Calponin-homology domain of GAS2L1
promotes formation of stress fibers and
focal adhesions

Franco K.C. Au®*T, Khoi T.D. Le**, Zhitao Liao®, Zhijie Lin**, Yuehong Shen?'$,
Penger Tong®, Mingjie Zhang® |, and Robert Z. Qi*:<*

@Division of Life Science and State Key Laboratory of Molecular Neuroscience, The Hong Kong University of
Science and Technology, Hong Kong, China; ®Department of Physics, The Hong Kong University of Science and
Technology, Hong Kong, China; “Bioscience and Biomedical Engineering Thrust, The Hong Kong University of

Science and Technology (Guangzhou), Guangzhou 511453, China

ABSTRACT Growth arrest-specific 2-like 1 protein (GAS2L1) binds both actin and micro-
tubules through its unique structural domains: a calponin-homology (CH) domain for actin
binding and a GAS2-related (GAR) domain for microtubule interaction. In this study, we
demonstrate that GAS2L1 promotes stress fiber assembly, enhances focal adhesion for-
mation, and stabilizes cytoskeletal networks against mechanical perturbation through its
CH domain. Remarkably, we show that the CH domain dimerizes and induces actin fila-
ment bundling and stabilization both in cells and in vitro. The CH and GAR domains in-
teract to form an autoinhibitory module, wherein the GAR domain suppresses CH domain
dimerization and actin-bundling activity. Our findings provide novel insights into the reg-
ulatory mechanisms of GAS2L1's autoinhibition and identify the CH domain as a critical
actin-bundling factor that contributes to the organization of stress fibers and focal adhe-
sions.

SIGNIFICANCE STATEMENT

® GAS2L1, containing a single CH domain, has been implicated in connecting F-actin and mi-
crotubules to centrioles before mitotic entry. However, the precise functional characteristics
of GAS2L1's CH domain remain elusive.

® The authors demonstrated that GAS2L1 depletion hinders stress fiber and focal adhesion
formation, whereas GAS2L1 or its CH domain overexpression exerts the opposite effect.
The dimerization of GAS2L1's CH is required for cross-linking and bundling actin filaments.
GAS2L1's GAR domain inhibits its CH dimerization, impeding the dimerization-mediated
bundling of F-actin.

® The study demonstrates the multifaceted role of GAS2L1 in regulating focal adhesion dy-
namics via its single CH domain.
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INTRODUCTION

In eukaryotic cells, the actin cytoskeleton is a dynamic structure that
constantly remodels itself in response to various cellular signals.
Actin exists in two forms: globular monomeric actin (G-actin) and
filamentous polymeric actin (F-actin). F-actin often organizes into
higher-order structures such as filopodia, lamellipodia, and stress
fibers, which are essential for a variety of cellular functions, includ-
ing shape maintenance, adhesion, and migration. These structures
are continually remodeled by the exchange of actin subunits and
actin-binding proteins (ABPs) between the cytoskeleton and the
cytoplasm (Pollard and Cooper, 1986; dos Remedios et al., 2003;
Carlsson, 2010; Kadzik et al., 2020).

Stress fibers, composed of bundled F-actin, play a pivotal role
in regulating cell spreading, shape maintenance, and the forma-
tion of focal adhesions (Tojkander et al., 2012; Skau and Water-
man, 2015). Focal adhesions are dynamic structures that anchor
cells to the extracellular matrix and serve as sites of mechanical sig-
naling and force transduction (Gardel et al., 2010; Parsons et al.,
2010). The assembly of focal adhesions begins with the forma-
tion of small, nascent focal complexes in the lamellipodia, which
rely on actin polymerization (Zaidel-Bar et al., 2003; Choi et al.,
2008). While many focal complexes disassemble shortly after for-
mation, a subset mature into larger focal adhesions through the
action of myosin I, which generates contractile forces that pro-
mote stress fiber assembly (Chrzanowska-Wodnicka and Burridge,
1996; Riveline et al., 2001; Peterson et al., 2004; Hotulainen and
Lappalainen, 2006; Vicente-Manzanares et al., 2007). These stress
fibers further recruit additional focal adhesion proteins, facilitating
the maturation process (Oakes et al., 2012). Once mature, focal
adhesions serve as stable anchorage points, transmitting traction
forces from the actomyosin cytoskeleton and mediating mechan-
ical signaling and cell migration (Gardel et al., 2010; Geiger and
Yamada, 2011).

The assembly and regulation of the actin cytoskeleton are
coordinated by various ABPs, some of which contain a con-
served calponin-homology (CH) domain—a known F-actin-binding
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motif. The CH domain was originally identified in the N-terminus
of calponin and has since been classified into three types: CH1 and
CH2, which typically appear as a tandem pair, and CH3, which ex-
ists independently as a single CH domain (Bafiuelos et al., 1998;
Gimona et al., 2002; Korenbaum and Rivero, 2002; Yin et al., 2020).
The CH1-CH2 tandem functions as a complete F-actin-binding
module and is found in classical ABPs like a-actinin, filamin, and
B-spectrin, where CH1 confers F-actin-binding activity while CH2
alone is inactive (Gimona et al., 2002; Yin et al., 2020). When com-
bined, the CH1-CH2 tandem binds F-actin more strongly than CH1
alone. CH3, on the other hand, is present in proteins with diverse
functions, some of which lack F-actin-binding activity (Gimona
et al., 2002).

The growth arrest-specific 2 (GAS2) family of proteins is a
unique subset of CH-containing proteins that bind both F-actin and
microtubules (Gimona et al., 2002; Korenbaum and Rivero, 2002;
Goriounov et al., 2003). In mammals, the GAS2 family comprises
at least four members: GAS2, GAS2-like 1 (GAS2L1), GAS2-like 2
(GAS2L2), and GAS2-like 3 (GAS2L3), all of which contain an N-
terminal CH domain (CH3), followed by a GAS2-related (GAR) do-
main for microtubule binding (Schneider et al., 1988; Goriounov
et al., 2003; Stroud et al., 2011, 2014). While GAS2 has a mini-
mal C-terminal region following the GAR domain, the GAS2-like
proteins possess a larger C-terminal region that includes a Ser-x-
lle-Pro (SxIP) motif, which binds end-binding proteins to track mi-
crotubule plus-ends (Jiang et al., 2012; Stroud et al., 2014). Among
these family members, GAS2L1 has been implicated in several cel-
lular processes, including centrosome disjunction before mitotic
entry through the tethering of F-actin and microtubules to cen-
trioles (Au et al., 2017, 2020). Furthermore, GAS2L1 plays a role
in promoting axon outgrowth and branching in neurons and con-
tributes to sperm motility and the organization of axonemal struc-
tures (Gamper et al., 2016; van de Willige et al., 2019).

To further investigate the functional roles of GAS2L1, we exam-
ined the effects of gas2/1 knockout on cellular phenotypes. Our
results show that GAS2L1 removal impairs the formation of stress
fibers and focal adhesions, while overexpression of GAS2L1 or its
CH domain enhances the assembly of these structures. Mechanis-
tically, we found that the CH domain of GAS2L1 forms a dimer
that cross-links and bundles actin filaments, thereby stabilizing
them. This dimerization is inhibited by the binding of the GAR do-
main to the CH domain, which prevents the dimerization-mediated
bundling of F-actin. Thus, we propose that the regulation of CH
dimerization by the GAR domain represents a unique mechanism
controlling GAS2L1’s actin-binding and -bundling activity.

RESULTS

GAS2L1 functions in the formation of actin stress fibers
and focal adhesions

To investigate the role of GAS2L1 in actin organization, we previ-
ously generated gas2/1~/~ RPE-1 cells using the CRISPR/Cas? sys-
tem (Au et al., 2020). In this study, we visualized actin filaments in
both parental and gas2/1~/~ RPE-1 cells by staining with fluores-
cent dye-conjugated phalloidin. While the actin staining patterns
at the cell periphery appeared similar in both cell types, gas2/1~/~
cells displayed a marked reduction in the average intensity (~53%)
and number (~43%) of individual stress fibers compared with the
parental cells (Figure 1A). Re-expression of GAS2L1 in the knock-
out cells effectively restored both the intensity and number of stress
fibers (Figure 1A).
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GAS2L1 knockout reduces stress fibers and impairs focal adhesions. (A) RPE-1 cells were fixed and stained
with phalloidin and Hoechst 33258. Phalloidin-staining intensity of stress fibers was measured from 40 parental cells, 28
gas2l1~/~ cells and 30 GFP-GAS2L1-expressing gas2/1~/~ cells. Normalized phalloidin intensities are presented as
means + SD from three independent experiments. The number of actin stress fibers per cell was quantified from 30
cells for each condition across three independent experiments and is shown as mean =+ SD. Scale bars, 10 pm. **, p <
0.001; ***, p < 0.0001; one-way ANOVA test. (B) Mechanical properties of RPE-1 cells were measured using AFM. The
shortest response time (z,) of the cytoskeleton to indentation was plotted for 19 parental cells and 20 gas2/1~/~ cells.
Data represent mean + SD from three independent experiments. *, p < 0.01; unpaired Student'’s t test. (C) RPE-1 cells
were stained for paxillin and nuclear DNA. Mature focal adhesions (defined as paxillin puncta >1 um?) were counted in
50 cells for each condition across three independent experiments. Data represent the number of mature focal
adhesions per cell (mean + SD). Scale bars, 10 ym. ***, p < 0.0001; one-way ANOVA.

To examine the mechanical properties of the cytoskeleton,
we employed atomic force microscopy (AFM)—a technique com-
monly used to measure cellular stiffness and cytoskeletal dynam-
ics (Hoffman and Crocker, 2009; Moeendarbary and Harris, 2014;
Haase and Pelling, 2015; Pegoraro et al., 2017; Guan et al., 2021).
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We performed cell-indentation tests using a colloidal probe, ana-
lyzing force relaxation data to determine the modulus and power-
law relaxation parameters of the cytoskeleton. Notably, gas2/1~/~
cells displayed a ~27% decrease in the power-law relaxation time
constant 7 (Figure 1B), which represents the time required for the
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GAS2L1 promotes assembly of stress fibers. (A) GFP-GAS2L1 overexpression was induced in ga52l1‘/‘
RPE-1 cells by treatment with 1 pg/ml doxycycline (Dox) for 24 h. Control gas2/1~/~ cells were not treated with Dox.
Cells were stained with phalloidin and Hoechst 33258. Phalloidin intensity was quantified from individual stress fibers in
40 control cells and 44 Dox-induced cells across four independent experiments, with data presented as means + SD
The number of actin stress fibers was counted in 50 control cells and 50 Dox-induced cells, and the average number per
cell is presented as mean + SD. *, p < 0.01; ***, p < 0.0001; unpaired Student'’s t test. Scale bars, 10 pm. (B) AFM was
used to measure the shortest response time (r) of the cytoskeleton to indentation in 20 control cells and 17
GFP-GAS2L1-overexpressing cells across three independent experiments. Data are presented as mean & SD. **, p <

0.001; unpaired Student’s t test.

cytoskeleton to recover after mechanical perturbation (Guan et al.,
2021). This suggests that gas2/1 knockout cells exhibit diminished
cytoskeletal resistance to rearrangement upon mechanical stress.

Actin stress fibers play a critical role in the maturation of nascent
focal complexes into mature focal adhesions by exerting mechani-
cal forces and serving as a structural template for adhesion growth
(Oakes et al., 2012). To investigate the impact of gas2l1 knock-
out on focal adhesion dynamics, we stained focal complexes us-
ing an antibody against paxillin and classified complexes larger
than 1 um? as mature focal adhesions or those undergoing matura-
tion (Kim and Wirtz, 2013; Alday-Parejo et al., 2021). In gas2/1~/~
cells, the number of mature focal adhesions was reduced by ~49%
compared with parental RPE-1 cells, while smaller nascent focal
complexes appeared more abundant (Figure 1C). Re-expression
of exogenous GAS2L1 rescued the defect in focal adhesion matu-
ration (Figure 1C). These findings indicate that GAS2L1 deficiency
disrupts focal adhesion maturation, consistent with the observed
reduction in stress fibers. Together, our results demonstrate that
GAS2L1 is crucial for the formation and stabilization of stress fibers
as well as the maturation of focal adhesions.

To further validate the involvement of GAS2L1 in actin organi-
zation, we developed a Tet-On inducible GFP-GAS2L1 expression
system in gas2/1=/~ RPE-1 cells (Au et al., 2020). When expressed
at levels comparable to the endogenous protein, GFP-GAS2L1 lo-
calized to actin filaments at the cell periphery (Figure 2A), con-
sistent with the distribution of the endogenous protein (data not
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shown). Upon overexpression, GFP-GAS2L1 was enriched on F-
actin structures, including stress fibers, leading to a ~56% increase
in the average intensity and a ~50% increase in the number of
individual stress fibers (Figure 2A). In addition, the power-law re-
laxation time constant 7, a measure of cytoskeletal resistance, in-
creased by ~46% (Figure 2B). These findings suggest that GAS2L1
promotes stress fiber assembly, thereby enhancing cytoskeletal
resistance to mechanical perturbations. In conclusion, our results
highlight the essential role of GAS2L1 in actin stress fiber forma-
tion and focal adhesion maturation, which together contribute to
the structural integrity and mechanical resilience of the cytoskele-
ton under external forces.

CH domain of GAS2L1 promotes the assembly of stress
fibers and focal adhesions

GAS2L1 contains a single CH domain that directly binds to F-actin
(Zucman-Rossi et al., 1996; Goriounov et al., 2003; Stroud et al.,
2014). To investigate the role of this domain in GAS2L1-mediated
actin regulation, we generated two expression constructs: one en-
coding the CH domain (amino acids 1-196) and another compris-
ing the GAS2L1 region without the CH domain (GAR-Tail, amino
acids 197-681) (Figure 3A). Overexpression of the CH domain re-
sulted in a significant increase in the average intensity (~49%) and
number (~53%) of individual stress fibers, whereas overexpression
of the GAR-Tail construct did not have a noticeable effect on stress

Molecular Biology of the Cell
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fiber organization (Figure 3B). These findings demonstrate that the
CH domain is responsible for promoting stress fiber assembly.

Next, we assessed whether the CH domain could rescue the fo-
cal adhesion defects observed in gas2/1~/~ RPE-1 cells. Expression
of the GAR-Tail construct or the control GFP vector did not restore
focal adhesion formation, as indicated by the lack of mature fo-
cal adhesions (Figures 3C and 1C). In contrast, expression of the
CH domain successfully rescued focal adhesion assembly to levels
comparable to those observed in parental RPE-1 cells (Figures 3C
and 1C). This rescue effect aligns with the role of the CH domain
in promoting stress fiber formation, further supporting the conclu-
sion that GAS2L1's CH domain is crucial for both actin stress fiber
assembly and focal adhesion maturation.

CH domain of GAS2L1 induces F-actin bundling and
stabilizes F-actin

Stress fibers are bundles of actin filaments cross-linked by various
ABPs (Bunai et al., 2006; George et al., 2007; He etal., 2011). To de-
termine whether the single CH domain of GAS2L1 can bundle actin
filaments, we performed an in vitro bundling assay. Preassembled
actin filaments were incubated either in the absence or presence of
the recombinant CH domain of GAS2L1, followed by sedimenta-
tion onto coverslips for visualization via microscopy. In the absence
of the CH domain, actin filaments appeared randomly distributed,
with no evidence of bundling (Figure 4A). In contrast, the addition
of the CH domain resulted in the organization of actin filaments
into prominent bundles (Figure 4A). As a control, we also tested
the GAR domain protein and observed that it did not induce actin
bundling (Figure 4A). These results demonstrate that the CH do-
main of GAS2L1 possesses the ability to bundle F-actin.

Given the ability of the CH domain to bundle actin filaments,
we next hypothesized that it might also stabilize F-actin. To test
this hypothesis, we preassembled actin filaments using a mixture
of pyrene-labeled and unlabeled actin and then incubated the fila-
ments with either the CH domain or a control buffer. F-actin depoly-
merization was subsequently triggered by diluting the filaments
10-fold into a low-salt buffer containing latrunculin A, an F-actin—
depolymerizing agent. Depolymerization of F-actin was monitored
by measuring the decrease in pyrene fluorescence. In the absence
of the CH domain, the pyrene fluorescence decreased by ~22%
at 1 h postdilution, indicating significant depolymerization (Figure
4B). In contrast, when the CH domain was present, no detectable
depolymerization occurred, suggesting that the CH domain pre-
vents F-actin disassembly (Figure 4B).

To further assess the stabilizing effect of the CH domain on actin
filaments in a cellular context, we expressed either the CH domain
or a GFP control in RPE-1 cells and treated the cells with latrunculin
A. Consistent with the in vitro findings, the CH domain expression
markedly reduced the depolymerizing effect of latrunculin A: the
proportion of cells retaining actin filaments increased from ~24%
in GFP-expressing cells to 81% in cells expressing the CH domain
(Figure 4C). This result confirms that the CH domain of GAS2L1
stabilizes actin filaments, both in vitro and in cells.

Dimerization of GAS2L1 CH domain

The formation of actin bundles typically involves the cross-linking
of two or more actin filaments, a process that is often facilitated by
the dimerization or oligomerization of bound ABPs (Bunai et al.,
2006; George et al., 2007; He et al., 2011). Given that the CH do-
main of GAS2L1 promotes actin bundling, we investigated whether
it undergoes dimerization or oligomerization. To test this, we co-
expressed two differentially tagged constructs of the GAS2L1 CH
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domain: one FLAG-tagged and the other GFP-tagged. Immuno-
precipitation of the FLAG-tagged CH domain robustly coimmuno-
precipitated the GFP-tagged CH domain (Figure 5A, left), indicat-
ing that the CH domain engages in intermolecular self-interaction.
This coimmunoprecipitation was specific, as GFP-CH was not de-
tected in the anti-FLAG immunoprecipitate when coexpressed with
an empty FLAG vector (Figure 5A, left). In addition, the coimmuno-
precipitation of GFP-CH by FLAG-CH was unaffected by pretreat-
ment of the cells with the F-actin—depolymerizing agent latrunculin
B (Figure 5A, right). These results suggest that the self-interaction
of the CH domain is independent of its F-actin-binding activity. In
summary, the CH domain of GAS2L1 forms homotypic interactions,
which may underlie its ability to promote actin bundling.

Previous studies have shown that the CH and GAR domains of
GAS2L1 interact to form an autoinhibitory module (van de Willige
etal., 2019; Au et al., 2020). To determine whether the GAR domain
modulates CH domain dimerization, we coexpressed the GAR do-
main with the differentially tagged CH constructs. Remarkably, co-
expression of the GAR domain significantly disrupted the coim-
munoprecipitation of GFP-CH with FLAG-CH, both in latrunculin
B-treated and untreated cells (Figure 5A). Moreover, the GAR pro-
tein itself was readily detected in the immunoprecipitate of FLAG-
CH (Figure 5A), confirming that the GAR domain binds to the CH
domain, thereby interfering with its dimerization.

To further validate the dimerization of the CH domain, we
performed chemical cross-linking experiments using the amine-
reactive cross-linker bis(sulfosuccinimidyl)suberate (BS®). After
cross-linking, the CH protein was detected as two molecular
species: ~22 kDa, corresponding to the monomeric form, and ~45
kDa, corresponding to the dimeric form (Figure 5B). Under these
cross-linking conditions, ~22% of the CH protein was present as a
dimer (Figure 5B). Conversely, when the CH-GAR protein was sub-
jected to cross-linking under identical conditions, almost all of the
protein appeared as a monomer, and the dimeric form was barely
detectable (Figure 5B).

Together, these results demonstrate that the CH domain of
GAS2L1 forms a dimer through intermolecular self-interaction and
that the presence of the GAR domain inhibits this dimerization.

DISCUSSION
In this study, we have characterized the role of GAS2L1 in promot-
ing the assembly of actin stress fibers and the maturation of focal
adhesions, and we have elucidated the underlying mechanisms of
this function. Our findings indicate that the CH domain of GAS2L1
is responsible for these activities by mediating actin-bundling and
stabilizing actin filaments. Specifically, we discovered that the CH
domain can dimerize, which facilitates actin filament cross-linking.
However, this dimerization is inhibited by the association with the
GAR domain, which blocks CH-CH interaction. Given the presence
of CH domains in other members of the GAS2 family, it is likely
that the functional characteristics observed here for GAS2L1 are
conserved across the GAS2 family proteins.

Within the CH domain family, the CH1-CH2 tandem is known
as a canonical F-actin—binding module (Gimona et al., 2002;
Korenbaum and Rivero, 2002; Yin et al., 2020). Early studies based
on mutagenesis and crystal structures supported a closed CH1-
CH2 conformation, where the actin-binding surface involves three
regions, termed actin-binding sites 1-3 (ABS1-3) (Bresnick et al.,
1990; Hemmings et al., 1992; Kuhlman et al., 1992; Levine et al.,
1992). More recently, cryo-electron microscopy of the CH1-CH2
complex in association with F-actin revealed that when binding

Molecular Biology of the Cell
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(—Latrunculin B) before being subjected to anti-FLAG immunoprecipitation. Immunoprecipitates (50%) and lysate inputs
(5%) were analyzed by immunoblotting using anti-FLAG, anti-GFP, and anti-g-actin antibodies. Vec, empty FLAG vector.
(B) Recombinant Hiss-FLAG-tagged CH and CH-GAR proteins were cross-linked using BS®. Cross-linked samples were

analyzed by anti-Hisg immunoblotting.

to F-actin, CH1 adopts an open conformation with CH2 orien-
tated away from CH1 to expose the actin-binding surface on CH1
(Iwamoto et al., 2018; Kumari et al., 2020). In the closed conforma-
tion, CH2 has been suggested to stabilize CH1, thus leading to a
soluble structure of CH1-CH2 (Singh et al., 2014; Bandi et al., 2014;
Singh et al., 2015).

The CH domain found in GAS2L1 and other GAS2 family
proteins belongs to the CH3 subfamily (Gimona et al., 2002;
Korenbaum and Rivero, 2002; Goriounov et al., 2003). Because
the structure of GAS2L1 has not been experimentally determined,
we analyzed its predicted structure using the AlphaFold Protein
Structure Database (Figure 6A) (Jumper et al., 2021; Varadi et al.,
2022). The predicted structure of the GAS2L1 CH domain was com-
pared to the structure of canonical CH1 domains. Overlaying the
predicted structure of GAS2L1 CH with the crystal structure of the
spectrin Il CH1 domain, a canonical CH1 domain, revealed that
GAS2L1 CH exhibits similar helical orientations, forming a putative
actin-binding surface resembling that of CH1 (ABS-N, ABS1, ABS2,
and ABS2’; Figure 6, A-C). Interestingly, the GAS2L1 CH domain
contains a unique C-terminal helix (Figure 6A, shown in green) ab-
sent in spectrin Il CH1 (Figure 6, A and B). This C-terminal helix
is distinct from the actin-binding surface formed by other putative
ABSs (Figure 6, A and C), despite displaying high sequence sim-
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ilarity to ABS2 of canonical CH1 domains. The functional signif-
icance of this unique C-terminal helix remains to be elucidated.
Overall, our findings demonstrate that GAS2L1 CH retains struc-
tural features of CH1 domains while incorporating unique prop-
erties, such as dimerization and actin-bundling activities (Figures 4
and 5). These features likely distinguish GAS2L.1 CH from canonical
CH1 domains and warrant further investigation.

The CH and GAR domains of GAS2L1 form an autoinhibitory
module that regulates their interaction with F-actin and micro-
tubules, respectively (van de Willige et al., 2019; Au et al., 2020).
Analysis of the predicted GAS2L1 structure revealed the binding
interface between the CH and GAR domains. This interface is lo-
cated between the microtubule-binding surface of the GAR do-
main and the C-terminal helix of the CH domain, without significant
contact with the putative actin-binding surface formed by ABS-N,
ABS1, ABS2, and ABS2’ (Figure 6C). We observed that the GAR
domain not only inhibits the interaction of the CH domain with F-
actin (Au et al., 2020) but also suppresses CH domain dimerization
(Figure 5). It is likely that the C-terminal helix of GAS2L1 CH plays
a role in dimerization, a process inhibited by its interaction with
the GAR domain. In addition, the expression of GAS2L1 CH alone
resulted in low solubility, whereas the CH-GAR construct demon-
strated enhanced solubility (data not shown). This suggests that the
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with the C-terminal helix of the CH domain.

GAR domain may stabilize the CH domain, similar to how CH2 sta-
bilizes CH1 in the CH1-CH2 tandem. The autoinhibition of the CH-
GAR module in GAS2L1 is relieved by phosphorylation at Ser352
by Nek2 during late G2 and mitosis (Au et al., 2020). This mecha-
nism suggests that GAS2L1 may play a role in actin reorganization
as cells enter mitosis.

Actin stress fibers are bundles of actin filaments cross-linked
by proteins such as a-actinin, which are crucial for maintaining
cell shape and facilitating cell movement (Naumanen et al., 2008;
Tojkander et al., 2012). Based on their orientation and association
with focal adhesions, stress fibers can be classified as dorsal stress
fibers, ventral stress fibers, or transverse arcs (Naumanen et al.,
2008; Tojkander et al., 2012). A number of actin-cross-linking pro-
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teins, including B-spectrin, paladin, fascin, filamin, and «-actinin,
have been identified as stabilizers of stress fibers (Naumanen et al.,
2008; Tojkander et al., 2012). In this study, we show that GAS2L1
promotes stress fiber assembly through its CH domain, which pos-
sesses actin-bundling and stabilizing activities. Consistently, knock-
out of gas2/1 impaired the formation of stress fibers (Figure 1A). A
recent study highlighted the role of actin-microtubule cross-linkers
that track microtubule plus ends in facilitating the transport of actin
filaments by growing microtubules (Alkemade et al., 2022). Be-
cause GAS2L1 has been shown to track microtubule plus ends
(Jiang et al., 2012; Stroud et al., 2014), it is likely that GAS2L1 con-
tributes to stress fiber remodeling through microtubule-mediated
actin filament transport. Given these unique properties, GAS2L1
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may play a distinctive role compared to other ABPs in the forma-
tion and regulation of stress fibers.

Actin stress fibers are crucial for the assembly of focal adhe-
sions, which are sites of integrin-mediated cell adhesion to the
extracellular matrix (Chrzanowska-Wodnicka and Burridge, 1996;
Riveline et al., 2001; Zaidel-Bar et al., 2003; Peterson et al., 2004;
Vicente-Manzanares et al., 2007; Choi et al., 2008; Oakes et al.,
2012). By contrast, microtubules target focal adhesions for dis-
assembly (Kaverina et al., 1998, 1999; Etienne-Manneville, 2013).
GAS2L1 interacts with both F-actin and microtubules, associating
with microtubules and microtubule plus ends through the GAR do-
main and the SxIP motif in its tail region, respectively (Goriounov
et al., 2003; Jiang et al., 2012; Stroud et al., 2014). Our study
demonstrates that the CH domain of GAS2L1 promotes stress fiber
and focal adhesion formation, independent of the GAR domain or
tail region (Figure 3). However, the microtubule-binding and plus-
end-tracking properties may play a role in guiding microtubules to
focal adhesions. This suggests that GAS2L1 has a multifaceted role
in regulating focal adhesion dynamics.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Antibodies

The following primary antibodies were obtained from commer-
cial sources: mouse anti-paxillin (Clone 349, BD Biosciences),
mouse anti-FLAG (Clone M2, Sigma-Aldrich), and rabbit anti-FLAG
(Sigma-Aldrich). The antibody against GFP was custom-generated
and utilized as described previously (Au et al., 2017).

Cell culture and treatments

All cell lines used in this study were sourced from the Ameri-
can Type Culture Collection. HEK293T cells were maintained in
DMEM (Gibco) supplemented with 10% FBS and 100 U/ml peni-
cillin/streptomycin mix. RPE-1 cells were cultured in a 1:1 mix-
ture of DMEM and Ham’s F12 medium containing 10% FBS, 100
U/ml penicillin-streptomycin, and 10 pg/ml hygromycin B (Sigma-
Aldrich). gas2!1 knockout RPE-1 cells (gas2/1-/~) were generated
as previously described; gas2/1=/~ lines harboring an inducible ex-
pression cassette of GFP-GAS2L1 were created using a tet-on ex-
pression system, with GFP-GAS2L1 expression induced for 24 h by
adding 1 pg/ml doxycycline (Sigma-Aldrich) to the culture medium
(Au et al., 2020). Transient transfection of RPE-1 and HEK293T
cells was performed using Lipofectamine 2000 (Thermo Fisher Sci-
entific) and polyethylenimine (Polysciences), respectively. All cells
were maintained in a humidified incubator at 37°C with 5% CO,
and were routinely tested to ensure they were free of Mycoplasma
contamination.

Immunofluorescence microscopy

Cells grown on 18-mm coverslips were fixed with 4% paraformalde-
hyde in PBS for 15 min at room temperature, then washed twice
with PBS. After blocking with 2% BSA in PBS containing 0.05%
Tween 20, the cells were stained sequentially at room tempera-
ture using a primary antibody followed by an Alexa Fluor 568-
conjugated secondary antibody (Thermo Fisher Scientific). Nu-
clear DNA was stained with 1 pM Hoechst 33258 (Sigma-Aldrich),
and F-actin was labeled with Alexa Fluor 647-conjugated phal-
loidin (Thermo Fisher Scientific). Fluorescence images were cap-
tured using an epifluorescence microscope (Axio Observer ZI; Carl
Zeiss) equipped with a DAPI/GFP/Texas-Red/Cys5 filter set, an X-
Cite 120Q light source (Lumen Dynamics), and an sCMOS camera
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(Orca-Flash4.0, Hamamatsu). Images were analyzed and processed
using ZEN 3.0 software (blue edition, Carl Zeiss) and the Fiji pack-
age of ImageJ (Schindelin et al., 2012).

Actin stress fibers were manually identified within each cell,
and the phalloidin-staining intensity of individual fibers was quan-
tified using the Line Selection tool in the Fiji package of ImageJ
(Schindelin et al., 2012). To account for background fluorescence,
signals were also measured in adjacent cytoplasmic regions devoid
of visible actin filaments. Paxillin puncta were detected using a pre-
defined threshold in the Analyze Particles tool within Fiji (Schindelin
etal., 2012). Puncta larger than 1 pm? were classified as mature fo-
cal adhesions and subsequently counted.

Atomic force microscopy

To assess the cytoskeletal mechanics of RPE-1 cells, we utilized
an atomic force microscope (MFP-3D, Asylum Research) equipped
with a spherical probe for cell indentation. The spherical probes
were prepared according to an established protocol by attaching a
glass bead (diameter ~12 um) to the front end of a tipless cantilever
(CSC38/Tipless/Cr-Au, Mikromasch) with a nominal spring constant
of ~0.09 N/m (Guan et al., 2021). To ensure precise force measure-
ments, the spring constant of each cantilever was calibrated using
the power density spectrum method (Guan et al., 2021). Prior to ex-
perimentation, the colloidal probes were coated with a thin layer
of poly(L-lysine)-graft-poly(ethylene glycol) (SuSoS AG) to minimize
adhesion between the cell surface and the probe.

During the AFM measurements, RPE-1 cells cultured on a cov-
erslip were maintained in a growth medium at 37°C in a humidi-
fied chamber with 5% CO,. The spherical probe was rapidly ap-
proached to the cell surface and held in close contact for 10's, in-
ducing a constant indentation. Subsequently, the force relaxation,
defined as the force dissipation over time (t), was recorded to cap-
ture the cell’s mechanical response to external compression. Anal-
ysis of the relaxation data revealed that the mechanical properties
of the cells could be described by the relaxation modulus, E(t) =
E; e + Ex(1 + t/75)® + Ex. Here, E;, E», and Eo correspond to
the exponential, power-law, and persistent moduli, respectively; T4
and 7 represent the timescales for exponential and power-law de-
cays, and « is the power-law exponent (Guan et al., 2021). Among
these components, the power-law relaxation time, determined by
7, is indicative of cytoskeletal network reorganization under com-
pression.

F-actin-bundling and stabilization assays
GAS2L1 fragments (CH, 1-196; GAR, 197-300; CH-GAR 1-300)
tagged with Hise-FLAG were expressed in Escherichia coli BL21
(DE3) and purified using Ni2*-nitrilotriacetic acid resin (Qiagen), as
described previously (Au et al., 2020). Before use in assays, the pro-
teins were desalted and diluted in actin polymerization buffer (10
mM Tris-HCI, pH 7.5, 50 mM KCI, 2 mM MgCl,, T mM ATP).

For the bundling assay, F-actin was polymerized by incubating
10 uM preclarified rabbit skeletal muscle G-actin (99% purity; Cy-
toskeleton Inc.) in actin polymerization buffer for 1 h at room tem-
perature. After assembly, an equal volume of actin polymerization
buffer containing 10 pM GAS2L1 proteins was added, and the mix-
ture was incubated for an additional 30 min. F-actin filaments and
bundles were then fixed for 5 min with 1% glutaraldehyde in poly-
merization buffer and pelleted onto coverslips through a glycerol
cushion (10% glycerol in actin polymerization buffer) by centrifuga-
tion at 100,000 x g for 10 min at 24°C. The filaments and bundles
were stained with Alexa Fluor 647-conjugated phalloidin (Thermo
Fisher Scientific) and visualized using a fluorescence microscope.
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The F-actin stabilization assay was conducted as previously de-
scribed, with modifications (He et al., 2011). F-actin was polymer-
ized using 4 pM preclarified rabbit skeletal muscle G-actin (5%
pyrene-labeled; Cytoskeleton Inc.) and pelleted through a glycerol
cushion by centrifugation at 150,000 x g for 30 min at 24°C. The
pellets were resuspended in actin polymerization buffer containing
GAS2L1 proteins, incubated at room temperature for 15 min, and
then diluted 10-fold in G-buffer (5 mM Tris-HCI, pH 8.0, 0.2 mM
CaCly) containing 1 pM latrunculin A. F-actin depolymerization was
monitored by measuring pyrene fluorescence using a microplate
reader (FlexStation 3, Molecular Devices).

Immunoprecipitation

HEK293T cells expressing FLAG-tagged GAS2L1 proteins were
lysed in buffer containing 50 mM HEPES (pH 7.4), 0.5% Triton X-
100, 150 mM NaCl, 1 mM MgCl,, 10 mM NaF, 1 mM dithiothre-
itol, and a Protease Inhibitor Cocktail (Bimake). The lysates were
clarified by centrifugation at 16,000 x g for 15 min at 4°C. Im-
munoprecipitation was performed at 4°C for 2 h with rotation using
anti-FLAG M2 affinity agarose beads (Sigma-Aldrich). The beads
were then washed extensively with buffer containing 50 mM HEPES
(pH 7.4), 0.1% Triton X-100, 150 mM NaCl, T mM MgCl, and 1
mM dithiothreitol, followed by boiling at 95°C to elute proteins for
SDS-PAGE and immunoblotting.

Chemical cross-linking

Recombinant GAS2L1 proteins were cross-linked on ice for 2 h us-
ing BS® (Thermo Fisher Scientific) at a 50-fold molar excess. The
reactions were quenched by adding 1 M Tris-HCI (pH 7.5) to a final
concentration of 50 mM, and the cross-linked proteins were sub-
sequently analyzed by immunoblotting.

Statistical analysis

All quantitative data were derived from at least three independent
experiments. Statistical analyses were performed using MATLAB,
Microsoft Excel, or GraphPad Prism, with specific tests outlined
in the figure legends. For comparisons between two samples, p-
values were calculated using an unpaired Student’s t test. For com-
parisons involving more than two conditions, one-way ANOVA fol-
lowed by Tukey's test was used to determine statistically significant
differences between samples.
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