be clarified. Utilizing as a model the prominent and
widely-expressed F-actin bundler fascin (19-23), we initiated
experiments to further explore and quantify Mical’s direct effects
on bundled F-actin. First, consistent with previous observations
using low-speed actin pelleting assays (8)—in which filaments
predominantly remain in the supernatant unless bundled by
fascin—we found that purified fascin robustly bundled F-actin
(SI Appendix, Fig. S1 A and B), but purified Mical with its
coenzyme NADPH, markedly reduced the amount of this pelleted
(bundled) F-actin (S7 Appendix, Fig. S1C). Following up on these
observations, we found that even at saturating concentrations of
fascin, Mical/ NADPH markedly decreased bundled F-actin—and
did so in a dosage-sensitive manner (Fig. 1C and S/ Appendix,
Fig. S1D). Moreover, light scattering measurements—to examine
Mical’s direct effects on bundled F-actin in real-time—revealed
that Mical/NADPH rapidly and extensively disassembled fascin-
bundled F-actin (Fig. 1D and S/ Appendix, Fig. S1 E and F).
Because bundles are heterogeneous structures, bulk assays reveal
only their average overall changes. We therefore next examined
this Mica/NADPH-mediated bundled F-actin disassembly at the
single molecular level using TIRF microscopy. Bundles were
assembled on slide surfaces and exposed to Mical/NADPH. The
images shown in Fig. 1E originated from representative movies
(Movies S1-83), and at the starting point of the recordings (after
14 min of on-slide polymerization and 2 to 3 min of Mical/
NADPH treatment), the average bundle thickness was 3 to 4
filaments (ranging from 2 to 8). Notably, we observed that Mical/
NAPDH markedly disassembled bundled F-actin (Fig. 1E (1);
Movies S1-S3). Furthermore, fluorescence intensity analysis
revealed two predominant modes by which Mical/NADPH
induced the disassembly of fascin-bundled F-actin—receding and
peeling/thinning modes (Fig. 1 Fand G). Specifically, we defined
bundle shortening without a change in maximal thickness as a
“receding mode” of disassembly (Fig. 1F). We also observed bun-
dle shortening accompanied by thinning (usually from one end)
and defined it as a “thinning/peeling mode” of disassembly
(Fig. 1G). Thus, different assays reveal that Mical/ NADPH effi-

ciently disassembles fascin-bundled F-actin.

Mical-Oxidized Actin Has a Reduced Ability to Form Bundled
Filaments. Mical Redox enzymes catalyze the site-specific
posttranslational modification (oxidation) of actin at its
methionine (M) 44 and M47 residues [Fig. 14; (9)]. The resulting
Mical-oxidized actin (Mox-actin) can then be used to evaluate the
effects of this oxidation on F-actin and its regulators (9, 10, 12,
24, 25). Notably, the “thinning/peeling mode” of bundled F-actin
disassembly could indicate a reduced ability of fascin to bundle
Mox-actin, resulting in “unzipping” of Mical-oxidized filaments
from bundle surfaces. Therefore, to gain additional insight into
Mical’s effect on bundled F-actin, we examined fascin’s ability
to interact with Mox-F-actin, using Mox-actin at concentrations
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above its critical concentration of polymerization (>~1 uM) (10,
24, 25). Notably, using high-speed pelleting (binding) assays, only
a marginal difference—if any—was observed between the binding
affinity (K,,,) of fascin to F-actin and Mox-F-actin (57 Appendix,
Fig. S2 A and B). In contrast, using low-speed pelleting (bundling)
assays, we found that unlike with unmodified F-actin, the majority
of Mox-F-actin remained in the supernatant (i.e., unbundled) even
at high fascin concentrations (Fig. 24 and S/ Appendix, Fig. S1B).
Fascin addition to Mox-F-actin also generated relatively small
light scattering increases (i.e., less bundling), including >~fourfold
smaller effects than when added to unmodified F-actin (Fig. 2
B-D and SI Appendix, Fig. S2 C and D). Moreover, observing F-
actin and fascin-bundled F-actin using electron microscopy (EM)
revealed that unmodified actin formed numerous, long, thick, and
stereotypic tightly-adhered parallel bundles of approximately 5 to
10 filaments/bundle (Fig. 2 F and F). In contrast to that, Mox-
F-actin and fascin formed fewer, shorter, and thinner bundles
(2 to 4 filaments/bundle) that were often not tightly bundled
together (Fig. 2 G and H and S/ Appendix, Fig. S2 E-~H). So too,
unmodified actin was predominantly bundled (Fig. 27), but Mox-
F-actin remained mostly unbundled and/or formed aggregates
of various disordered sizes, shapes, and incoherent/disorganized
structures (Fig. 2H and ST Appendix, Fig. S2 H-)). Thus, different
experimental approaches demonstrate that Mical’s oxidation of
actin has a negative effect on its bundling by fascin.

Fascin-Bundled F-actin Activates Mical’s Catalytic F-actin Disas-
sembly Effects. Our results reveal that Mical reduces bundled F-actin
levels by both breaking-down existing fascin-bundled filaments and
limiting their assembly. We next explored the mechanisms underlying
Mical-induced disassembly of fascin-bundled F-actin. Notably, Mical
does not itself bundle F-actin, nor does it alter fascin’s ability to bundle
unmodified F-actin (8). We therefore wondered if similar to unbundled
F-actin, Mical is activated by fascin-bundled F-actin and modifies F-
actin within it. First, we looked at fascin-bundled filaments’ ability to
activate Mical’s enzymatic activity (via NADPH consumption). In
particular, in the absence of a substrate, Mical consumes its coenzyme
NADPH at a slow rate [Fig. 34, green; (9, 11, 24)]. Adding fascin
alone did not increase Mical's NADPH consumption rate (Fig. 34,
purple, and ST Appendix, Fig. S3 A and B), showing that fascin itself is
not a direct Mical substrate. Fascin-bundled filaments, however, in a
similar way to unbundled F-actin, strongly enhanced Mical-mediated
NADPH consumption (Fig. 34, blue, and S/ Appendix, Fig. S3 Aand
B) in a bundled F-actin concentration-dependent manner (Fig. 3B).
Next, we wondered whether fascin-bundled F-actin is oxidized by
Mical. To identify this, limited subtilisin proteolysis assays have been
used, which take advantage of subdilisin’s inability to cleave Mical-
oxidized actin between its M47 and G48 residues (24, 25). Notably,
subtilisin assays revealed that F-actin bundled by fascin is indeed
oxidized by Mical (Fig. 3 C, Upper). Furthermore, an antibody
that recognizes the oxidized M44 residue of actin (actinM %) (24)
confirmed that Mical oxidizes fascin-bundled F-actin (Fig. 3D).
Moreover, utilizing limited trypsin proteolysis assays to probe for
Mical oxidation-induced structural alterations in F-actin revealed
that fascin-bundled F-actin [similar to unbundled F-actin (26)] is
resistant to tryptic digestion, but its treatment with Mical/NADPH
accelerated tryptic digestion by ~fivefold (S7 Appendix, Fig. S3C).
Thus, both unbundled and fascin-bundled F-actin are utilized by
Mical as a substrate, which Mical oxidizes to destabilize and eventually
disassemble them.

Fascin’s Bundling of F-actin Regulates Mical’s Enzymatic Activity,

Actin Oxidation, and F-actin Disassembly. We also noticed that
compared to unbundled F-actin, fascin-bundled F-actin reduced
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Fig. 1. Mical robustly disassembles fascin-bundled F-actin. (A) Mical and its effects on F-actin. (1) Mical enzyme. Redox enzymatic, CH (calponin homology), LIM
(Lin11, Isl-1, and Mec-3), and PIR (Plexin-interacting region) domains. (2) Mical in the presence of its coenzyme NADPH disassembles F-actin (green) by oxidizing (red
0) it. (B) Actin bundling/crosslinking proteins bundle actin together in different organizations, such as parallel-arranged filaments. (C) Pelleting assays show that Mical
disassembles fascin-bundled F-actin at different saturating concentrations of fascin and in a Mical concentration-dependent manner. See S/ Appendix, Fig. S1D for
gels. [F-actin] = 5 uM, [NADPH] = 400 uM. [Mical], [fascin] as indicated. n = 3 independent experiments/condition. Mean + SEM. (D) Light scattering assays show that
Mical/NADPH disassembles fascin-bundled F-actin. Normalized light (325 nm) scattering percentage (%) changes [also for Figs. 2 B and C and 4A (1) and S/ Appendix,
Figs. S1 Eand F, S2D, and S3/]. Specifically, F-actin was bundled with fascin to a steady state (black), and then buffer with NADPH (gray), Mical (green), or Mical with
NADPH (blue) was added to it. [F-actin] = 5 uM, [fascin] = 5 uM, [Mical] = 0.05 xM, and [NADPH] = 100 uM. A representative experiment is shown (Left). n = 3 independent
experiments/condition. Mean + SEM. Minutes (min). (£) F-actin disassembly with (1) or without (2) fascin upon on-slide Mical/NADPH oxidation. Representative TIRFM
movie montages; bar = 10 um. Red and blue arrowheads indicate unbundled and bundled filaments, respectively. Seconds (sec). (F and G) Predominant modes
of Mical-mediated bundled-F-actin disassembly observed by TIRFM. (Left) fluorescence intensity profiles of bundles from indicated time points and corrected for
photobleaching: average fluorescence intensities of unbundled filaments from same movies (internal controls) were used to determine filaments number/bundle
(Y-axes). (Right) representative TIRFM movie montages; bar = 5 um. (F) “Receding mode” is defined as bundle shortening (red arrow) without changing its maximal
thickness. (G) “Thinning/Peeling mode” is defined as bundle shortening accompanied by its thinning (usually from one end). Red bracket = thinning region. Note that
bundle ends can alternate between “receding” and “thinning/peeling” disassembly modes. [actin] = 1.24 uM; [fascin] = 0.8 uM; [Mical] = 10 nM; [NADPH] = 100 uM.
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Fig. 2.

Fascin poorly bundles Mical-oxidized F-actin. (A) Low-speed pelleting. (1) Supernatant (S) and pellet (P) contents of F-actin and Mox-F-actin incubated

without or with fascin. (2) Pelleted F-actin and Mox-F-actin percentage at different [fascin]. [actins] = 5 uM, [fascin] = see figure. Representative experiments
are shown. n = 3 independent experiments/condition. Mean + SEM. (B-D) Light scattering assays. Black trace = actin polymerization using a 10x-concentrated
polymerization buffer (PB). Black arrow=fascin addition. [fascin] = see figure. Representative experiments are shown. n = 3 independent experiments/condition.
(E-H) Transmission EM images of negatively stained F-actin alone (), F-actin with fascin (F), Mox-F-actin alone (G), and Mox-F-actin with fascin (H) reveal that
unmodified F-actin bundles are smooth and coherent while Mox-F-actin forms short, coarse, and disordered bundles. (F and H) low (Left) and high (Right) image

magnification.

Mical’s NADPH consumption activity (Fig. 34, compare blue
and red traces, SI Appendix, Fig. S3 A and B, compare green and
red traces). Yet, since we did not observe any difference in Mical’s
binding to fascin-bundled F-actin versus unbundled F-actin
(81 Appendix, Fig. S3D), these results suggested that fascin’s presence
in bundled F-actin decreases Mical’s enzymatic action on F-actin.
Indeed, both limited subtilisin assays and the actin™*°* antibody
revealed that fascin’s presence reduced the efficiency of Mical’s
F-actin oxidation (Fig. 3 C'and D). Likewise, pyrene fluorescence
assays revealed that Mical’s disassembly of bundled F-actin was
~10% slower than its disassembly of unbundled F-actin (Fig. 3E).
Furthermore, our TIRFM assays confirmed that F-actin bundles

https://doi.org/10.1073/pnas.2309955120

(blue arrowheads) persisted longer than unbundled filaments
(red arrowheads) upon their Mical/ NADPH-mediated oxidation
[Fig. 1E (1 and 2)]. Employing TIRFM movies to measure the
average decrease in fluorescence signal (Alexa488-SE) per square
micron over time (0 to 400 sec (s)) also revealed a slower decay of
fluorescence signal in the Mical/ NADPH-treated fascin-bundled
versus unbundled F-actin samples (Fig. 3F). Likewise, measuring
the shrinkage rates of individual fascin-bundled filaments (blue
dots) versus single unbundled filaments (red dots) upon Mical/
NADPH treatment showed that the shrinkage rates of fascin-
bundled filaments were (on average) 8.5-fold slower than those
of unbundled filaments [0.9 + 0.6 um/min (n = 41) versus 7.44
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Fig. 3. Fascin-bundling regulates Mical's oxidation-mediated F-actin disassembly activity. (A and B) Mical's enzymatic activity, as judged by NADPH consumption
[conversion of NADPH to NADP+ (fluorescence decrease/change)] is activated by fascin-bundled F-actin but to a lesser extent than by unbundled F-actin. A = [F-actin]
= 2.5 uM, [fascin] = 0.5 uM, [Mical] = 0.6 uM, [NADPH] = 200 xM. B = Mical's increasing enzymatic activity with increasing [fascin-bundled F-actin]. n = 3 independent
experiments/condition, mean + SEM. (C and D) Mical oxidizes F-actin bundled by fascin, but at a slower rate than unbundled F-actin. (C) Subtilisin does not cleave
Mical-oxidized actin between its M47 and G48 residues (24, 25). (Upper) Mical/NADPH's addition decreases subtilisin’s cleavage of fascin-bundled F-actin over time. This
reveals Mical/NADPH oxidizes fascin-bundled F-actin. (Lower) Mical/NADPH's addition more rapidly decreases subtilisin’s cleavage of unbundled versus bundled F-actin
(compare Cleaved Actin, Lower and Upper). This reveals fascin’s presence dampens Mical-mediated F-actin oxidation. Pre = prior to Mical/NADPH addition (note that a
small amount of actin is not cleaved under our conditions even without Mical/NADPH present). [F-actin] = 3.5 M, [fascin] = 0.7 uM, [Mical] = 0.01 uM, and [NADPH] = 100
uM. (D) Actin""e‘o““-specific antibody shows that Mical oxidizes fascin-bundled F-actin (B lanes), but this oxidation is slower than that seen with unbundled F-actin (U lanes).
[F-actin] = 1.15 uM, [fascin] = 0.5 uM, [Mical] = 0.05 uM, and [NADPH] = 100 uM. (E-G) Fascin-bundling slows Mical's F-actin disassembly. (E) Pyrene-actin fluorescence (407
nm) assay. [F-actin] = 2.5 uM, [cofilin] = 0.25 uM, [Mical] = 0.025 uM, and [NADPH] = 100 uM. Representative experiment, n = 3 independent experiments/condition, mean
+ SEM. (F) Average fluorescence intensities/um? for TIRFM movies reveal Mical/NADPH induces a ~twofold slower fluorescence signal decay in fascin-bundled F-actin
(blue) compared to unbundled filaments (red). Data averaged from four movies. n = 3 separate experiments. (G) Shortening rate measurements show a statistically
significant (8.5-fold) inhibition of Mical-mediated disassembly by fascin-bundled F-actin (n = 41, blue) compared to unbundled filaments (n = 66, red). Mann-Whitney
test. Measurements from three separate experiments. [actin] = 1.24 uM, [fascin] = 0.8 uM, [Mical] = 10 nM, and [NADPH] = 100 uM.

+ 1.86 um/min (n = 66), respectively] (Fig. 3G). Thus, fascin- Mical Synergizes with Cofilin in Disassembly of Fascin-Bundled
induced bundling helps protect filaments from Mical-induced F-actin. To better define the mechanisms of bundled F-actin
disassembly—which can be explained by the inhibition of both disassembly, we investigated the action of cofilin, which also
Mical’s activation and its actin oxidation. disassembles fascin-bundled F-actin (13). Consistent with previous
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results (13), we found that cofilin disassembled fascin-bundled unbundled F-actin (i.e., when added together they are more
F-actin (Fig. 4 and S7 Appendix, Fig. S3 E-I). Yet, using light effective at disassembling unbundled F-actin than the sum of their
scattering assays to compare Mical to cofilin’s effects revealed that  individual effects) (10, 24, 27). We therefore explored Mical and
Mical disassembled bundled F-actin more effectively—e.g., evenat  cofilin’s combined effects on fascin-bundled F-actin. Notably, we
~50-fold reduced levels [compare Fig. 1D, blue (Mical = 0.05 uM) did not observe any decreased ability of Mical to bind to fascin-
and SI Appendix, Fig. S31, magenta (cofilin = 2.5 uM)]. Notably, bundled F-actin in the presence of different cofilin concentrations
Mical and cofilin have been found to synergistically disassemble  (S7 Appendix, Fig. S3/). Indeed, pyrene-actin, light scattering,
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Fig. 4. Mical synergizes with cofilin to enhance fascin-bundled F-actin disassembly. Light scattering (A) and TIRF assays (B-D) reveal that together Mical and
cofilin disassemble bundled F-actin more rapidly and more effectively than the sum of separate cofilin and Mical disassembly rates. (A) Light scattering: Graphs
show the changes (1) and the initial rates of change (2). [actin] = 5 uM; [fascin] = 1 uM; [cofilin] = 1 xM; [Mical] = 0.05 uM; and [NADPH] = 100 M. A representative
experiment is shown; n = 5. Mean + SEM. (B) TIRF assays: graphs show the rates of bundles shortening (1), thinning (2), and severing (3) from experiments
described in C and D (data are averaged from five different movies). n = 40, 27, and 35 bundles used for Mical, cofilin, and both Mical and cofilin conditions,
respectively. Mean + SEM. (C and D) Representative time-lapse TIRFM video montages of fascin-bundled F-actin disassembly in the presence of cofilin, Mical,
and Mical + cofilin (arrow = addition of each). Note the shortened time frame in Mical + cofilin in D. [actin] = 1 uM, 20% Alexa labeled; [fascin] = 1 uM; [cofilin] =
50 nM; [Mical] = 15 nM; and [NADPH] = 100 M.
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and TIRF assays revealed that Mical and cofilin synergize to
disassemble bundled F-actin (Fig. 4 and S Appendix, Fig. S3 E-
G). For example, using TIRF assays, we found that at low (50 nM)
concentrations, cofilin only minimally affected F-actin bundles
(Fig. 4 Band Cand Movie S4). Low concentrations of Mical (15
nM), while more effective than cofilin at disassembling F-actin
bundles, did not completely disassemble them within 300 s (Fig. 4
Band Cand Movie S5). Strikingly, adding both Mical and cofilin
together resulted in rapid and extensive bundles disassembly, with
their remnants gone within 180 s (Fig. 4 Band Cand Movie S6).
Moreover, our analyses revealed that cofilin alone induced only
slight shortening and thinning, but no severing of bundles within
300 s (Fig. 4 B and D, pink arrows). Mical alone induced more
shortening and thinning of bundles (Fig. 4 B and D, and see
also Fig. 1 E~G), and these thinning sites (Fig. 4D, pink arrows)
became places where bundle severing could be observed over
time (Fig. 4D, orange arrows). Adding both Mical and cofilin
together dramatically enhanced the rate and number of bundles
shortening, thinning, and severing events [Fig. 4 B and D (and
note the different times scales in the different conditions in D)].
In this example, severing was observed after 15 s when Mical and
cofilin were both present (Fig. 4D, Time = 75 s, orange arrows),
but not until 90 s when Mical alone was present (Fig. 4D, Time =
150s, orange arrows), and not at all when cofilin alone was present
(Fig. 4D). Thus, Mical and cofilin form a synergistic “pair” to
robustly disassemble fascin-bundled F-actin (S/ Appendix,
Fig. S3K).

Mical, in a Cofilin-Dependent Manner, Decreases Bundled
F-actin In Vivo, Mimicking Bundling Protein Knockout Mutants.
To further explore mechanisms of F-actin disassembly, we turned
to the Drosophila bristle cell system because it is a high-resolution
model for defining effects on both unbundled and bundled F-actin
in vivo (Fig. 54 and ref. 28). Cofilin plays an important role in
disassembling unbundled F-actin in bristles (29), but its role in
disassembling bundled F-actin in them is less clear. Indeed, since
bundled F-actin decreases (not increases) in bristles in coﬁlz'n_/_
mutants (29), previous work indicates that cofilin provides
G-actin to promote bundled F-actin assembly versus disassembling
bundled F-actin in bristles in vivo. We therefore sought to use
the bristle model to examine Mical and cofilin’s combined effects
on both unbundled and bundled F-actin in vivo. In particular,
unbundled F-actin in bristles is organized into snarls/patches
[Fig. 54 (1 and 2) and ref. 28], and we found that decreasing Mical
levels increased unbundled F-actin snarls/patches, while increasing
Mical levels, in a cofilin-dependent manner, decreased them
(Fig. 5B and SI Appendix, Fig. S4A). These results are consistent
with both Mical and cofilin’s combined ability to disassemble
unbundled F-actin in bristles (24, 29). Next, we examined Mical
and cofilin’s ability to disassemble bundled F-actin in bristles,
which are prominently crosslinked together with fascin [Fig. 54
(1, 3) and refs. 21, 28, and 30]. Notably, we found that Mical
and cofilin combine to extensively disassemble bundled F-actin
in vivo (Fig. 5 C-E).

We next reasoned that if Mical is a major trigger for disassem-
bling bundled F-actin in vivo, then increasing Mical should gen-
erate changes in bundled F-actin and cellular shape that resemble
the effects of decreasing bundling proteins. However, previous
results indicated that increasing Mical resulted in some similarities
to removal/loss of bundling proteins, i.c., a decrease in parallel
bundled F-actin (57 Appendix, Fig. S4B and ref. 8), but we also
saw differences between these two manipulations, including
Mical-induced F-actin branching (57 Appendix, Fig. S4B and ref.
8). Given our results with purified proteins—that Mical’s F-actin

PNAS 2023 Vol.120 No.39 e2309955120

disassembly ability is dampened by bundled F-actin (Fig. 3)—we
reasoned that bundling proteins may be dampening Mical’s effects
also in vivo. This could explain why low-level (x1) Mical overex-
pression does not mimic the loss of bundling proteins.
Compellingly, brightfield, confocal, and electron microscopy
observations revealed that expressing higher (x2) in vivo levels of
Mical [using the same highly active form of Mical (MicalRedoxCHy
used for our purified protein experiments] generated a loss of
bundled F-actin and cellular shape changes that were notably
similar to those by bundling protein —/— mutants (Fig. 5 F~H and
SI Appendix, Fig. S4 B-G). Thus, our results indicate that Mical,

in combination with cofilin, disassembles bundled F-actin in vivo.

Actin-Bundling Proteins Regulate Mical's Effects on F-actin/
Cellular Remodeling In Vivo and Vice Versa. While our results
support the point that Mical disassembles bundled F-actin in vivo,
the dosage-sensitive nature (i.e., x2 versus x1 copies of Mical)
of these effects suggests that actin-bundling proteins may be
dampening Mical’s effects in vivo. To further test this possibility,
we turned to classical genetic interaction analyses where we could
use specific mutants to increase or decrease the levels of bundling
proteins in vivo and examine their effects on Mical-triggered
bundled F-actin disassembly. Notably, we found that similar to
what we observed with purified proteins, even small increases in
bundling proteins in vivo (which do not have any observable defects
on their own) decreased Mical’s in vivo effects (S7 Appendix,
Fig. S54). So too, even small decreases in bundling protein levels
in vivo [using bundling protein heterozygous (+/-) mutants,
which have no defects on their own], significantly increased
Mical’s in vivo effects (S/ Appendix, Fig. S5B). Moreover, further
decreasing bundling protein levels in vivo (using hypomorphic
alleles to decrease but not eliminate bundling proteins) further
increased Mical’s effects in vivo (Fig. 5 7 and J and S/ Appendix,
Fig. S5C). For example, compared to either increasing Mical
(x1) or decreasing bundlers on their own, increasing Mical (x1)
in combination with decreasing bundlers generated a 30 to 40%
reduction in bundled F-actin, little elongated cellular structure,
and a significant increase in bristle width that resembled the
rounded shape of a cell body/leading edge of a cell (Fig. 5 /and J
and SI Appendix, Fig. S5C). Last, we also observed the reciprocal
effects: 1) that expressing higher levels of bundling proteins alone
in vivo generated defects that looked similar to Mical”like
in vivo defects (S7 Appendix, Figs. S4F and S5D) and 2) even
small decreases in Mical levels in vivo [using Mical heterozygous
(+/=) mutants, which have no defects on their own] enhanced
bundling protein effects (S/ Appendix, Fig. S5E). Thus, our results
indicate that Mical and actin-bundling proteins work in a fine-
tuned antagonistic manner to regulate the stability of the actin

cytoskeleton and dictate cell shape (S7 Appendix, Fig. S5F).

Semaphorin/Plexin/Mical Repulsion Counteracts Actin-
Bundling Proteins to Direct Axon Guidance. Both MICALs
and actin-bundling proteins including fascin are expressed
in developing neurons and regulate their morphology and
growth (6, 7, 31-36). We therefore wondered whether a similar
interplay between MICALSs and actin-bundling proteins directs
axon guidance in vivo. Employing as a model the stereotypic
guidance pattern of Drosophila embryonic axons [Fig. 64 (1)
and SI Appendix, Fig. S6A], we found that decreasing bundling
protein levels resulted in prominent motor and CNS axon
guidance defects [Fig. 64 (2 and 3) and S/ Appendix, Fig. S6B].
These results provide a demonstration that actin-bundling
proteins such as fascin, which are well-known to be expressed
in the growth cones of navigating axons, are required for axon
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Fig.5. Mical combines with cofilin to decrease bundled F-actin in vivo, but bundling proteins regulate this ability. (A) Bristle actin filaments (green) exist as both
unbundled snarls/patches ((1) upper boxed region, (2)) and bundled F-actin ((1) lower boxed regions, (3)) crosslinked with bundling proteins (blue) to “push-out”
long, branchless bristles (1 and 4). (B) Decreasing Mical in vivo increases unbundled F-actin and increasing Mical in vivo decreases unbundled F-actin in a cofilin-
dependent manner. See S/ Appendix, Fig. S4A for images. (C-E) Increasing Mical (C and E) in a cofilin-dependent manner (D and E) decreases bundled F-actin in
bristles in vivo. (F-H) Increasing Mical to high levels (x2) in vivo (F and H) mimics the cellular and F-actin effects of decreasing bundling proteins in vivo (G and H).
(/and )) Increasing Mical (x1) in combination with decreasing bundling proteins enhances the in vivo loss of bundled F-actin (green in /, and compare to altering
either effector on its own in /) and generates bristles that have a rounded, cell-body-like shape (Adult, e.g., arrows). The dashed rectangular region is magnified
in the adjacent image. Mean + SEM for graphs, ****P < 0.0001, unpaired t test (two tailed) for B, £, and J.

guidance in vivo. Furthermore, similar to the reciprocal effects
we observed between Mical and bundling proteins in the bristle
system (Fig. 5 F~H and SI Appendix, Fig. S4 E-G), the types of
guidance defects seen with decreased bundling proteins resembled
those seen with increased Mical [Fig. 6A4 (2) and SI Appendix,
Fig. S6 Cand D, and refs. 8, 25, and 37]. In particular, similar
to the increased axon—axon repulsion that occurs with neuronal
Mical overexpression, we observed that bundling protein (—/-)
mutant ISNb and SNa motor axons were often abnormally
separated/defasciculated and did not navigate to their target areas
[Fig. 6A4 (2) and ST Appendix, Fig. S6 Cand D]. Likewise, CNS
axons were also abnormally defasciculated in bundling protein
(—/-) mutants, generating a Mical neuronal overexpression-like
paucity of axons within fascicles and abnormal crossing between

them [Fig. 64 (2)].

80of 11 https://doi.org/10.1073/pnas.2309955120

In light of these observations, and the antagonistic interactions we
observed between Mical and actin-bundling proteins in affecting the
shape and extension of the bristle cell model, we wondered whether
similar interactions underlie axon guidance. Using Drosophila CNS
axons as a model, we found that decreasing actin-bundling proteins
significantly enhanced Mical neuronal overexpression guidance
defects [Fig. 6B (1)]. These results support our work with purified
proteins, the in vivo bristle model, and mutant analyses of axon guid-
ance. They indicate that Mical and actin-bundling proteins counter-
act each other to guide axons. Interestingly, previous studies implicate
the regulation of fascin/fascin-bundled F-actin as being important
for neuronal growth cone retraction in response to repellents, includ-
ing proNGF and semaphorins (38, 39). Since Mical is a Semaphorin
(Sema) repulsive signaling component (S/ Appendix, Fig. SOE and
refs. 7 and 37), we wondered whether actin-bundling proteins play
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(CNS). Further, ISNb and SNa axons project excessively within the periphery/past their muscle targets (arrows) and CNS axons project abnormally between their
three longitudinal fascicles. (3) Percentage (%) of ISNb, SNa, and CNS guidance defects. n=96 hemisegments (10 animals/genotype). ****P < 0.0001; Chi-squared
test. (B) Decreasing bundling proteins enhances increased neuronal Mical (1) and Plex (2) guidance defects. (2) Note, for example, that the three separate (1,2,3)
longitudinal fascicles that are relatively weakly affected by Plex (Image, increasing Plex), are strongly affected and no longer easily discernable when increasing
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Chi-squared test. Mean + SEM, ***P < 0.001, one-way ANOVA, Tukey's multiple comparison test. (C) Working model: Mical and actin-bundling proteins antagonize
each other’s actions to regulate F-actin network stability. When steady-state levels of cofilin are maintained, increasing Mical activity increases bundled F-actin
disassembly: which at low levels increases F-actin/cellular remodeling and complexity in vivo (2 and 3) but at high levels decreases F-actin/cellular complexity (4).
Lowering bundling proteins levels makes cells more susceptible to lower Mical levels (3 and 4), while increasing bundling proteins helps protect against Mical's

effects—but also reduces F-actin/cellular remodeling (1).

a role in counteracting Sema-mediated repulsive axon guidance. To
test for this, we employed an in vivo assay used to identify factors
involved in repulsive axon guidance mediated by Semas and their
Plexin (Plex) receptors. In particular, increasing neuronal Plex in vivo
results in Sema-dependent increased axon-axon repulsion between

PNAS 2023 Vol.120 No.39 e2309955120

typically adhered together (fasciculated) CNS axons [Fig. 6 B (2),
left image, graph; (24, 25, 40)]. Notably, decreasing actin-bundling
proteins significantly enhanced this Sema/Plexin-mediated axon-axon
repulsion, such that in the most severe cases it was difficult to see any
fasciculated longitudinal CNS axons [Fig. 6 B (2), right image,
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graph]. Thus, our results show that Sema/Plex/Mical-mediated repul-
sive axon guidance antagonizes actin bundling protein effects
in vivo—results that are also consistent with our observations using
purified Mical, purified Mical-oxidized actin, and the in vivo bristle
model.

Discussion

Disassembling stable higher-order bundled F-actin structures is
necessary for numerous cellular behaviors and adaptations
including division, growth, motility, navigation, connectivity,
and plasticity. We now find that Mical rapidly and extensively
disassembles filaments bundled together with one of the most
prominent and widely-expressed crosslinking proteins, fascin.
Namely, our results reveal that Mical is activated by fascin-
bundled actin filaments to oxidize actin’s M44 and M47 within
them. This posttranslational effect not only disassembles fascin-
bundled F-actin but also generates Mical-oxidized actin that is
poorly bundled by fascin. Furthermore, previous observations
revealed that cofilin preferentially affects immobilized/
crosslinked filaments and that it cooperates with fascin to dis-
assemble bundles (13, 41, 42). Our results now show that Mical
greatly amplifies these cofilin effects and vice versa, resulting in
their synergistic enhancement of fascin-bundled F-actin disas-
sembly compared to that of the sum of both effectors alone.
Similar Mical and cofilin-dependent disassembly effects on bun-
dled F-actin also occur in vivo to allow for cellular growth,
remodeling, guidance, and connectivity.

Our results also provide important insights into mechanisms
governing bundled F-actin disassembly. In particular, fascin-
mediated bundling dampens Mical-mediated actin oxidation and
disassembly. We speculate that this effect can be explained in part
by decreased accessibility of individual F-actins in the core of a
bundle to Mical. Yet, several factors that are dependent on Mical’s
mechanisms of action counteract this reduced ability to oxidize
actin bundles, resulting in their effective disassembly in vivo and
in vitro (S Appendix, Fig. S3K). Specifically, Mical-induced actin
oxidation decreases fascin’s ability to bundle filaments (including
into tight arrays) as revealed by light scattering, low-speed pellet-
ing, and EM experiments and supported by the detection of a
“thinning/peeling mode” of bundles” disassembly. This suggests
that in a preformed bundle (as found in vivo), such weakening of
fascin bundling would gradually increase the accessibility of the
bundle’s core to Mical binding and hence facilitate Mical’s oxida-
tion of actin. In line with this, our analysis of the data in Fig. 3G
showed that thinner bundles (~3 filaments on average) shorten
faster (1.07 + 0.67 gm/min) compared to the thicker bundles (~5
filaments average, 0.64 + 0.5 gm/min). Additionally, previous
studies showed that MICALSs’ oxidation of F-actin combines with
improved cofilin binding to Mox-F-actin (compared to unoxidized
F-actin) to provide an effective mechanism for F-actin disassembly
in its different nucleotide-bound states (both ADP- and
ADP-Pi-bound) (10, 24, 27). We propose that susceptibility of
fascin-bundles to cofilin-mediated disassembly (13) synergizes
with the improved cofilin binding to Mox-F-actin (10, 24, 27),
and Mox-F-actin’s sensitivity to cofilin’s actions (10, 24, 27), to
drive enhanced bundle dismantling. These results also provide a
foundation for future work investigating whether other types of
bundled F-actin networks (i.e., those assembled by other
crosslinking proteins and/or combinations of them with each
other or with fascin) might be more or less resistant to Mical or
Mical in combination with cofilin. Likewise, since bundling pro-
teins (such as fascin) are under transcriptional and posttransla-
tional regulation (19, 20, 22, 23), future work should investigate

https://doi.org/10.1073/pnas.2309955120

whether Mical’s activation might combine with such bundling
proteins regulation.

F-actin bundles have been linked to supporting the directed
migration/guidance of migrating cells and neuronal growth cones
(43, 44). So too, extracellular cues such as growth factors and throm-
bospondin, that are supportive of growth and migration, have been
linked to increasing fascin-bundled F-actin (19), while repulsive
guidance cues such as Semas and proNGF exert their negative effects
on growth, guidance, and migration by disrupting fascin-bundled
F-actin (38, 39, 45). Our observations now provide mechanisms
underlying the repellent-driven breakdown of fascin-bundled fila-
ments. In addition, previous work has revealed that repellent-driven
F-actin disassembly often leads to less cellular complexity, but par-
adoxically, it can also induce more branching/plasticity/complexity
(e.g., refs. 8, 25, and 46-51). Our results now mechanistically
explain these previous observations. In particular, we find that low
levels of repulsive signaling induce more actin network complexity
[Fig. 6C (2 and 3)]. In contrast, high levels of repulsive signaling
prevent this plasticity and disassemble F-actin to the point that is
detrimental to normal cellular shape and extension [Fig. 6C (4) and
SI Appendix, Fig. S5F]. Bundled F-actin helps control these effects,
including helping to safeguard against Mical-triggered F-actin dis-
assembly and remodeling [Fig. 6C (1 to 4)]. Thus, our results indi-
cate that cells need to tightly control repulsive signaling in order to
fine-tune the organization of the cytoskeleton—and some of this
can be accomplished via an interplay of F-actin crosslinking by fascin
and its dampening of Mical and cofilin’s effects.

It is notable that high levels of F-actin-bundling proteins can
reduce cellular remodeling and are detrimental to normal cellular
shape and extension [Fig. 6C (1)]. Changes to fascin levels, in par-
ticular, have been linked to numerous pathologies including neu-
rological abnormalities such as retinal degeneration, seizures, and
hearing loss (19, 22, 52). Fascin’s link to hearing loss is particularly
interesting given that it is highly expressed in stereocilia of
sound-transducing inner ear hair cells (52), a mechanosensory appa-
ratus that has structural and functional analogies to the Drosophila
bristle (53). Interestingly, MICALs have also been prominently
linked to neurological deficits including epilepsy (7). Mical—
through its role in the neurosensory bristle and its interactions with
other proteins required for hearing, including Myosin15 and MstB/
SelR (8, 12, 52, 54),—has also been associated with mechanosen-
sation. So too, elevated fascin level is prominently associated with
many human cancer types—as it induces abnormal cellular growth,
stiffness, movement, and invasiveness—and is correlated with
aggressive clinical progression, poor prognosis, and high mortality
(23, 55, 56). For these reasons, fascin has garnered considerable
recent attention as a candidate biomarker for multiple cancer types
and a potential therapeutic target (23, 56-58). Given our observa-
tions of mechanisms to disassemble fascin-bundled filaments, and
that MICAL family proteins have also been found to regulate the
mobility, metastasis, and invasion of different cancer cells (6, 7),
future work should explore the interactions between Mical and
fascin-bundled F-actin in therapeutic contexts.

Materials and Methods (see also S/ Appendix,
Extended Methods)

Protein purification, labeling, subtilisin digestions, pelleting, disas-
sembly, trypsin digestion, NADPH consumption, TIRF microscopy/
analyses, EM, and Actin**°* antibody assays were performed based
on described methods (8-10, 24, 25). Light scattering was done
using standard approaches. Flies, molecular biology, and genetic
procedures were as reported (8, 24, 29, 40) except for actin bundler
mutant stocks (Bloomington Drosophila Stock Center, Indiana,
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USA), UAS:GFP-fascin stocks (kind gifts of S. Plaza ref. 36),
Mical®® (kind gift of E Yu; ref. 59), and our UAS:Drosophila fascin
(untagged) stocks. In vivo imaging, drawings, and analyses were done

based on described approaches (8, 25, 37, 40, 60).

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information. Al study data, as well as all materials/
reagents, are also available on request from the corresponding authors.
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