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ABSTRACT The regulation of the actin cytoskeleton is key to controlling cell shape and
structure. While the Rho GTPase RhoA is well known to regulate the actomyosin cytoskele-
ton, its function in controlling the septin cytoskeleton remains unclear. As RhoA interactions
can vary in both time and space, they can be challenging to discern from traditional bulk
biochemical assays. Here, we use multiple optogenetic tools to spatially and temporally
increase myosin localization, stimulate contractile force, and activate RhoA to investigate
how RhoA and its downstream effector myosin impact the septin cytoskeleton. We find that
neither local accumulation of myosin nor increased activity of myosin is sufficient to alter
septin architecture. Local activation of RhoA, however, results in a local increase in septin
accumulation. Importantly, this septin increase is independent of the scaffolding protein
anillin, which can directly bind both septin and RhoA. Together, these data expand the po-
tential role of septins in mediating RhoA signaling by stimulating the remodeling of the
septin cytoskeleton.

SIGNIFICANCE STATEMENT

� Septins are cytoskeletal filaments that play a key role in cell division, where RhoA is the dom-
inant signaling mechanism. During interphase, they decorate a subpopulation of the stress
fibers in the cytoskeleton, but the mechanisms regulating their localization remain unclear.

� We use optogenetic tools to show that RhoA activation, and not just its downstream effector
myosin or contractility, stimulates septin recruitment locally.

� This work suggests that septins could play a significant role in mediating RhoA signaling and
coordinating remodeling throughout the cytoskeleton.
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INTRODUCTION
The cytoskeleton plays a key role in determining cell shape, which
in turn is intimately connected to cell behavior. Cytoskeletal net-
works, in conjunction with their associated binding proteins and
motors, dynamically assemble and reorganize in response to a va-
riety of biochemical and mechanical signals to produce specific
architectures. This is especially true for the actin and myosin cy-
toskeleton, the dominant architectural element in cells (Svitkina,
2018).

The Rho family of GTPases (RhoA, Rac, and Cdc42) often act be-
tween upstream cues and downstream actomyosin rearrangement,
functioning as master regulators of the cytoskeleton (Jaffe and Hall,
2005). The spatial and temporal activation of Rho GTPases coupled
with their mutual antagonism enables critical cellular processes like
migration and cell division (Lawson and Ridley, 2018; Müller et al.,
2020). Rho GTPases signal by binding and activating downstream
effectors. For example, GTP-bound RhoA can activate formins to
induce actin polymerization and bind to Rho-associated coiled-
coil containing protein kinase (ROCK) to phosphorylate and acti-
vate myosin 2, thereby driving actomyosin activity (Ridley and Hall,
1992; Shizaki et al., 1997; Watanabe et al., 1997). Actomyosin con-
tractility can then actuate mechanical responses by other cytoskele-
tal elements and feedback to influence Rho GTPases (Bhadriraju et
al., 2007; Bement et al., 2015). This dynamic Rho-driven mechan-
ical crosstalk model likely influences all cytoskeletal elements, but
has been largely unexplored in the septin cytoskeleton.

Septins are GTP-binding proteins that polymerize to form cy-
toskeletal filaments and are broadly conserved (Mostowy and Cos-
sart, 2012; Woods and Gladfelter, 2021; Delic et al., 2024). In mam-
mals, there are 13 septin genes divided into four families based
on sequence homology, with members of each family showing
tissue-specific expression (Dolat et al., 2014a). Mammalian septins
oligomerize into nonpolar palindromic subunits consisting of either
six or eight monomers drawn from three or four families, respec-
tively (Cavini et al., 2021). These hexamers and octomers then poly-
merize into filaments and other higher-order structures (Kinoshita
et al., 2002; Jiao et al., 2020). First discovered as critical compo-
nents of cytokinesis in budding yeast (Hartwell, 1971), septins play
important roles across physiology, including cell migration (Shindo
and Wallingford, 2014; Dolat et al., 2014b; Gabbert et al., 2023),
neurogenesis (Ageta-Ishihara and Kinoshita, 2021), immunology
(Tooley et al., 2009; Zhovmer et al., 2024), host-pathogen inter-
actions (Van Ngo and Mostowy, 2019), and ciliogenesis (Palander
et al., 2017). Furthermore, knockout of multiple individual septin
genes is embryonically lethal (Röseler et al., 2011; Füchtbauer et
al., 2011; Menon et al., 2014) and changes in septin expression are
linked to several diseases, including Alzheimer’s and breast cancer
(Peterson and Petty, 2010; Devlin et al., 2021; Weems et al., 2023),
demonstrating a critical role for septins throughout cell biology.

Septins are largely considered protein scaffolds based on their
ability to interact with the plasma membrane and multiple cy-
toskeletal proteins, in addition to their lack of associated motors.
At the plasma membrane, septin distribution is heterogeneous as
septins exhibit a preference for membranes with micron-scale cur-
vature (Bridges et al., 2016; Cannon et al., 2019; Nakazawa et al.,
2023). In vitro, septins can directly bind both microtubules and
actin to induce bundling (Bai et al., 2013; Mavrakis et al., 2014). In
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cells, however, these interactions are more complicated as septins
decorate only subpopulations of both actin and microtubule net-
works (Spiliotis, 2018). Furthermore, a previous report suggested
septins could also bind directly to nonmuscle myosin 2A (NM2A;
Joo et al., 2007). Together, these features make septins prime
conduits to translate both biochemical and biophysical signals in
cells.

While pharmacological and genetic perturbations can globally
perturb septin function, it is clear that septin localization in vivo is
regulated both spatially and temporally. Cdc42 signaling has pre-
viously been shown to play a prominent role in septin regulation
(Joberty et al., 2001; Gladfelter et al., 2002; Schmidt and Nichols,
2004; Salameh et al., 2021; Tomasso et al., 2025). However, septin’s
essential role in the mammalian contractile ring, where RhoA is the
dominant signaling mechanism and actomyosin is the dominant
architectural element (Carim and Hickson, 2023), suggests septins
may respond to additional biochemical inputs. Septins have also
been broadly implicated in cell mechanics (Lam and Calvo, 2018;
Vadnjal et al., 2022), which is largely mediated by RhoA signaling,
although their precise contribution remains uncertain. This link to
cytokinesis and mechanics, coupled with in vitro actin binding and
possible myosin 2 binding, compelled us to more carefully dissect
the spatiotemporal contribution of actin, myosin 2, and RhoA in
septin network formation.

Like other cytoskeletal elements, septin networks are both dy-
namic and heterogeneous (Schmidt and Nichols, 2004; Hagiwara
et al., 2011; Martins et al., 2023). Optogenetic tools, therefore,
are particularly well-suited to spatiotemporally probe regulation of
septin networks. These tools take advantage of light-sensitive pro-
teins that change conformation when exposed to light of certain
wavelengths (Kramer et al., 2021; Chandrasekar et al., 2023). The
improved light-inducible dimerization (iLID) system is a popular ver-
sion of this approach based on its specificity, rapid association and
dissociation kinetics, and need for minimal intensity of light for ac-
tivation (Guntas et al., 2015; Natwick and Collins, 2020). In partic-
ular, these tools have proven adept at locally stimulating GTPase
signaling by recruiting specific guanine exchange factors (GEFs) to
activate RhoA, Rac, or Cdc42 (Wagner and Glotzer, 2016; O’Neill
et al., 2016; Valon et al., 2017; de Beco et al., 2018; Inaba et al.,
2021; Mahlandt et al., 2023b).

Here, we set out to investigate a role for RhoA signaling in regu-
lating septin accumulation in interphase cells. We first demonstrate
that inhibition of RhoA or myosin 2, a downstream effector of RhoA,
results in septin relocalization from actin stress fibers to the plasma
membrane. We next show that optogenetic recruitment of myosin
2 alone is insufficient to alter septin localization. Similarly, opto-
genetic activation of myosin to locally increase contraction via re-
cruitment of myosin light chain kinase (MLCK) also fails to induce
septin recruitment. Local activation of RhoA, however, results in
a local increase of septin in an anillin-independent manner. Com-
bined, these data suggest that RhoA signaling, and not just con-
tractility, is able to induce septin assembly, expanding the reach of
septins in these critical biochemical signaling networks.

RESULTS
Local recruitment of myosin 2 is not sufficient to recruit
septins
As septins and myosin 2 colocalize at the contractile ring and have
also been previously reported to interact (Joo et al., 2007), we set
out to test whether inhibiting either RhoA or its downstream ef-
fector myosin 2 would impact septin localization. We found that
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FIGURE 1: Inhibition of myosin or Rho leads to reduced SEPT2 accumulation on stress fibers. (A) Representative fixed
fibroblasts stained with a SEPT2 antibody and phalloidin in the presence of the myosin inhibitor blebbistatin, the Rho
inhibitor CT04, or a combination of the two. (B) The percent of cells showing SEPT2 localization to stress fibers in each
of the conditions. Grey dots represent the average value with at least 55 cells per condition, per repeat (n = 3).

treating fibroblasts with either a C3 Transferase-derived inhibitor
of RhoA (CT04) or the myosin 2 inhibitor blebbistatin resulted in
disassembly of central septin stress fiber networks and increased
accumulation of septins at the plasma membrane (Figure 1, A and
B). Combining the two drug treatments showed no additive effect.
As this implies that myosin may regulate septin localization, we set
out to directly test whether recruitment of myosin 2 would result
in increased septin accumulation. We recently developed an iLID-
based tool to use light to locally recruit myosin 2 (Quintanilla et
al., 2024). Briefly, this iLID optogenetic system consists of a trans-
membrane anchor (Stargazin) attached to a light-oxygen-voltage
sensing domain (LOV2) whose Jα helix has been modified with a
small bacterial peptide (SsrA), which remains masked in the dark
state (Guntas et al., 2015; Natwick and Collins, 2020; Figure 2A).
Upon blue light (λ < 500 nm) exposure, the Jα helix unfolds, ex-
posing the SsrA peptide and allowing it to bind its complementary
binding partner SspB attached to NM2A (Figure 2A; Quintanilla et
al., 2024).

Consequently, local illumination in a region spanning the cell re-
sulted in a significant increase in myosin intensity that abated when
the stimulating light was removed (Figure 2, B–E; Supplemental
Movie S1). However, we saw no appreciable change in septin inten-
sity or localization in response to the increasing density of myosin
(Figure 2, B–E; Supplemental Movie S1).

Interestingly, while we previously found myosin 2 recruitment
self-stimulated myosin filament assembly in the lamella where
myosin filaments were initially sparse (Quintanilla et al., 2024), here
we saw an increase in intensity of myosin but minimal changes in
architecture when recruiting to regions where myosin 2 filaments
were already abundant. To check whether the increase in myosin
impacted the overall contractility of the cell, we used traction force
microscopy (TFM) to measure cellular force production. As forces
generated in the cytoskeleton are transmitted to the substrate via
focal adhesions, local changes in contractility in the cytoskeleton
can alter traction stress measurements outside the region of re-
cruitment (Oakes et al., 2017). We therefore measured the total
contractile work performed by the cell, normalized by the cell area,
which we have shown previously is a better reporter of cell contrac-
tility (Oakes et al., 2014). Interestingly, we found that despite the
increase in myosin in these regions, the total contractile work per-
formed did not change (Figure 2, F and G; Supplemental Movie
S2). Myosin accumulation alone is thus insufficient to induce septin
accumulation or contractility.

Locally inducing contraction does not alter septin
localization
While our data suggest that myosin is not directly interacting with
septins, the septin rearrangement we observed upon myosin in-
hibition (Figure 1) suggests that myosin contractile activity could
still aid in septin localization. We therefore sought to increase local
myosin contractile activity by modulating its phosphorylation. To
achieve this we swapped the stargazin anchor in our iLID system
with myosin regulatory light chain (RLC), and attached the SspB
to the catalytic domain of myosin light chain kinase (MLCK; Figure
3A; Supplemental Figure S1; Supplemental Movie S3). This tool
should therefore stimulate both RLC Thr18/Ser19 phosphorylation
on myosin monomers to induce nascent filament formation, and
simultaneously increase the RLC phosphorylation in existing fila-
ments to preserve/prolong their activity (Figure 3A). To validate this
approach, we again measured the total contractile work performed
by the cell using TFM (Figure 3B; Supplemental Movie S4). We saw
a steady increase in traction forces and the overall contractile work
performed by the cell in response to local recruitment of MLCK
to myosin, which decreased as the stimulating light was removed
(Figure 3C). This demonstrates that recruitment of the catalytic do-
main of MLCK to myosin results in increased contractility.

While the traction stresses largely increased outside the region
of MLCK recruitment due to tension propagating along actin fibers
to focal adhesions, inside the recruitment region, we saw a local
increase in signal of the Sspb-MLCK (Figure 3, B–G; Supplemental
Movie S5). This indicates that within the cytoskeleton, contractil-
ity and tension should be increasing locally within the recruitment
region where the MLCK is acting on myosin. To test whether an in-
crease in local contraction impacts septins, we repeated our local
MLCK recruitment while visualizing septins. We found that increas-
ing contractility was not sufficient to drive septin recruitment, as
we did not see any significant changes in septin intensity in the re-
gion of MLCK recruitment (Figure 3, D–G; Supplemental Movie S5).
These data suggest that myosin-based contractility is not sufficient
to recruit or alter septin localization in interphase cells.

Local recruitment of LARG-DH specifically activates RhoA
Since increased myosin accumulation and contractility alone are
insufficient to recruit septins, additional signaling must be neces-
sary. Septins are prominently found in the contractile ring during
cytokinesis (Longtine et al., 1996; Carim and Hickson, 2023). In this
critical structure, there is both local elevation of RhoA signaling
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FIGURE 2: Local recruitment of myosin 2 is not sufficient to recruit septins. (A) A schematic of the tool to locally recruit
myosin. A LOV2-SsrA molecule and mTurq2 fluorophore are anchored to the plasma membrane via stargazin.
Simultaneously, an NM2A construct tagged with an mApple-SspB is expressed in the cytosol. Upon local blue light
stimulation (blue box), the SspB-mApple-NM2A is recruited to the plasma membrane, where it can enhance filament
assembly. When blue light is removed, the two components disassociate. (B) Representative images of a Halo-labeled
SEPT2-Halo fibroblast expressing the SspB-mApple-NM2A, immediately before, during, and after local recruitment
(blue dashed box; see Movie S1). (C) A kymograph drawn through the activation region shows increased NM2A intensity
but no change in SEPT2 intensity during the activation period. (D) Average SspB-mApple-NM2A and SEPT2-Halo
intensities (mean ± SD) over time in the recruitment region, normalized to the pre-recruitment time points. The
recruitment period is indicated by the blue background. (E) Scatter plots of average intensity changes in the recruitment
region between the 50 s pre-recruitment and the final 50 s of recruitment per cell. (F) Representative images of myosin
and the accompanying traction stress maps before and during local myosin recruitment (refer to Supplemental Movie
S2). (G) Average measurements of the normalized total contractile work per area performed by cells over time, and
scatter plots comparing the contractile work per area between the 50 s pre-activation and the final 50 s of activation
per cell. * and *** indicate p ≤ 0.05 and ≤ 0.001, respectively. n values indicate the number of cells analyzed.

(Wagner and Glotzer, 2016) and an increase in anillin, a scaffolding
protein that can bind both septin and active RhoA (Hickson and
O’Farrell, 2008). We thus set out to investigate whether these
proteins contribute to septin organization and accumulation in
interphase cells.

RhoA is regulated by the activity of multiple guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs),
which can target either individual or multiple RhoGTPases (Guilluy
et al., 2011). Multiple optogenetic probes to control RhoA acti-
vation have been developed, targeting either specific GEFs or
RhoA itself. Leukemia-associated Rho GEF (LARG; also known as
ARHGEF12) is a RhoA-specific GEF (Jaiswal et al., 2011). Previ-
ous works have shown that optogenetically recruiting the DH do-
main from LARG is sufficient to activate RhoA locally and stim-
ulate downstream actin polymerization, myosin phosphorylation,
and force production (Supplemental Figure S2, A and B; Wagner
and Glotzer, 2016; Oakes et al., 2017; Inaba et al., 2021; Seze et
al., 2023). As previous studies have shown that Cdc42, another Rho

GTPase, and its downstream effectors can regulate septin forma-
tion (Joberty et al., 2001; Calvo et al., 2015), we first confirmed that
the truncated LARG- DH maintained its specificity for RhoA and did
not also activate Cdc42. Using an iLID system again anchored to
the plasma membrane, we locally recruited SspB-LARG-DH while
simultaneously using biosensors to measure either RhoA (Supple-
mental Figure S2, C–F; Supplemental Movie S6) or Cdc42 activity
(Supplemental Figure S2, G–J; Supplemental Movie S7). While re-
cruitment of LARG-DH reliably increased local RhoA activity, we
saw no similar increase in Cdc42 activity (Supplemental Figure S2,
C–J), indicating that the truncated LARG retains its specificity for
RhoA.

Local RhoA activation does not result in anillin recruitment
We next investigated whether local RhoA activation results in re-
cruitment of anillin, which plays a key role in coordinating the ac-
tomyosin contractile ring formation (Hickson and O’Farrell, 2008;
Carim and Hickson, 2023). Anillin contains a Rho-binding domain,
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FIGURE 3: Local recruitment of MLCK to myosin filaments elevates contractility but does not alter septin localization.
(A) A schematic of the optogenetic MLCK tool used to increase myosin-based contractility. The LOV2-SsrA molecule
was anchored to the myosin RLC while the catalytic domain of MLCK tagged with SspB-mApple was expressed in the
cytosol. Upon blue light illumination, SsrA-SspB binding should result in increased activation of myosin by the
recruitable MLCK. When the blue light is turned off, MLCK dissociates from the myosin RLC. (B) Representative images
of a fibroblast expressing the Sspb-mApple-MLCK and the corresponding traction maps before and during local
recruitment (blue dashed box; see Supplemental Movie S4). (C) Average measurements of the normalized total
contractile work per area performed by cells, and scatter plots comparing the contractile work per area before and
during activation (mean ± SD). (D) Representative images of a SEPT2-Halo fibroblast expressing SspB-mApple-MLCK
immediately before, during, and after local stimulation (blue dashed box; refer to Supplemental Movie S5). (E)
Kymograph drawn through the region of recruitment in the cell shown in (D). (F) Normalized SspB-mApple- MLCK (top)
and SEPT2-Halo (bottom) intensities (mean ± SD) over time in the region of recruitment, with recruitment periods
indicated by the blue background. (G) Scatter plots of average intensity changes in the recruitment regions between
the 50 s pre-recruitment and the final 50 s of recruitment per cell (mean ± SD). ns, *, and ** indicate p > 0.05, ≤ 0.05,
and ≤ 0.01, respectively. n values indicate the number of cells analyzed.

a septin-binding domain, and a pleckstrin homology (PH) do-
main on its C-terminus, and myosin and actin binding domains on
its N-terminus (Hickson and O’Farrell, 2008). Anillin expression is
highly correlated with the cell-cycle (Field and Alberts, 1995; Zhao
and Fang, 2005; Mahdessian et al., 2021), but when expressed is
thought to reside primarily in the nucleus before nuclear envelope
breakdown. Recent results, however, have suggested that it may
also have some cytoplasmic roles outside of cell division (Tran et
al., 2025). We first fixed and stained cells to compare anillin ex-
pression between cells in interphase and during cytokinesis. The
residual anillin expression in interphase relative to cytokinesis was
primarily restricted, when present, to the nucleus (Figure 4A). To
test whether local recruitment of RhoA resulted in increased anillin
recruitment in interphase cells, we locally activated RhoA and fixed
after 15 min of activation, a time point consistent with our other
optogenetic experiments (Figure 4B). Anillin signal remained un-
changed in interphase cells where local RhoA was activated (Figure
4B), from which we conclude that interphase recruitment of LARG-
DH activates RhoA without significantly modulating any cytoplas-
mic anillin.

Local RhoA activation induces septin recruitment
Having confirmed that local recruitment of LARG-DH should acti-
vate only RhoA, we set out to investigate whether RhoA activation
would impact septin localization. To test this, we locally activated
RhoA and measured changes in SEPT2 intensity in the region of ac-
tivation (Figure 5, A–E). In contrast to the LARG-DH, which shows a
rapid increase, we routinely saw that activation of RhoA resulted in
a slower accumulation of septin into the activation region (Figure 5,
A–D; Supplemental Movie S8). During the 15 min activation period,
septin intensity progressively and significantly increased by ∼20%
and decreased when the stimulating light was turned off (Figure 5,
C–E). Since RhoA activation leads to downstream actin polymeriza-
tion and myosin phosphorylation, which combine to increase force
production, we sought to test whether activation of RhoA resulted
in a significantly larger increase in contractility than the local recruit-
ment of MLCK. Using TFM, we locally activated RhoA and observed
an ∼15%–20% increase in the contractile work being performed by
the cell (Figure 5, F and G; Supplemental Movie S9), similar to the
increase we observed when locally recruiting MLCK (Figure 3C).
Together, these data suggest that local RhoA activation recruits
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FIGURE 4: Local RhoA activation does not result in anillin recruitment (A) Fibroblasts were fixed and stained with an
anti-anillin antibody during cytokinesis and interphase. Images are shown with identical contrast settings. Inset is a
contrast-adjusted image to show that anillin expression is increased at the midbody as expected during cytokinesis. (B)
Representative fibrob- last stably expressing Stargazin-mTurq2-LOV2-SsrA and transiently expressing
mScarlet-SspB-LARG-DH (top), fixed during local activation of RhoA and stained with anti-anillin (bottom). (C) Scatter
plots showing differences in average fluorescence intensity between the light-activated region (blue box) and an
adjacent non-activated region (red box). ns and * indicate p > 0.05 and ≤ 0.05, respectively.

septins through a mechanism specific to RhoA and its possible
downstream effectors, rather than simply by increasing contractility.

DISCUSSION
While the role of septins in cell division has been clearly defined,
their functions during the rest of the cell cycle are more varied. It
has long been reported that septins colocalize and interact with the
actomyosin cytoskeleton (Kinoshita et al., 2002), leading to sug-
gestions that septins are responding to myosin-generated forces
(Lam and Calvo, 2018). Our data shows that inhibition of myosin
or RhoA causes septins to relocalize from stress fibers to the cor-
tex (Figure 1), but that reciprocal experiments increasing myosin
concentration (Figure 2) or contractility (Figure 3) are insufficient to
alter septin filament localization independent of RhoA. In contrast,
local activation of RhoA robustly promoted septin recruitment at
the site of activation (Figure 5) in an anillin-independent manner
(Figure 4). These data highlight that RhoA activity provides an al-
ternative signaling pathway to lead to septin recruitment.

Given septin’s appearance on stress fibers and other actin struc-
tures in the cell (Kinoshita et al., 2002; Dolat et al., 2014b; Martins
et al., 2023; Sturgess et al., 2024), the potential for crosstalk be-
tween septin and myosin has been a tantalizing hypothesis. Pre-
vious work suggested that SEPT9 and myosin may compete for
similar actin binding sites (Smith et al., 2015), while other work sug-
gested that SEPT2 can directly bind myosin (Joo et al., 2007). While
it is clear that septin and myosin can be in proximity on actin fila-
ments, our data do not support either a direct interaction or com-
petition for sites, as we see neither an increase nor a decrease in
septin intensity upon local myosin 2 recruitment. As these previous
studies both used purified proteins, it is possible that in the cell, the
presence of additional actin-binding proteins and signaling part-
ners limits their direct interactions. This would be consistent with

the presence of anillin to act as a scaffold for these two proteins dur-
ing cell division (Hickson and O’Farrell, 2008), and with other recent
work showing that Bni5 in yeast performs a similar function (Okada
et al., 2023). It is also possible that septin and myosin are regulated
independently despite their colocalization, as was recently demon-
strated in Drosophila border cell clusters (Gabbert et al., 2023).

On the signaling side, Rho family GTPases are obvious can-
didates to contribute to septin regulation given their strong im-
pact on actin dynamics and architectures. Previous works estab-
lished that Cdc42 and its downstream effectors, BORGs, can im-
pact septin behavior (Joberty et al., 2001; Gladfelter et al., 2002;
Calvo et al., 2015, 2016; Salameh et al., 2021). Given the promi-
nent role of both RhoA and septins in cell division, however, the
possibility of a RhoA-septin signaling axis seems reasonable. While
our findings do not determine if septins and RhoA directly interact
or require intermediate effectors, we found consistent septin ac-
cumulation in regions of local RhoA activation. These data fit with
other recent findings of RhoA regulating septin accumulation at the
membrane of migrating border cells in Drosophila (Gabbert et al.,
2023), and with SEPT9 activating RhoA at sites of mitochondrial
fission (Shannon et al., 2025). Together, these findings suggest a
more extensive role for RhoA in regulating septins.

That the septin response to RhoA is independent of anillin is
somewhat surprising. Anillin is a scaffolding protein that binds di-
rectly to RhoA, septins, actin, myosin, and the plasma membrane,
making it a reasonable candidate to mediate this interaction
(Hickson and O’Farrell, 2008). During cytokinesis, RhoA binding
to anillin is a prerequisite for septin binding, and the resulting
structure facilitates contractile ring closure (Carim and Hickson,
2023). Anillin expression, however, is dependent on the cell cycle
(Field and Alberts, 1995; Zhao and Fang, 2005; Mahdessian et
al., 2021), and we see little anillin present in our fibroblast cell
line during interphase (Figure 4). This suggests that additional
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FIGURE 5: Local RhoA activation induces septin accumulation. (A) Representative images of SEPT2-Halo fibroblast,
stably expressing Stargazin-mTurq2-LOV2-SsrA and transiently expressing mScarlet-SspB-LARG-DH. Local blue light
stimulation (blue dashed box, top row) induces rapid mScarlet-SspB-LARG membrane recruitment, followed by septin
accumulation. Both signals dissipate when blue light is turned off (refer to Supplemental Movie S8). (B) A kymograph
through the activation region shows increased LARG-DH and SEPT2 intensities during the activation period. (D) Series
of insets, white box in (A), showing recruitment of LARG-DH and SEPT2 in the activation region (between the two blue
dashed lines). (D) Normalized mScarlet-SspB- LARG and SEPT2-Halo intensities (mean ± SD) in the region of RhoA
activation are plotted over time, with activation periods indicated by the blue background. (E) Scatter plots of average
intensity changes in the activation region between the 50 s pre-activation and the final 50 s of activation per cell. (F)
Representative images of a fibroblast expressing the mScarlet-SspB- LARG-DH and the associated traction maps before
and during local activation of RhoA (blue dashed box; refer to Supplemental Movie S9). (G) Average measurements of
the normalized total contractile work per area performed by cells, and scatter plots comparing the contractile work per
area before and during activation (mean ± SD). * and **** indicate p ≤ 0.05 and ≤ 0.0001.

pathways exist to connect RhoA and septins outside those that
are active during cytokinesis.

The specific mechanism by which RhoA influences septin orga-
nization remains unclear. The fact that the septin response builds
slowly during local activation hints that it is likely not a direct inter-
action with RhoA, as the recruitment of the GEF happens almost
immediately (Figure 5C). Our MLCK data indicate that downstream
myosin-based force production alone is also insufficient (Figure

3). While RhoA stimulates actin polymerization via formins (Sup-
plemental Figure S2B), septins only decorate a subpopulation of
stress fibers in the cell (Figure 1) and are often absent from other
regions with increased actin polymerization, such as the lamellipo-
dia or filopodia. Therefore, actin polymerization alone also appears
insufficient for septin recruitment, and additional signaling com-
ponents are likely required. It is possible that the combination of
RhoA-driven actin polymerization and myosin 2 contractility creates
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a contractile network that is favorable for septin enrichment, consis-
tent with the parallels drawn to the contractile ring. More probably,
additional downstream RhoA effectors are aiding in septin recruit-
ment, as is the case with Cdc42. Potential mediators could also de-
pend on the cell cycle, which could explain some of the variation
we see in the magnitude of the septin response. Septins have also
been identified in several proteomic screens related to focal adhe-
sions and other actomyosin structures (Schiller et al., 2011; Horton
et al., 2015; Hecht et al., 2019; Brock et al., 2025), and future work
will be required to whittle these lists down to a manageable num-
ber of potential targets. Additional experiments combining phar-
macological inhibitors or multiple optogenetic targets to simulta-
neously activate RhoA while inhibiting downstream effectors could
also offer potential clues into this mechanism.

In summary, this work demonstrates the power of optogenetic
switches and activation in deciphering biochemical signaling within
cells. Our data reveal a role for RhoA in reorganizing septin local-
ization in response to RhoA activity outside of cell division. Further-
more, while septins do not appear to be directly responding to in-
creases in myosin activity or contractility, their positioning on actin
stress fibers and dynamic ability to reorganize in the cytoskeleton
suggest that they may have other potential roles to play in mechan-
otransduction.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Cell culture and transfection
Mouse embryonic fibroblasts (MEFs) were a kind gift of Mary Berck-
erle’s laboratory (University of Utah). HEK293T cells (CRL-3216;
ATCC) were used to prepare the lentivirus. Cells were cultured in
Dulbecco’s modified Eagle’s medium (10013CV; Corning), supple-
mented 10% FBS (10437-028, Life Technologies), 1% antibiotic-
antimycotic (30004CI; Corning), and 5 μg/mL prophylactic plas-
mocin (ant-mpp; Invivogen) at 37°C in 5% CO2. All cells were grown
on uncoated plastic tissue culture dishes and plated on #1.5 glass-
bottom dishes (Cellvis) or coverslips (Corning) for imaging.

At 16–20 hr before LARG-DH and 40–44 hr before NM2A and
MLCK experiments, 100–125k MEF cells were transfected with the
relevant plasmids, using the Neon Electroporation system (Thermo
Fisher Scientific) with 3 × 20 ms pulses of 1000V and 4 μg total
DNA in a 100 μl reaction. Cells were incubated with 100 nM Janelia
Fluor JFX554 (HT030; Promega) or Janelia Fluor 646 (HT106A;
Promega)/JFX650 HaloTag ligand (HT1070; Promega) overnight
and washed out three times with PBS before imaging in media to
visualize RhoA biosensor and Halo-tagged septin, respectively.

Generation of CRISPR knock-in cell lines
SEPT2-Halo knock-in cells were derived from parental fibrob-
lasts using CRISPR/Cas9. We generated pSpCas9(BB)-2A- Puro
(PX459) V2.0 (Plasmid #62988; Addgene) with target sequence 5′-
AAACTTCATCAATAACCCGC-3′ using established protocols (Ran
et al., 2013). To generate donor plasmids, pUC57 was digested
with EcoR1 and Stu1 and purified. A four-piece Gibson assembly
was then performed with three gBlocks (IDT): (1) a 794 bp 5′HDR
of genomic sequence immediately upstream of the endogenous
start codon, (2) HaloTag with an 18 amino acid GS-rich linker, (3)
an 802 bp 3′HDR of genomic sequence immediately downstream
of the endogenous start codon with a silent PAM site mutation.
Fibroblasts were transfected with donor and target-Cas9 plasmids

and single-cell sorted. Individual clones were evaluated for knock-
in via Western blotting and microscopy (Utgaard et al., 2026).

Expression vectors and molecular cloning
pSspB-mApple-NM2A and pSspB-EGFP-LARG-DH were previ-
ously described (Quintanilla et al., 2024). dimericTomato-1xwGBD
was a gift from Dorus Gadella (Plasmid #176099; Addgene;
Mahlandt et al., 2023a). pShuttle-CMV-Halo-AHPH (“RhoA biosen-
sor”) was generated by digesting pShuttle-CMV (Plasmid #16403;
Addgene; He et al., 1998) with Not1 and inserting PCR-
amplified Halo-Tag and AHPH from pEGFP-RhoA Biosensor (Plas-
mid #68026; Addgene; Piekny and Glotzer, 2008) using Gibson
cloning. pmScarlet-SspB-LARG-DH was generated in two steps
using pLV-GFP (Plasmid #25999; Addgene; Beronja et al., 2010)
as a backbone. We used Gibson cloning to sequentially re-
place GFP with mScarlet, then inserted SspB-LARG-DH PCR am-
plified from mCherry-NES-SspB-LARG-DH-P2A-iLIDcaax (Plasmid
#173870; Addgene; Inaba et al., 2021). To generate pSspB-LARG-
iRFP720 plasmid, SspB-LARG was inserted into piRFP720-N1 vec-
tor (Plasmid #45461; Addgene; Shcherbakova and Verkhusha,
2013) using the AgeI and HindIII restriction sites. To generate a
photorecruitable MLCK catalytic domain (pSspB-mApple-MLCK-
cat), we used Gibson cloning to insert the human MLCK (NM
053025.4) catalytic domain corresponding to AA G1424 - K1770
into pSspb-mApple-NM2A (Quintanilla et al., 2024) following re-
moval of NM2A with HindIII and Spe1. The linker between mAp-
ple and MLCK catalytic domain is YSDLELKL. To generate a myosin
RLC iLID anchor (pLV-MYL12B-mTurqoise2-iLID) we used Gibson
cloning to replace ADRB2 in pLV-ADRB2-mTurqoise2-iLID (Plasmid
#161002; Addgene; Natwick and Collins, 2020) using BamH1 re-
striction sites with the human MYL12B coding sequence from NM
033546.4. All constructs were verified by full-plasmid sequencing.

Stable cell lines
HEK293T cells were transfected using LipoD293 (SL100668; Signa-
gen) and the accompanying lentivirus generation transfection pro-
tocol. Briefly, HEK293T cells were plated in 6-cm dishes and grown
to 80%–90% confluence. Approximately 1 hr before transfection,
the media was changed. The transfection complex was created
with LipoD293, packaging plasmid psPax (Plasmid #12260; Ad-
dgene), envelope plasmid pmD2.G (Plasmid #12259; Addgene),
and lentiviral construct pLV-Stargazin- mTurquoise2-iLID (Plasmid
#161001; Addgene), and added drop-wise to the dish. Media was
changed 24 hr after transfection and collected at 48 and 72 hr. Vi-
ral media was centrifuged at 1600 g for 5 min. A 50% confluent 6
cm of cells (wild-type and septin knock-in MEFs) were transduced
with viral media supernatant. Viral media was removed after 48 hr.
At 3 d post viral transduction, positive cells were selected using 2
μg/mL blasticidin (ant-bl-1; Invivogen).

Live-cell imaging
Cells were rinsed with PBS before imaging and replenished with
fresh culture media. All imaging was performed at 37°C with 5%
CO2 on an Axio Observer 7 inverted microscope (Zeiss) attached to
a W1 Confocal Spinning Disk (Yokogawa) with Mesa field flattening
(Intelligent Imaging Innovations), a motorized X, Y stage (ASI), and
a Prime 95B sCMOS (Photometrics) camera. Illumination was pro-
vided by a TTL-triggered multifiber laser launch (Intelligent Imag-
ing Innovations) consisting of six diode laser lines (405, 445, 488,
514, 561, and 640 nm) and all matching requisite filters using a 63X,
1.4 NA Plan Apochromat objective (Zeiss). Temperature and hu-
midity were maintained using a Bold Line full enclosure incubator
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(Oko Labs). The microscope was controlled using Slidebook 6 Soft-
ware (Intelligent Imaging Innovations). All imaging was performed
as single confocal slices. Images were captured every 10 s, ex-
cept for SspB-mApple-MLCK, mScarlet-SspB-LARG-DH, iRFP720-
SspB-LARG-DH, and Sspb-mApple-NM2A constructs, which were
imaged every 30 s to limit photobleaching. Images displayed as in-
verted grayscale or with a custom look-up table (“MQ div-autumn”;
Quintanilla et al., 2024) downloadable at https://sites.imagej.net/
NeuroCyto-LUTs/ and modifiable via https://github.com/m-a-q.

Fixed imaging
Blebbistatin and Rho Inhibitor treatment. MEFs were plated on
#1.5 glass coverslips (Corning) 24 hr before treatment. Cells were
treated with vehicle, 20 μm of the myosin inhibitor (-)- blebbistatin
(856925-71-8; Cayman Chemical) for 1 hr, or 2 μg/mL the Rho In-
hibitor CT04 (CT04-A; Cytoskeleton Inc) for 3 hr. For dual treat-
ment with both blebbistatin and CT04, cells were first incubated
with CT04 for 2 hr before adding blebbistatin and allowing them
to incubate for 1 hr to keep the total time of each treatment con-
sistent between conditions. After treatment, the cell culture media
was gently rinsed with cytoskeleton buffer (CB; 19.52 g MES [0.1
M], 6.10 g MgCl2 [0.03 M], 102.88 g KCl [1.38 M], 7.6 g EGTA
[0.02 M]) and replaced with a fixing and blocking solution (0.15
g BSA, 2.5 mL 16% paraformaldehyde solution, 50 μl Triton, and
7.5 mL CB) for 1 hr at room temperature on a rocker. Cells were
washed 3 × 5 min with 1x PBS before incubating overnight at 4°C
in primary antibody for SEPT2 (11397-1-AP; Proteintech) diluted
1:300 in antibody solution (0.15 g BSA, 50 μl Triton, and 10 mL
CB). The next day, coverslips were washed 3 × 5 min with 1x PBS
before incubating for 1 hr in the dark in rabbit fluorescent sec-
ondary antibody (A11036; ThermoFisher Scientific) diluted 1:1000
in antibody solution with 1:1000 Atto-Phalloidin (65906-10NMOL;
Sigma-Aldrich). A final PBS wash was performed (3 × 5 min) before
mounting the cells on a glass slide with ProLong Glass Antifade
Mountant (P36980; ThermoFisher Scientific). Cells were imaged 24
hr after mounting. For analysis, the top 2% of SEPT2-intensity pixels
were selected, and stress fiber localization was scored in a binary
manner based on whether these pixels overlapped with the actin
stress fibers. For scoring, images of all treatments were randomly
ordered, and scoring was performed blindly by two independent
researchers. The percentage recorded for each treatment was the
average of the two independent scores.

Anillin staining. Local RhoA activation was performed for 15
min, and then ice-cold methanol was added to the coverslip within
seconds after the last blue light exposure while the sample was
still on the microscope stage. Fixation for 20 min at 37°C was fol-
lowed by three PBS washes. Permeabilization was carried out for 5
min in a buffer containing 0.5% Triton X-100 in CB. For blocking,
cells were incubated with 1.5% BSA in CB for 1 hr at room tem-
perature on a rocker. Cells were then incubated overnight at 4°C
with polyclonal anti-anillin sera (1:500; Gift of Michael Glotzer, Uni-
versity of Chicago). The next day, cells were washed three times
with PBS and incubated with secondary antibody (goat anti-rabbit
Alexa Fluor 647; 1:1000; #A32733; ThermoFisher Scientific) for 1 hr
at room temperature. All post-fixation incubations were performed
on a rocker. The average intensity within the activation region was
obtained for both LARG and anti-anillin and then normalized to the
average intensity in an unactivated region.

iLID photorecruitment and analysis
Before each time lapse, the potential cell was imaged with a test
time lapse consisting of 640 nm/561 nm/445 nm excitation cap-

tures taken sequentially, and then repeated after 5 s (Supplemen-
tal Figure S1). If the anchor and its binding partner were both ex-
pressed in the cell, we would see relocation of the binding partner
to the anchor following the 445 nm excitation. Once the expression
of both components was confirmed, the cell was kept in the dark
for at least 5 min to allow the two components to fully dissociate.
During this time, a box with a width of ∼5–10 μm was drawn across
the ventral surface of a cell in Slidebook 6. We then proceeded with
steady state imaging for 5 (Figures 4; Supplemental Figure SS2) or
15 min (Figures 2, 3, and 5), before the local recruitment region
was illuminated with a 405 nm laser for the same duration (5 or 15
min) at 6 μW, followed by additional period of imaging (5 or 15
min) without local stimulation. Illumination of the local recruitment
region was repeated every 10 s before the imaging at that time
point. Cell counts are provided in the figures.

Analysis was performed using Python. Cell masks for each cell
were generated in FIJI by thresholding the signal in the 561 nm
channel. Images were corrected for photobleaching and flat-field.
Following correction, the intensity within the region of activation
(region extracted from Slidebook6) and cell mask was calculated
for each image/frame. This intensity was normalized to the mean
intensity of the frames before photo recruitment and plotted as
normalized intensity over time. Where necessary, intensities were
normalized to a non-activated region to account for shifts in focus.

Traction force microscopy and analysis
Traction force microscopy was performed as previously described
(Schmitt et al., 2024). Coverslips were prepared by incubating
with a 2% solution of 3-aminopropyltrimethyoxysilane (313255000;
Acros Organics) diluted in isopropanol, followed by fixation in 1%
glutaraldehyde (16360; Electron Microscopy Sciences) in ddH2O.
Polyacrylamide gels (shear modulus: 8.6 kPa—final concentrations
of 7.5% acrylamide (1610140; Bio-Rad) and 0.3% bis-acrylamide
(1610142; Bio-Rad)) were embedded with 0.04 μm fluorescent mi-
crospheres (F8789; Invitrogen) and polymerized on the activated
glass coverslips for 1 hr at room temperature. After polymerization,
gels were rehydrated for at least 60 min. To cross-link the gels with
fibronectin, gels were treated with the cross-linker Sulfo-Sanpah
(22589; Pierce Scientific), photoactivated with UV light for 5 min,
and then rinsed thoroughly with ddH2O. Gels were then incubated
with 40 μl of 1 mg/mL human plasma fibronectin (FC010; Millipore)
for 1 hr at room temperature. Following fibronectin cross-linking,
transfected cells were plated on the gels and allowed to spread
overnight. Images were taken of both the cells and the underlying
fluorescent beads. Following imaging, cells were detached from
the gel using 0.05% SDS (L22010; Research Products International
Corp), and a reference image of the fluorescent beads in the un-
strained gel was taken.

Analysis of traction forces was performed using code written in
Python (available at https://github.com/OakesLab/TFM) according
to previously described approaches (Huang et al., 2019; Schmitt
et al., 2024). Before processing, images were flat-field and pho-
tobleach corrected and aligned to the reference bead image with
the cell detached. Other acquired channels were shifted using the
same alignment measurements from the bead channel. Displace-
ments in the beads were calculated using an optical flow algorithm
in OpenCV (Open Source Computer Vision Library, https://github.
com/itseez/opencv) with a window size of eight pixels. Traction
stresses were calculated using the Fourier Transform Traction Cy-
tometry (FTTC) approach with a regularization parameter of 7.9 ×
10−7. The strain energy was calculated by summing one-half the
product of the strain and traction vectors in the region under the
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cell and normalizing by the cell area as measured from the cell mask
(Oakes et al., 2014).

Statistical analysis
Statistical analyses were performed on GraphPad Prism using the
nonparametric Wilcoxon matched-pairs signed-rank test. P-values
< 0.05 were considered statistically significant. Details about sam-
ple size and p-values are included in the figure legends.
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