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ABSTRACT Endothelial cell migration is critical for vascular angiogenesis and is compromised
to facilitate tumor metastasis. The migratory process requires the coordinated assembly and
disassembly of focal adhesions (FA), actin, and microtubules (MT). MT dynamics at FAs deliver
vesicular cargoes and enhance actomyosin contractility to promote FA turnover and facilitate
cell advance. Noncentrosomal (NC) MTs regulate FA dynamics and are sufficient to drive cell
polarity, but how NC MTs target FAs to control FA turnover is not understood. Here, we show
that Rac1 induces the assembly of FA-proximal septin filaments that promote NC MT growth
into FAs and inhibit mitotic centromere-associated kinesin (MICAK)-associated MT disassem-
bly, thereby maintaining intact MT plus ends proximal to FAs. Septin-associated MT rescue is
coupled with accumulation of Aurora-A kinase and cytoplasmic linker-associated protein
(CLASP) localization to the MT between septin and FAs. In this way, NC MTs are strategically
positioned to undergo MCAK- and CLASP-regulated bouts of assembly and disassembly into
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FAs, thereby regulating FA turnover and cell migration.

INTRODUCTION

Endothelial cell (EC) migration is an essential process for normal
vascular development, maintaining tissue homeostasis, and EC an-
giogenesis is a driving factor for tumor metastasis (Folkman, 1995;
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Risau, 1997; Saaristo et al., 2000). ECs respond to extracellular cues
to polarize and undergo continuous morphological adaptations that
facilitate movement. Innate to this process is the coordinated as-
sembly and disassembly of focal adhesion (FA) complexes, as well
as the dynamic reorganization of the actin and microtubule (MT)
network. Studies have shown that in response to integrin engage-
ment of the extracellular matrix (ECM), nascent FAs assemble within
the cell’s leading edge and undergo a maturation process, which
involves the formation of actin stress fibers through which forces are
transduced to the ECM and thereby drive polarized and directional
cell movement (Kaverina et al., 1999; Miller et al., 2009; Gardel
et al., 2010; Parsons et al., 2010; Rooney et al., 2010; Myers et al.,
2011).

FA assembly must be coupled with FA disassembly to facilitate
cell advance and productive migration. FA disassembly is driven
through encounters with the MT cytoskeleton (Krylyshkina et al.,
2002; Ridley, 2003; Broussard et al., 2008; Vicente-Manzanares
etal., 2009). The spatial and temporal regulation of MT-FA encoun-
ters involves a host of proteins that drive FA destabilization and
disassembly. Signaling cues that coordinate protein localization
and function within FAs are known to be provided by Rho family
GTPases. Nascent FA formation is characterized by increased Rac1
activity and reduced RhoA activity, while FA maturation, association
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with actin stress fibers, and actomyosin contractility require eleva-
tions in RhoA activity (Lawson and Burridge, 2014). Rho family
GTPases have dramatic effects on the MT cytoskeleton, including
the initiation of signaling cascades that target MT-associated pro-
teins (MAPs) responsible for directly regulating MT dynamic instabil-
ity. For example, Rac1 activation promotes leading edge MT assem-
bly, initializing a positive feedback loop that drives continued cell
polarity (Waterman-Storer and Salmon, 1999; Waterman-Storer
et al., 1999; Wittmann et al., 2003), while activation of RhoA and its
kinase ROCK is sufficient to initiate MT disassembly (Bhadriraju
et al., 2007; Ezratty et al., 2009). MAPs that are activated by Rho
GTPases have also been identified to localize within FAs (Wu et al.,
2008; Kumar et al., 2009; Matsumoto et al., 2010; Stehbens et al.,
2014), suggesting a potential role in linking MT assembly and FA
destabilization.

MAPs have been implicated directly in cell polarization and cell
migration. Experimental evidence has established a Rac1-Aurora-A
kinase signaling pathway that locally inhibits the activity of the MT
depolymerizing kinesin, mitotic centromere-associated kinesin
(MCAK), to polarize MT growth during EC migration (Braun et al.,
2014). MCAK has also been shown to play a role in controlling FA
dynamics, as loss of MCAK revealed altered FA assembly and disas-
sembly rates and defects in polarized migration (Moon et al., 2021;
Zong et al., 2021). Rac1 has also been shown to inhibit the GSK3f3
kinase, resulting in enhanced MT association with cytoplasmic
linker-associated protein (CLASP), a MAP that protects MTs from
catastrophe, and is known to play a critical role in the regulation of
FA stability (Wittmann and Waterman-Storer, 2005; Stehbens et al.,
2014). Interestingly, both MCAK and CLASP bind directly to EB1
(Mennella et al., 2005; Mimori-Kiyosue et al., 2005; Lee et al., 2008;
Gouveia and Akhmanova, 2010; Marvin et al., 2011; Ashley et al.,
2014; Braun et al., 2014; Akhmanova and Casper, 2015; D’Angelo
etal., 2017; Myer and Myers, 2017; Aher et al., 2018), placing them
at the growing MT plus end, an ideal location to manage interac-
tions between MTs, actin, and FAs.

Recent discoveries have identified that not all MTs are function-
ally equivalent. In ECs, noncentrosomal (NC) MTs were found to be
sufficient to drive cell polarity, sprouting of branched protrusions,
and motility, while MTs nucleated at the centrosome were dispens-
able (Martin et al., 2018). It was also identified in a human embry-
onic kidney cell line that NC MTs are responsible for controlling FA
dynamics when cells are challenged to durotax in response to vari-
able stiffness gradients (Rong et al., 2021). These data indicate that
cells can distinguish between centrosomal and NC MTs and raise
important questions regarding the molecular mechanism underly-
ing how NC MTs are specifically targeted for assembly into FAs.

Septin GTPases are an integral component of the actin and MT
cytoskeleton (Kremer et al., 2005; Mostowy and Cossart, 2012), and
septins have been previously shown to promote nascent FA stability
and maturation (Dolat et al., 2014). Septins associate with subsets of
MTs in the perinuclear cytoplasm, as well as within the cell periphery
where they localize proximal to the plasma membrane and FAs
(Bowen et al., 2011). Septins are critical for the organization of the
actin stress fiber network at peripheral FAs and promote MT plus
end growth into membrane protrusions and FAs (Bowen et al., 2011;
Dolat et al., 2014; Nélke et al., 2016). How septin localization is con-
trolled and how septins affect MT-FA interactions is not known.

Here, we set out to determine how NC MTs polymerize into FAs
and function in EC FA dynamics. Our results show that Rac1 activa-
tion drives the spatial positioning of septins adjacent to FAs, where
septins redirect NC MT polymerization into FAs. Further, we identify
that septins function to stall MCAK-induced disassembly of NC MTs.
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In this way, FA-adjacent septins maintain intact NC MT plus ends in
close proximity to FAs and promote iterative bouts of MT assembly
and disassembly to induce FA disassembly.

RESULTS

NC MTs polymerize into FAs and reduce FA size

To determine the contribution of centrosomal and NC MTs to FA
disassembly in ECs, we expressed GFP-EB3 to label growing MT
plus ends and fluorescently tagged paxillin to label FAs. To isolate
centrosomal and NC MTs in cells, we used a mutant form of the
Y-TuRC-mediated nucleation activator (y-TuNA), which inhibits the
nucleation of NC MTs, resulting in only centrosomally derived MTs
(Choi et al., 2010; Sanders et al., 2017; Wu and Akhmanova, 2017),
and centrinone, which inhibits the nucleation of centrosomal MTs,
resulting in only NC MTs (Wong et al., 2015). To confirm that these
compounds shift the MT network from centrosomal to NC MTs, and
vice versa, we expressed GFP-calmodulin-regulated spectrin-associ-
ated protein 2 (CAMSAP2), a specific marker of NC MT minus ends.
In the y-TuNA condition, the CAMSAP2 appeared as mostly diffuse
GFP or punctate structures near the cell center (Figure 1A, top row),
while in the centrinone condition, CAMSAP2 was observed to form
short filamentous stretches that were localized adjacent to the Golgi
apparatus at the position of NC MT minus ends (Figure 1A, bottom
row). Measurements revealed that both the length of GFP-CAMSAP2
labeling of MTs (termed “stretch length”; Figure 1B) and the total
number of CAMSAP2 (termed “stretch count”; Figure 1C) were sig-
nificantly reduced in the y-TuNA condition. These two groups were
compared with a control group that was not treated and therefore
maintained the ability to nucleate both centrosomal and NC MTs
(termed "All MTs").

Compared with control cells (Figure 1D, top row), visualization of
MT organization and dynamics in ECs with centrosomal-only MTs
showed that GFP-EB3-labeled MT plus ends grow radially from the
centrosome and along actin bundles near FAs but strikingly bypass
FAs and terminate at the cell periphery (Figure 1D, middle row).
In ECs with NC MTs, however, the majority of EB3 comet tracks origi-
nated within peripheral regions of the cell, were typically aligned
with actin bundles, and consistently terminated at the position of
paxillin-labeled FAs, resulting in accumulation of MT plus ends at
FAs (Figure 1D, bottom row). Kymograph analysis of time-lapse
movies revealed that NC MTs that tracked to FAs would consistently
either stall and disappear within the adhesion or undergo bouts of
disassembly and rapid regrowth into FAs, while centrosomal MTs
consistently polymerized beyond the FAs (Figure 1E and Supple-
mental Videos 1 and 2). The number of NC MTs that grew into FAs
was 59% and 82% higher than the number of MTs that targeted FAs
in control and centrosomal cells, respectively (Figure 1F). In cells
with NC-only MTs, FAs were 27.9% smaller than in cells with centro-
somal-only MTs (Figure 1G; p < 0.05). Measurements of mean MT
number in control, centrosomal-only MTs, and NC-only MTs con-
firmed that the reduction in FA size was not due to increased num-
bers of MTs present in conditions of NC-only MTs (Supplemental
Figure S1, A and B). Measurements of MT assembly dynamics re-
vealed that NC MTs grew significantly slower than centrosomal MTs
(5.98 vs. 8.34 um/min; Figure TH), while growth lifetimes of NC MTs
were significantly longer than those of centrosomal MTs (15.8 vs.
14.1 s; Figure 11). These data indicate that NC MT plus ends display
slow and persistent growth into peripheral FAs and reduce FA size.

Septin directs NC MTs to FAs and regulates FA dynamics

Visual comparison of centrosomal and NC MT growth trajectories
revealed that many of the NC MT growth tracks underwent a
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change in direction typically within a few microns of peripheral FAs
and before terminating within FAs (Figure 2A). As septin GTPases
have been previously implicated in MT guidance to membrane
protrusions and FAs (Dolat et al., 2014; Nélke et al., 2016), we
examined whether septins play a role in MT targeting and poly-
merization into FAs. We expressed mCherry-Septin 7 (as a proxy for
Septin 2,6,7 filaments; see also Supplemental Figure S1, C-I) and
performed time-lapse confocal imaging, which revealed that MT
ends come in contact with FA-proximal septin filaments before
switching to a curvilinear movement into FAs (Figure 2B, Supple-
mental Figure S2A, and Supplemental Video 3). Quantification of
the frequency of MT growth into FAs revealed that 96.5% of MTs
that colocalized with peripheral Septin 7 subsequently terminated
within paxillin-labeled FAs (Figure 2C). To further determine the
contribution of septins to MT growth into FAs, we compared exog-
enous Septin 7 expression with Septin 7 knockdown (KD). Using
small interfering RNA (siRNA), we were able to reduce cellular lev-
els of Septin 7 to 17.2% of endogenous levels (Figure 2D and Sup-
plemental Figure S2, B and C). Comparative analysis of the growth
of centrosomal-only and NC MTs into FAs showed that NC MTs
were 2.38 times more likely to colocalize with peripheral Septin 7
and were 3.44 times more likely to grow into FAs, while septin KD
resulted in reduced NC MT growth into FAs that was similar to that
of centrosomal MTs (Figure 2E).

To determine the effects of Septin 7 on MT assembly dynamics,
we measured EB3 growth speed and growth lifetime in ECs ex-
pressing Septin 7. We first confirmed that Septin 7 expression by
itself did not alter whole-cell MT growth speed or lifetime (Supple-
mental Figure S2, D and E). We next measured MT polymerization
dynamics with either centrosomal or NC MTs before and after colo-
calization with Septin 7 and compared them to MTs that did not
colocalize with Septin 7. This revealed that, in both groups of MTs,
the speed of polymerization was reduced after colocalization with
Septin 7 (i.e., between Septin 7 and the FA; Figure 2F). However,
NC MTs tended to move slower than centrosomal and were signifi-
cantly slower after interacting with septins (Cent=8.07-6.91 um/min,
NC =7.44-5.41 ym/min; Figure 2F). NC MTs that did not colocalize
with peripheral Septin 7 assembled at rates similar to the “before
septin colocalized” measurement (6.84 vs. 7.44 um/min). In contrast,
centrosomal MT growth speeds were statistically similar inde-
pendent of Septin 7 colocalization, while septin KD increased MT
growth speed for both centrosomal and NC MTs (Figure 2F).
Analysis of MT growth lifetime revealed similar effects on both cen-
trosomal and NC MTs before and after Septin 7 colocalization, in-
cluding increased lifetime after Septin 7 colocalization that was re-
duced to the "before septin colocalized” measurement under
conditions of Septin 7 KD. In both centrosomal and NC MT groups,
the longest MT growth lifetimes were measured for MTs that by-

passed the septin and polymerized toward the cell membrane
(septin not colocalized; Figure 2G). Together, these data support an
essential role for peripheral septins in directing NC MT for polymer-
ization into FAs.

To evaluate the effects of septin on FA behaviors, we measured
FA size and assembly and disassembly rates under control and
septin KD conditions (Figure 2, H-J). Analysis revealed that FA size
was significantly reduced in NC MT cells compared with centro-
somal MT cells and this effect was reversed upon septin KD in the
NC MT group but was not significantly affected in the centrosomal
MT group (Figure 2H). To identify the effects of NC MTs and septin
on FA dynamics, we measured and compared FA assembly and dis-
assembly rates. Analysis revealed that the rates of both FA assembly
and disassembly were significantly increased in cells with NC-only
MTs, compared with cells with centrosomal-only MTs (Cent assem-
bly =0.0184 min~!, Cent disassembly 0.0198 min~', NC assembly =
0.268 min~", NC diasassembly 0.0265 min~'; Figure 2I). KD of Septin
7 resulted in significantly reduced FA assembly and disassembly
rates (Figure 2J) that were similar to rates measured in centrosomal-
only MTs (comparing Figure 2, J and I). These data indicate that
Septin 7 is required for increased FA dynamics and reduced FA size
in a NC MT-dependent manner.

CLASP regulates septin-associated MT dynamics to control
FA size
In epithelial cells, the MT-associated protein CLASP plays a key role
in FA capture of MTs and importantly, this function of CLASP is re-
quired for cargo trafficking to FAs including matrix metalloproteases
that contribute to FA disassembly and remodeling of the ECM (Ste-
hbens et al., 2014). We set out to determine whether septins and
FA-associated CLASP might be working together to facilitate MT
capture at FAs. Similar to epithelial cells, CLASP localized to both
MTs and adjacent to FAs in ECs (Figure 3A). Kymograph analysis of
CLASP and Septin 7 revealed that CLASP colocalized with EB3 on
growing MT plus ends and that CLASP association with MTs typi-
cally occurred after NC MTs had made contact with Septin 7 fila-
ments as they approached FAs (Figure 3B). Notably, septin-associ-
ated, CLASP-labeled MTs were observed to assemble into FAs
followed by concurrent dissociation of CLASP and disassembly of
MTs back to the septin, followed again by CLASP relocalization and
MT rescue (Figure 3C). Measurements of FA size revealed that
CLASP expression resulted in reduced FA size, which is consistent
with previous reports (Stehbens et al., 2014). Moreover, this effect of
reduced FA size was also observed in ECs with centrosomal-only
and NC MTs (Figure 3, D and E).

Previous studies had identified that, unlike CLASP that localizes
to the MT lattice or CLASP that associates with EBs on the MT plus
end, FA-associated CLASP localized to FAs independent of MT

FIGURE 1: NC MTs polymerize into FAs and reduce FA size. (A) HUVEC expressing mApple-Golgi and GFP-CAMSAP2
showing CAMSAP?2 localization in conditions of centrosomal (top row) or NC (bottom row) MTs. (B, C) Quantification of
CAMSAP?2 stretch length (B) and count (C). (D) HUVECs expressing mCherry-F-Tractin and GFP-EB3 and white paxillin in
control (all MTs; top row), centrosomal MT (middle row), and NC MT (bottom row) cells. Yellow boxes in overlay images
indicate the zoom regions shown to the right. Zoom regions show MT organization (yellow arrows in green EB max-
intensity projections) relative to FAs (white) and actin organization (red) relative to the same FAs (far right panels).

(E) Representative kymographs of GFP-EB3 and FA dynamics (paxillin; white) in cells with centrosomal MTs (left) or NC
MTs (right; related to Supplemental Video 1 and 2). (F) Quantification of the percent change in EB growth into FAs.
(G-1) Comparison of FA size (G), MT growth speed (H), and MT growth lifetime (I) in HUVECs with control, centrosomal,
or NC MTs. Error bars show +SD in B and C and £SE in H and I. Scale bars = 10 pm, whole cell view; 1 pm, zoomed view.

Student’s t test; p (*) < 0.05.
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dynamics, and was sufficient to drive FA disassembly (Stehbens
et al., 2014). To distinguish between the effects of FA-associated
CLASP and MT-associated CLASP on FA size, we compared LL53
FL KD (which removes FA-CLASP; Stehbens et al., 2014; Lim et al.,
2016) to expression of GSK3B, the kinase that inhibits MT-CLASP
localization and activity (Wittmann and Waterman-Storer, 2005;
Kumar et al., 2009) and compared these to CLASP KD. These ex-
periments confirmed that LL5B FL KD resulted in increased FA size
but also revealed that GSK3p increased FA size in the NC MT
group only (comparing Figure 3, D and E). CLASP KD resulted in
FA sizes similar to those of endogenous controls in the centro-
somal MT group (CLASP KD = 2.30 pm; centrosomal endogenous
= 2.44 pm,; Figure 3D) but resulted in a dramatic and statistically
significant increase in FA size in the NC MT group (CLASP KD =
2.50 um; NC endogenous = 1.76 pm; Figure 3E). In both the cen-
trosomal MT group and the NC MT group, CLASP expression did
not alter FA size in the absence of Septin 7 (septin KD CLASP
expression = 2.33 pm [centrosomal] vs. 2.32 pm [NC]; Figure 3, D
and E). To further investigate the behaviors of MT-associated
CLASP, we introduced an EB1 construct (t-EB1; Van Haren et al.,
2018) that disrupts CLASP binding to MT plus ends upon exposure
to 405 nm wavelength of light (EB1N; Figure 3F). Optogenetic dis-
sociation of EB-bound CLASP revealed that FA size increased by
26.1% (1.98 um before dissociation vs. 2.68 pym after dissociation;
Figure 3, G and H). Taken together, these results indicate that
CLASP localizes to Septin 7-associated MTs as they polymerize
into FAs, that MT-associated CLASP promotes FA size reduction,
and that CLASP-mediated control of FA size involves both FA-as-
sociated CLASP and MT-associated CLASP.

MCAK and Aurora-A control the dynamics of
septin-associated MTs to regulate FA size

Our data indicated that septins may regulate NC MT growth speed
to guide MT growth into FAs and that CLASP promotes septin-asso-
ciated MT assembly and rescue, resulting in reduced FA size. EC
polarization and directional migration is known to be controlled
through localized regulation of the MT depolymerizing kinesin,
MCAK, through a Rac1 and Aurora-A kinase signaling mechanism
(Braun et al., 2014). Additionally, septins have been shown to pro-
mote MT growth by suppressing MT catastrophe (Bowen et al.,
2011; Bai et al., 2016; Nakos et al., 2019; Spiliotis and McMurray,
2020). Thus, we posited that, in addition to regulating NC MT po-
lymerization rates, peripheral septins may protect NC MTs from de-
polymerization to enhance MT growth into FAs. To test this hypoth-
esis, we performed time-lapse imaging with the MT-depolymerizing
enzyme, MCAK, Septin 7, and either EB3 to label MT plus ends or
paxillin to label FAs. Live-cell imaging confirmed that MCAK labels
and tracks with the plus ends of both centrosomal and NC MTs
(Figure 4A,; Lee et al., 2008; Marvin et al., 2011; Zong et al., 2021).
Kymograph analysis of NC MCAK-labeled MT dynamics revealed
significant changes in growth dynamics before and after colocaliza-
tion with peripheral septins. Septin-associated MTs were observed
to undergo MCAK-associated catastrophe beginning within the FA
and then terminating at the distal edge of the peripheral septin.
These catastrophe events were typically followed by MT rescue and
growth back into the same FA (Figure 4B). Measurements of septin-
associated, MCAK-labeled MT polymerization revealed that the av-
erage time of MT polymerization from Septin 7 to FAs was 29.1 s,
with an average MT dwell time of 11.8 s at the FA. MCAK-induced
MT disassembly from the FA back to the peripheral septin resulted
in a pause of MT dynamics that lasted, on average, 29.2 s, followed
by rescue and regrowth into the FA (Figure 4C). Together, these data
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indicate that peripheral septins inhibit MCAK-mediated disassem-
bly of NC MTs.

To determine the capacity for septin oligomers to inhibit MCAK-
driven MT disassembly, we performed in vitro MT depolymerization
assays using GMPCPP MT seeds in the presence or absence of 1 nM
GFP-MCAK and either 400 or 800 nM mCherry-labeled Septin 2/6/7
complex. These experiments revealed that the presence of Septin
2/6/7 on MTs influenced the amount of MCAK that localized to the
MT ends (puncta/MT; Figure 4, D-F, and Supplemental Videos 4
and 5). Kymograph analysis further revealed that in the absence of
septins, MCAK completely disassembled the GMPCPP-labeled MTs
at a depolymerization rate of 0.85 ym/min, while addition of Septin
2/6/7 resulted in a potent inhibition of MT disassembly by MCAK in
a concentration-dependent manner (Figure 4, G and H). In vitro
analysis of MT length revealed that MTs were reduced by >90% after
a 5-min incubation with 1 nM MCAK, while the addition of the
Septin 2/6/7 complex at 400 and 800 nM concentrations rescued
MT length to 65% and 85% of controls, respectively (Figure 4, |
and J). These data reveal that MT-bound septin is sufficient to inhibit
MCAK-mediated MT disassembly.

Coexpression of Septin 7 with MCAK and Aurora-A (a kinase that
inhibits MCAK depolymerase activity; Zhang et al., 2008; Xia et al.,
2014) revealed that Aurora-A consistently colocalized to the distal
edge of peripheral Septin 7, the same site where Septin 7-associ-
ated NC MTs were observed to undergo rescue (Figure 4K),
suggesting that inhibitory phosphorylation of MCAK by Aurora-A
kinase may be controlling NC MT dynamic instability. Comparison
of these data to a kinase-dead Aurora-A mutant expression con-
struct revealed that both the wild-type and kinase-dead Aurora-A
proteins localized to MT plus ends at the distal edge of Septin 7
(Figure 4, K and L, and Supplemental Figure S2F). However, in the
absence of Aurora-A-mediated inhibition of MCAK (Aurora-A
mutant), Septin 7-associated MTs underwent MCAK-driven disas-
sembly that was stalled at the distal end of Septin 7 and did not
undergo subsequent rescue as was observed in the presence of the
wild-type Aurora-A construct (Figure 4, K and L). Comparison of FA
sizes under these conditions revealed that in ECs with centrosomal-
only MTs, FA size was mildly reduced under conditions of MCAK
expression, but this effect was not altered by coexpression of either
wild-type Aurora-A or mutant Aurora-A (Figure 4M). For NC MTs,
MCAK expression alone did not significantly alter FA size, but
expression of Aurora-A resulted in significantly increased FA size
compared with endogenous control or MCAK alone (Figure 4N).
These effects of MCAK inhibition on FA size were further confirmed
by expressing a nonphosphorylatable MCAK mutant (active MCAK)
or a phosphomimetic MCAK (inactive MCAK; see Supplemental
Figure S2G). KD of Septin 7 resulted in FA sizes that were similar to
those of endogenous FAs in the centrosomal-only group and that
were significantly larger than endogenous in the NC MT group
(Figure 4, M and N). These data indicate that Aurora-A kinase pro-
motes rescue of MCAK-disassembled, septin-associated NC MTs to
regulate FA size.

CLASP and MCAK cooperate to control septin-associated
NC MT dynamics

Our data suggested that both CLASP and MCAK were contributing
to the behaviors of Septin 7-associated NC MT and FA dynamics.
Therefore, to visualize the localization and dynamics of Septin 7,
CLASP, MCAK, and FAs, we performed kymograph analysis of
septin-associated NC MT polymerization. These data revealed that
rescue of MCAK-induced MT disassembly occurred at the distal end
of peripheral Septin 7 and coincided in both time and space with
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CLASP labeling of the MT lattice (Figure 5A). Importantly, we did
observe instances where peripheral Septin 7 did not display CLASP
accumulation, and in these cases as well as in conditions of CLASP
KD (Supplemental Figure S2H), MCAK-disassembled MTs would
stall at the distal end of the Septin 7 (similar to the Aurora-A mutant;
Figure 4L), providing further support that at least one role of Septin
7 is to inhibit MCAK-mediated MT disassembly (Figure 5B). Further-
more, kymograph analysis of septin-associated NC MT assembly
into FAs revealed that in the presence of both MCAK and CLASP,
CLASP-labeled MTs would assemble into the FA, the CLASP would
then disappear, and then the MCAK-labeled MT would disassemble
back to the septin (Figure 5C, double arrow). Quantification of
CLASP- and/or MCAK-labeled MTs revealed that the relative posi-
tions of FAs and FA-proximal septins ranged from 5.82 to 3.72 ym
under conditions of CLASP expression or MCAK expression, respec-
tively (Supplemental Figure S2I). Measurements of MT polymeriza-
tion from septin to FAs identified that MTs containing both CLASP
and MCAK were the predominant population observed to polymer-
ize from FA proximal septins into FAs (83.7%), while MTs labeled
with only CLASP polymerized from septins into FAs 16.3% of the
time (Figure 5D). MTs containing only MCAK were unable to polym-
erize from the FA proximal septin (Figure 5D) but remained stalled
at the distal end of the septin (as depicted in Figure 5B). Taken to-
gether, these data indicate that MCAK and CLASP function coop-
eratively with peripheral septin-associated MTs to drive the dynamic
interactions between NC MTs and FAs.

To investigate the individual contributions of MCAK and CLASP
to FA size, we evaluated NC MT dynamics under conditions where
MT-associated CLASP or MCAK was inhibited. We had previously
identified that expression of wild-type Aurora-A kinase was suffi-
cient to inhibit MCAK depolymerase activity in ECs (Braun et al.,
2014). Using this approach, we performed live-cell confocal imaging
and analyzed the behaviors of MTs, septin, and FAs. The combina-
tion of CLASP and wild-type Aurora-A resulted in the stabilization of
septin-associated NC MTs (Figure 5E). CLASP expression with
kinase-dead Aurora-A (MCAK-active condition) reduced CLASP
accumulation along MTs between Septin 7 and the peripheral FA
and increased CLASP localization adjacent to FAs (Figure 5F), similar
to what we and others have previously classified as FA-associated
CLASP (Figure 3A; Stehbens et al., 2014). In another set of experi-
ments, we combined expression of MCAK with GSK3P expression
to inhibit MT-associated CLASP. Under these conditions MCAK-

labeled MT plus ends were observed as short puncta that remained
static near the peripheral Septin 7 or that were actively undergoing
disassembly and unable to elongate into FAs (Figure 5G). Con-
versely, inhibition of FA-associated CLASP by LL5B KD (Stehbens
et al., 2014) promoted increased MCAK labeling of MTs that subse-
quently colocalized with both Septin 7 and FAs (Figure 5H).

Quantification of FA size revealed that, for centrosomal MTs, the
combination of LL5B depletion and MCAK expression or the combi-
nation of wild-type or kinase-dead Aurora-A with CLASP expression
resulted in FA sizes indistinguishable from those of endogenous
controls (Figure 5I). Moreover, in cells with centrosomal-only MTs,
the FA sizes were similar to measurements of FAs in cells with all MTs
(Supplemental Figure S3), indicating that the effects of CLASP and
MCAK on centrosomal MTs may potentially contribute to reductions
in FA size through a FA CLASP-mediated MT capture mechanism
(Stehbens et al., 2014). For NC MTs, MCAK expression under condi-
tions of LL5B depletion increased FA size consistent with LL5B KD
alone (2.04 pm in both cases; see also Figure 3E). MCAK expression
under conditions of MT-associated CLASP inhibition (GSK3B) re-
sulted in the largest FA sizes (2.50 + 0.11 pm). Coexpression of
CLASP and active Aurora-A (to inhibit MT-associated MCAK activity)
resulted in FA sizes indistinguishable from MCAK expression alone,
while coexpression of CLASP with kinase-dead Aurora-A resulted in
FA sizes similar to MCAK inhibition alone (2.29 pm; Figure 5J vs.
2.38 um; Figure 4N). These data indicate that the activity of both
CLASP and MCAK on NC MTs is essential to promoting reduced FA
size. In CLASP-inhibited cells, MCAK-mediated MT disassembly is
enhanced and septin-associated MT rescue is limited, while, in
MCAK-inhibited cells, CLASP-mediated MT assembly is enhanced
and FA-associated MT disassembly is reduced, with both conditions
promoting increased FA size.

Rac1 promotes septin filament assembly proximal to
peripheral FAs

Integrin engagement of the ECM induces the formation of nascent
FAs and locally activates the small GTPase, Racl (Gardel et al.,
2010; Parsons et al., 2010). Rac1 activity is known to trigger local-
ized actin and MT assembly, resulting in cell protrusion that defines
the leading edge and drives polarization and motility (Van Aelst and
D’Souza-Schorey, 1997; Nobes and Hall, 1999, Waterman-Storer
and Salmon, 1999; Waterman-Storer et al., 1999; Grabham, 2003;
Wittmann et al., 2003; Wittmann and Waterman-Storer, 2005).

FIGURE 4: MCAK and Aurora-A control the dynamics of septin-associated MTs to drive FA disassembly. (A) HUVEC
expressing GFP-MCAK in conditions of centrosomal (top row) or NC (bottom row) MTs. (B) Whole-cell view with white
box indicating region of kymograph. Representative kymograph of GFP-MCAK, mCherry-Septin 7, and paxillin (white)
showing MT dynamics between Septin 7 and a FA. Growth events labeled with yellow asterisk. (C) Analysis of MCAK-
labeled NC MT average time of growth from Septin 7 to FAs, time between growth excursions into FAs, and time spent
at FAs. (D) Measurement of average GFP-MCAK puncta per MT in the presence or absence of mCherry-Septin 2/6/7 in
vitro. (E, F) Still images of in vitro HiLyte-647-GMPCPP-stabilized MTs with purified GFP-MCAK in the absence (E) or
presence (F) of mCherry-Septin 2/6/7 complex. White boxes represent the MTs used in G; related to Supplemental
Videos 4 and 5). (G) Representative kymographs showing in vitro depolymerization assays with HiLyte-647-GMPCPP-
stabilized MTs with purified GFP-MCAK without (top) and with (bottom) mCherry-SEPT2/6/7 complex. (H) Quantification
of MCAK-mediated depolymerization rates for conditions described in E-G. (I) Time-lapse images showing in vitro
depolymerization assays with HiLyte-647-GMPCPP-stabilized MTs with purified GFP-MCAK and increasing
concentrations of mCherry-SEPT2/6/7. (J) Analysis of MT length measurements from experiments in I.

(K, L) Representative kymographs of either wild-type Aurora-A kinase (white; K) or a kinase-dead Aurora-A mutant
(white; L) with mCherry-Septin 7 and GFP-MCAK showing that the wild-type Aurora-A kinase accumulates and drives
rescue of MCAK-labeled MTs at the distal edge of peripheral Septin 7 (yellow asterisk and yellow arrow; K).

(M, N) Comparison of FA size between endogenous control cells and cells expressing either MCAK, Aurora-A kinase,
the kinase-dead Aurora-A mutant with centrosomal (M) or NC (N) MTs. Error bars show +SE in C, F, G, and |. Scale bars
=10 pm, whole-cell view; 1 pm, zoomed view. Student’s t test; p (*) < 0.05; p (***) < 0.001, p (****) < 0.0001.
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Additionally, Rac1 is known to control the function of CLASP and
MCAK activity indirectly by activating their regulatory kinases,
GSK3p and Aurora-A, respectively (Wittmann and Waterman-Storer,
2005; Rannou et al., 2008; Lorenzo et al., 2009).

To determine the effects of Rac1 activity on Septin 7 organization
and consequences for centrosomal versus NC MTs and FA size, we
used a dominant-negative Rac1 (DN-Rac1) and a constitutively ac-
tive Rac1 (CA-Rac1; Schnelzer et al., 2000; Aoki et al., 2004), which
function globally within the cell, as well as a photoactivatable Rac1
(PA-Rac1; Wu et al., 2009) that can be locally activated in distinct
subcellular regions. Measurements of Septin 7 localization revealed
that the peripheral Septin 7 was significantly increased in the CA-
Rac1 condition compared with both endogenous Rac1 and the DN-
Rac1 conditions (Figure 6, A and B). Localized photoactivation of
Rac1 was sufficient to drive the reorganization of Septin 7 filaments
to the region of the cell where Rac1 was activated (Supplemental
Video 6). Moreover, optogenetic activation of Rac1 induced the as-
sembly of FA-proximal septin filaments that could be relocalized by
activating Rac1 in a different subcellular region (Figure 6C). Com-
parison of FA size within the region of Rac1 photoactivation (Figure
6D) to adjacent regions where Racl was not photoactivated re-
vealed a persistent, four-fold reduction in FA size within the PA-Rac
region, while in adjacent regions, FA size remained essentially un-
changed (Figure 6E). These results indicate that Rac1 activity pro-
motes the accumulation of peripheral Septin 7 proximal to FAs and
contributes to reductions in FA size.

Septin effects on NC MT growth into FAs are dependent on
acto-myosin contractility
Septins are well understood to bind to both MTs and actin filaments.
Peripheral septins localize adjacent to FAs and contribute to the
stabilization of nascent FAs (Dolat et al., 2014), and evidence sup-
ports a role for septins impacting the activity of the myosin-Il motor
protein via binding of actin stress fibers (Smith et al., 2015). Addi-
tionally, FA-associated actin stress fibers are known to be necessary
for MT growth into FAs and myosin-Il contractility is required for
force-driven FA turnover in other cell types (Vicente-Manzanares
et al., 2009; Rafiq et al., 2019).

We first investigated the effects of pharmacologic disassembly
of actin filaments following treatment with latrunculin on Septin 7
organization. These experiments revealed that most of Septin 7
withdrew from the cell periphery as actin filaments disassembled,
except in cases where septins were colocalized with MTs before the
addition of latrunculin (Figure 7A). Pharmacologic disassembly of
MTs via treatment with nocodazole was associated with hypercon-
tractility of actin fibers (as previously reported; Liu et al., 1998) and
resulted in increased lateral movement of the septin but generally
did not cause the septin to leave the cell periphery (Figure 7B). To
determine the contribution of myosin-Il contractility to peripheral
septin localization, cells were treated with blebbistatin and Septin 7
localization was again analyzed. Similar to the latrunculin experi-
ment, myosin-Il inhibition resulted in the withdrawal of peripheral

septins except for those that were colocalized with MTs before the
addition of blebbistatin (Figure 7C). Evaluation of MTs and FAs re-
vealed that septin-colocalized MTs consistently assembled beyond
nearby FAs following myosin-Il inhibition (Figure 7D). Together,
these data indicate that the peripheral localization of Septin 7 de-
pends primarily on the structural integrity of actin filaments, and
secondarily upon colocalization with MTs.

To determine the effects of acto-myosin contractility on MT-FA
behavior, we measured peripheral Septin 7 (Figure 7E), MT growth
into FAs (Figure 7F), and effects on FA size (Figure 7G), comparing
before and after myosin-Il inhibition. Because prolonged (30-60 min)
blebbistatin-induced myosin-Il inhibition results in near complete FA
disassembly independent of MTs (Wolfenson et al., 2011), we used
a 15 min treatment with 20 pM blebbistatin that is sufficient to in-
hibit myosin-Il contractility (IC50 ~5.1 uM; Limouze et al., 2004) but
without driving the removal of the FA marker paxillin from FAs
(Wolfenson et al., 2011). Measurements revealed that myosin-Il inhi-
bition resulted in a loss of 45.1% of peripheral Septin 7 in the NC
MT group, resulting in a myosin-ll-inhibited peripheral Septin 7
count for both centrosomal and NC MTs similar to that of centro-
somal MTs before blebbistatin treatment (Figure 7E). Measurements
of MT growth into FAs revealed that myosin-Il inhibition significantly
reduced septin-associated assembly of NC MTs into FAs (58% re-
duction), while centrosomal MT growth into FAs was reduced but
not significantly altered (10% reduction; Figure 7F). Analysis of FA
size before and after inhibition of myosin-Il contractility revealed
that FA size was increased by 22% in cells with NC-only MTs, while
in cells with centrosomal-only MTs, FA sizes were unaffected by my-
osin-II contractility (Figure 7G). These data indicate that myosin-lI
contractility may work in concert with septin-associated NC MTs to
control FA dynamics.

To determine the combined effects of Rac1 activation and myo-
sin-Il contractility, we photoactivated Rac1 within peripheral regions
of the cell and performed temporal measurements of FA size and
peripheral Septin 7 count within the PA-Rac1 regions (Figure 7H).
These data revealed that the effects of Rac1 activation on peripheral
Septin 7 accumulation and on FA size in blebbistatin conditions
were dramatically reversed when compared with Rac1 activation in
the presence of myosin-Il contractility (comparing Figures 6E and
7H). In the absence of myosin-Il contractility, Rac1 activation was
insufficient to retain peripheral Septin 7, resulting in the withdrawal
of approximately two-thirds of the peripheral Septin 7 within 1 h of
blebbistatin treatment and that FA sizes were statistically similar
both within and outside the region of Rac1 activation (Figure 7H).
Together, these data point to acto-myosin contractility as a prereg-
uisite for NC MT interactions with peripheral septins, for growth into
FAs, and for the maintenance of FA size.

Septin-mediated guidance of NC MTs promotes polarized
EC migration

In a final set of experiments, we set out to determine the conse-
quences of septin and NC MT growth into FAs on EC migration

MCAK labeling coming from Septin 7 (percent). (E, F) Still images from a time-lapse experiment showing HUVECs
expressing GFP-CLASP1, mCherry-Septin 7, and paxillin (white) with Aurora-A kinase (E) or kinase-dead Aurora-A
mutant (F) showing CLASP localization (yellow arrows) relative to Septin 7 (red). (G) HUVECs expressing GFP-MCAK,
mCherry-Septin 7, and paxillin (white) with GSK3p or (H) LL5B KD showing MCAK localization (yellow arrows) relative to
Septin 7 (red). (I, J) Comparison of FA size between endogenous control cells and cells expressing either LL53 KD with
MCAK, GSK3B with MCAK, Aurora-A kinase with CLASP, or the kinase-dead Aurora-A mutant with CLASP expression

in cells with centrosomal (I) or NC (J) MTs. Scale bars = 20 pm, whole-cell view for kymographs; 10 pm, whole-cell view;

1 pm, zoomed view. Student's t test; p (*) < 0.05.
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using a wound-healing migration assay. NC cells showed a relatively
uniform and polarized wound edge and consistently migrated into
and across the wound, while centrosomal cells displayed disorga-
nized polarity and were observed to migrate with reduced direc-
tional persistence (Figure 8A). Consistent with previous findings
(Martin et al., 2018), our measurements of wound closure speed re-
vealed that NC cells migrated faster and with greater persistence
than centrosomal ECs (NC = 44.5 pm/h, centrosomal = 16.5 pm/h;
Figure 8B).

To assay the effects of CLASP and MCAK on NC MT cell migra-
tion, we again performed the wound-healing assay under condi-
tions of CLASP inhibition by GSK3B, MCAK inhibition by wild-type
Aurora-A kinase, or conditions of CLASP or Septin 7 KD. In each
condition for NC MTs, wound closure speed decreased compared
with control, with the Septin-7 KD condition displaying the slowest
migration rate (Control = 44.5 pm/h; Aurora-A = 16.0 pm/h; GSK3
= 19.6 pm/h; CLASP KD = 26.3 pm/h; Septin 7 KD = 10.5 pm/h;
Figure 8, A and B). Comparing these same experimental groups in
ECs with centrosomal-only MTs, no significant differences were
measured (Control = 16.5 pym/h; Aurora-A = 19.1 um/h; GSK3p =
23.5 uym/h; CLASP KD = 11.5 pm/h; Septin 7 KD = 17.5 um/h; Figure
8B). These data indicate that NC MTs drive EC polarity and persis-
tent, directional wound-edge migration via a septin-CLASP- and
MCAK-mediated mechanism.

To evaluate the dynamics of septins and FAs, we performed
time-lapse imaging of wound-edge ECs expressing mCherry-Septin
7 and GFP-paxillin. This experiment revealed that during polarized
EC migration, there is a persistent cycle of FA formation and matura-
tion near the cell front that is followed by the appearance of Septin
7 directly proximal to mature adhesions and subsequent disassem-
bly of the adhesion that is coupled with cell advance in the direction
of the wound (Figure 8C and Supplemental Video 7).

Taken together, our data support a model for septin-mediated
guidance of NC MT polymerization into FAs (Figure 8, D and E). In
this model, CAMSAP stabilized NC MTs elongate toward the cell
periphery. Rac1 activation near the plasma membrane promotes
lamellipodial extension, FA assembly, MT polymerization, and pe-
ripheral septin localization proximal to FAs. Septin stability and
maintenance within the cell periphery is controlled through the
combined efforts of myosin-Il contractility and FA-associated actin
filaments, as well as through colocalization with NC MTs (Figure
8D). Septin-associated NC MTs assemble into adjacent FAs and
undergo disassembly that is primarily driven by MCAK depolymer-
ase activity on NC MT plus ends. One function of peripheral septin
is as a physical restraint to MCAK-induced MT disassembly,
thereby maintaining MT plus ends in close proximity to FAs.
Septin-mediated inhibition of MT disassembly is associated with
accumulation of Aurora-A kinase, which is necessary to inhibit
MCAK activity and promote MT rescue. At the same time, MT-as-
sociated CLASP accumulates on septin-associated MTs to facilitate
MT regrowth into the FA. Coincident loss of MT-associated CLASP
and renewed MCAK activity then drive MT disassembly back to
the septin once again. In this way, the positioning and function of
septin enable NC MTs to undergo iterative bouts of growth and
disassembly in close proximity to FAs and thereby drive FA dis-
assembly (Figure 8E).

DISCUSSION

Spatial regulation of cytoskeletal dynamics is increasingly identified
as critical to defining cell polarity and the consequences for direc-
tional cell motility. Studies in numerous different cell types now high-
light that localized control of MT plus end dynamics is as essential to
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the control of cell morphology during interphase as it is in regulating
MT dynamics within the mitotic spindle, with many of the same reg-
ulatory proteins at work (Akhmanova and Steinmetz, 2010; Wojnacki
etal., 2014; Van De Willige et al., 2016). A key finding was the recent
discovery that the MT cytoskeleton of cells can be subdivided into
centrosomal and NC groups that perform distinct functional roles.
This understanding has laid the groundwork for identifying the cel-
lular tasks accomplished by centrosomal versus NC MTs. Our find-
ings support earlier studies (Martin et al., 2018) suggesting that NC
MTs are essential for driving EC front-back polarity and for polarized
motility. We have identified that NC MTs accomplish this task by
undergoing iterative bouts of growth and disassembly at positions
directly adjacent/proximal to FAs, thereby inducing localized FA dis-
assembly. Critical to this discovery was the finding that NC MTs pref-
erentially colocalize with peripheral septins, which we have identi-
fied serve as a stall point for MT disassembly, thereby preventing
prolonged MT shortening events and promoting MT rescue. More-
over, at the distal edge of peripheral septins we have identified a
molecular skirmish whereby the iterative bouts of dynamic instability
necessary to promote FA turnover are determined by the localized
activity of MCAK and CLASP, as well as their regulatory kinases and
the activation state of the small GTPase, Rac1.

These findings suggest mechanistic insight into decades-old ex-
perimental evidence showing that MT dynamics and growth into FAs
are required for FA disassembly (Kaverina et al., 1998; Ezratty et al.,
2005; Seetharaman and Etienne-Manneville, 2019) and more recent
evidence that NC MTs carry out this function (Martin et al., 2018;
Rong et al., 2021). Our data identify that in ECs, NC MTs preferen-
tially polymerize into FAs followed by disassembly, while centrosomal
MTs display continued assembly beyond FAs, typically terminating at
the cell edge. Importantly, these data also show that greater than
95% of MTs that assembled into FAs first colocalized with peripheral
septins and that MT growth trajectories were frequently altered at
the site of septin-MT colocalization. These findings support previ-
ously described roles for septin-mediated MT reorganization and
demonstrate for the first time that MT-induced FA disassembly is
driven via septin-dependent guidance of NC MTs into FAs.

The finding that septins promote NC MT growth into FAs raises
questions as to how this is accomplished. Recent studies have iden-
tified that low-concentration septin oligomers promote persistent
MT growth (Nakos et al., 2019), which matches what we observed
for FA-proximal, septin-associated NC MTs. Previous investigations
have identified that septins promote actin stress-fiber-mediated
maturation of nascent focal adhesions (<1 pm), although this study
did not investigate the contribution of MTs to nascent adhesion
maturation (Dolat et al., 2014). Our analysis of mature FA (>1 pm)
kinetics suggests that the presence of FA-proximal septins serves to
increase both the assembly and disassembly rates of mature adhe-
sions (Figure 2, | and J) and further identify acto-myosin contractility
as a prerequisite for NC MT effects on mature FA disassembly
(Figure 7, F and G). Our studies also point to septin functioning as a
restraint to NC MT disassembly and as a recruiting location for
MAPs that regulate MT dynamic instability. We have previously re-
ported on a Rac1-Aurora-A-MCAK signaling cascade as a key regu-
lator of EC polarization and migration (Braun et al., 2014). Indeed,
recent investigations support the critical role of MCAK in modulat-
ing FA dynamics and cell migration, although the mechanism(s) by
which MCAK functions to regulate FA dynamics was not determined
(Moon et al., 2021; Zong et al., 2021). In this study, we have identi-
fied that MCAK-labeled NC MTs grow into FAs and then disassem-
ble and that MCAK-mediated disassembly of septin-associated NC
MTs is halted at the distal edge of peripheral septins. At the same
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location there is an accumulation of Aurora-A kinase on the MT plus
end, followed by rescue of MT growth toward the FA, and the pro-
cess repeats. This arrangement facilitates rapid bouts of MT assem-
bly and disassembly directly proximal to FAs and thereby promotes
FA disassembly.

The MT-associated protein CLASP has been shown to play a
critical role in controlling FA capture of MTs and the subsequent
delivery of matrix metalloproteases (MMPs) to facilitate FA disas-
sembly (Stehbens et al., 2014). The authors identified that FA-asso-
ciated CLASP was required for MT capture but that MT dynamics
were not required for CLASP-associated disassembly of FAs. It
should be noted that this study did not distinguish between the NC
or centrosomal origin of MTs, and so it is unclear whether one or
both groups of MTs are captured by FAs. Expression of CLASP in
our hands revealed localization patterns similar to those previously
reported (Mimori-Kiyosue et al., 2005; Miller et al., 2009; Ashley
et al., 2014; Stehbens et al., 2014; Lim et al., 2016; Sanders et al.,
2017). However, evaluation of CLASP behavior on septin-associ-
ated NC MTs revealed that, following MCAK disassembly, rescue of
MT assembly was concurrent with CLASP labeling specifically at the
plus tip and along the lattice of the MT between the septin and the
FA. Subsequent polymerization of the MT into the FA resulted in
CLASP displacement and MCAK-associated MT disassembly that
then was terminated at the septin in iterative bouts. These data
support a model in which the activity states of MCAK and CLASP
function like switches that turn on MT disassembly or promote sta-
ble growth, with septins spatially demarcating the switch between
MCAK-driven depolymerization and CLASP-induced polymeriza-
tion (Figure 8, D and E).

Rather than the prolonged capture (~18 min) of MTs at FAs iden-
tified to facilitate MMP delivery and CLASP-mediated FA disassem-
bly (Stehbens et al., 2014), our data are consistent with evidence
supporting the contribution of more-dynamic MT assembly and
disassembly events that result in reduced FA size (Efimov et al.,
2008; Efimov and Kaverina, 2009). This model fits with published
work showing that MT assembly into FAs results in a sevenfold in-
crease in the likelihood of MT disassembly (Efimov et al., 2008) and
with data showing that FA-associated MT disassembly drives the
release of the Rho GEF-H1 from the FA milieu, thereby activating
RhoA and myosin-Il contractility and promoting FA turnover (Rafiq
et al., 2019). Yet another possible mechanism for transient MT-in-
duced FA disassembly involves the delivery of MT end binding (EB)-
associated proteins that function to promote FA turnover, such as
was shown for the calcium-dependent cationic channel transient
receptor potential melastatin 4 (TRPM4) protein (Blanco et al.,
2019). Importantly, the mechanism of septin-associated MT-driven
FA turnover is not mutually exclusive from the contributions of MT
capture and cargo-mediated or clathrin-mediated FA disassembly.
More likely, it is the combination of these processes that enhances
productive FA dynamics in order to facilitate localized ECM remod-
eling, acto-myosin contractility, and rapid FA disassembly as needed
to promote directional cell motility.

Racl is a master cytoskeletal regulator that functions to drive
nascent FA assembly, to promote leading edge MT growth, to tar-
get the Aurora kinases and GSK3, and through these various sig-
naling cascades to be essential for cell polarity and migration
(Mimori-Kiyosue et al., 2005; Miller et al., 2009; Stehbens et al.,
2014; Sanders et al., 2017). In our investigation we discovered that
a primary role for Rac1 is the recruitment of septin to the cell periph-
ery, which can be driven by localized photoactivation of Rac1. While
we were able to determine that the Aurora-A kinase-mediated inhi-
bition of MCAK was important for MT rescue at the distal edge of
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septins, we were not able to determine whether this was a Rac1-
dependent phenomenon. Recent work looking at this signaling
pathway proposed that the effects of Rac1 on MCAK-mediated MT
disassembly may be independent of Aurora-A kinase, possibly
working through a parallel pathway (Zong et al., 2021). Our data
establish one such parallel pathway in which Rac1-driven localiza-
tion of peripheral septin dictates the position at which septin-asso-
ciated MT dynamics are controlled to drive FA disassembly. This
notion is further supported by latrunculin and blebbistatin experi-
ments, which revealed that peripheral septin localization was re-
duced in the absence of actin filaments and that MT growth into FAs
was reduced in the absence of myosin-Il contractility. These data
point to a critical role for acto-myosin tensegrity and FA-coupled
actin fibers in promoting septin localization near FAs, which aligns
with previous studies showing that septins work to cross-link actin
stress fibers and promote maturation of nascent FAs (Dolat et al.,
2014; Smith et al., 2015).

The mechanism by which localized activation of Rac1 drives pe-
ripheral septin localization remains a mystery. However, it is possi-
ble that FA-associated alterations in membrane curvature could
explain the Racl-septin phenomenon. It is well established that
septins are capable of sensing local variations in cell membrane
curvature both in vitro (Bridges et al., 2016; Beber et al., 2019;
Weems et al., 2021; Woods and Gladfelter, 2021) and in vivo (Can-
non et al., 2019). FAs have been shown to promote high mem-
brane curvature in an actin and myosin stress fiber—dependent
manner (Novak et al., 2004), which may explain the loss of periph-
eral septins that we observed when actin or myosin are inhibited.
In fibroblasts, Rac1 has also been shown to display sensitivity to
localized membrane curvature via signaling from the F-BAR-bind-
ing protein srGAP2, which resulted in Rac1 activation within a
membrane band focused at the tip of contact protrusions (Rafael
et al., 2015). MT plus ends are known to dive down toward the
dorsal membrane surface before assembling into peripheral adhe-
sions (Krylyshkina et al., 2002), suggesting that the positioning of
septins on the membrane proximal to FAs may facilitate MT growth
trajectories into the nearby adhesion. Thus, our experimental pho-
toactivation of Rac1 may locally drive enhanced membrane curva-
ture that is sufficient to position peripheral septins adjacent to FAs,
potentially mimicking a scenario that is normally controlled
through the combined efforts of FA-associated actomyosin and
Rac1 signaling.

While it is clear that peripheral FA-associated septins display a
preference for NC MTs, it remains unclear how or why septins distin-
guish NC MTs from centrosomal MTs. Experimental evidence shows
that septin oligomeric complexes interact with MT plus ends and
compete for EB1 binding in a GTP-dependent manner (Nakos et al.,
2019); however, there is no evidence that NC MTs are structurally
distinct from centrosomal MTs in tubulin composition or affinity for
end-binding proteins. One possible mechanism for septin targeting
of NC MTs may be through differential posttranslational modifica-
tions of NC MTs, as there is strong evidence that septins recognize
and bind preferentially to polyglutamylated tubulin, which drives
polarized epithelial cell morphologies (Spiliotis et al., 2008) and re-
sults in enhanced stabilization of polyglutamylated MTs (Targa et al.,
2019). Thus, while this study has identified at least one functional
role for septins and NC MTs, future studies are needed to determine
how cells designate and coordinate functionally distinct contribu-
tions of centrosomal and NC MTs.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.
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Cell culture and drug treatments

Human umbilical vein endothelial cells (HUVECs) were cultured in
EC basal medium (EBM) supplemented with growth supplements
(Cell Applications) and penicillin—streptomycin (Fisher) and main-
tained at 37°C in 5% CO,. All transfections were performed in Mirus
Nucleofection buffer using a Lonza Nucleofector Device, setting
A-034. ECs were cultured at 75,000-100,000 cells/coverslip and
plated on 10 pg/ml fibronectin-coated 35 mm glass bottom dishes
(Cat. #: P35G-1.0-20-C.s). Transfections were imaged 3 h after
experimental cDNA transfections unless indicated otherwise (for MT
group prep, see below). For nocodazole experiments, cells were
treated with 10 uM nocodazole for 20 min and washed out with
EBM before imaging. Cells treated with s-nitro blebbistatin (20 pM;
Cayman Chemicals) in dimethyl sulfoxide (DMSO; 0.001%) were
monitored every 20 min for 60 min before being imaged at 60 min.
Blebbistatin washout experiments were done with >6 EBM changes.
Latrunculin experiments were done at 1.25 uM resuspended in
DMSO; 0.001%. Cells were treated on the microscope stage and
imaged immediately after.

NC and centrosomal cell prep

HUVECs were incubated in 1.2 uM centrinone (Plk4 inhibitor that
prevents centriole duplication and leads to centrosome depletion;
Wong et al., 2015) for 9 d before use. Media was changed or cells
split every 2-3 d, consistent with normal HUVEC handling. For NC
cell prep, cells were transfected with pCMV2-FLAG-CDK5RAP2
F75A (51-100) (a gift from R. Qi, Hong Kong University of Science
and Technology; Choi et al., 2010; Sanders et al., 2017). Cells were
allowed to express the y-TuNA inhibitor for 24 h before imaging to
ensure full Golgi-derived MT KD.

Live-cell imaging

All imaging was performed on a spinning disk (Yokogawa CSU-
X1; Andor Technology) confocal microscope using a 60 x 1.4 NA
oil immersion objective lens on a TiE microscope equipped with
a Perfect Focus System (Nikon) equipped with an electronic shut-
ter (Smart shutter; Sutter Instrument) for transmitted illumination,
a linear encoded X and Y, motorized stage (ASI| Technologies),
and a multibandpass dichromatic mirror (Semrock) and bandpass
filters (Chroma Technology Corp.) in an electronic filter wheel for
selection of GFP or Texas red emission. Laser illumination (561-
and 488-nm) was provided by a custom-built laser combiner
module (modification of LMM-3; Spectral Applied Research) con-
taining 500-mW solid state lasers (488 nm [Coherent] and 561 nm
[MPB Communications]) that were shuttered with electronic shut-
ters and attenuated and/or directed to a fiber-coupled output
port with an Acousto optic tunable filter (Neos Technologies) and
directed to the confocal scan-head via a single-mode optical fiber
(Oz Optics). Time-lapse videos were acquired using a Coolsnap
HQ2 cooled charge-coupled device camera (Photometrics) or a
Clara cooled charge-coupled device camera (Andor Technology)
operated in the 14-bit mode for 3 min at 3-s image intervals using
a 300-400-ms exposure time. Microscope system automation
was controlled with Metamorph software (Molecular Devices) or
NIS Elements software (Nikon). Images of BFP-labeled constructs
were taken using epifluorescent illumination with a filter set (ex/
em 405/510) and exposure times of 800 ms. After acquisition,
general image processing involved optimization of image bright-
ness and contrast using the acquisition software package. Addi-
tional microscopy image manipulations and measurements are
described in detail in the appropriate Materials and Methods
subsections.
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Cell migration assay

Cell migration assays were performed on fibronectin-coated cover-
slips (previously described), but with the following modifications.
Before plating the cells, the fibronectin-coated coverslips were
dried using an aspirator. Transfected HUVECs (500,000-750,000)
were then cultured in 50 ul of EBM on the center of the dried cov-
erslip to concentrate the cells and were allowed to adhere to the
coverslip and form a confluent monolayer. The monolayer was then
rinsed with EBM to remove unattached cells and scraped with a
razor blade to generate a wound edge. Images were collected on
an EVOS microscope under 10x or 20x. All data were measured
under 10x at consistent intervals over the course of 2 d (Cory,
2011). Wound closure speed is reported as distance traveled/time
elapsed.

MT dynamics analysis

MT dynamics were analyzed from EB3 videos using plusTipTracker
software (Applegate et al., 2011), a Matlab-based, open-source
software package that combines automated detection, tracking,
analysis, and visualization tools for movies of fluorescently labeled
MT plus end binding proteins (+TIPs). The +TIP comet detection al-
gorithm relies on a watershed-based approach to estimate locally
optimal thresholds. The track reconstruction algorithm uses the spa-
tially and temporally globally optimized tracking framework de-
scribed in Jagaman et al. (2008), with cost functions modified to
reflect MT track geometry. In brief, tracking occurs in two steps:
frame-to-frame linking of comets into growth subtracks and the link-
ing of collinear, sequential growth subtracks into compound tracks.
The cost of joining two candidate growth subtracks into a com-
pound track is calculated from three spatial parameters and one
temporal parameter. After calculating the cost of linking all pairs of
candidate growth tracks, the links are chosen by minimizing the
global cost, which is achieved by solving the Linear Assignment
Problem (Jagaman et al., 2008).

Tracking parameters

Tracking control parameters were optimized based on a parameter
sweep using the plusTipParamSweepGUI tool of plusTipTracker
(Applegate et al., 2011) and verified by visual inspection of track
overlays on movies. The same parameter set was used for all movies
in the data set: maximum gap length, 12 frames; minimum track
length, three frames; search radius range, 5-10 pixels; maximum
forward angle, 25°; maximum backward angle, 8°; maximum shrink-
age factor, 1.0; fluctuation radius, 2 pixels. For this study, only
growth excursions were of interest, so MT shrinkage or pause events
were not analyzed. However, subtrack linking was still performed to
correct for the many occurrences when comets cross over one an-
other or disappear momentarily from the field of view by focal drift,
which breaks the trajectories prematurely.

MT count and FA size relative to MT count

The MT count was taken directly from plusTipTracker data. The FA
size relative to the MT count was calculated by standardizing MT
counts to the lowest value and multiplying existing FA size data for
groups by the calculated coefficient.

Expression constructs

cDNAs, labeled with GFP (CLASP1, EB3, MCAK), mApple (EB3,
F-Tractin), or BFP (paxillin, MCAK, EB3), were generated by the
Michael Davidson lab (Florida State University) and provided by
the Clare Waterman lab (National Institutes of Health/National
Heart, Lung, and Blood Institute, Bethesda, MD). GFP-CAMSAP2
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was provided by the lab of Anna Akhmanova of Utrecht University
in the Netherlands. Septin 2, 6, and 7 constructs were provided by
E. S. All cDNA used for transfection was prepared using the Plas-
mid Mini or Maxi kit (Qiagen). EGFP-Aurora-A was obtained from
E. Nigg (University of Basel, Basel, Switzerland) and modified as
follows. The Em-Aurora-A fusion was assembled using an ad-
vanced EGFP variant with several mutations designed to enhance
brightness and folding efficiency (Em: wild-type GFP + Fé4L, S65T,
S72A, N149K, M153T, 1167T, and A206K; Teerawanichpan et al.,
2007). The resulting targeting vectors were used as pilots to dem-
onstrate proper localization of the fusions to their designated sub-
cellular locations. Nonphosphorylatable (serine to alanine) and
phosphomimic (serine to glutamic acid) MCAK constructs were
mutated in multiple known Aurora phosphorylation sites (serines
92, 106, 108, 112, and 196 [AAAAA MCAK and EEEEE MCAK];
Braun et al., 2014).

MT dynamics analysis

MT dynamics were analyzed from fluorescently labeled EB3
(GFP-EB3) movies using plusTipTracker software, a MATLAB-based,
open-source software package that combines automated detection,
tracking, analysis, and visualization tools for movies of fluorescently
labeled MT plus end binding proteins as previously described
(Jagaman et al., 2008; Applegate et al., 2011; Myers et al., 2011;
Braun et al., 2014; D'Angelo et al., 2017). All MT growth parameter
tracking was performed three times.

Statistical analysis

MT growth tracks were pooled per cell, and the average growth
speeds and lifetimes from each cell were taken collectively as one
event for each experimental group (n = number of cells). All MT dy-
namics data were collected from three separate experiments and
are displayed as mean £ SEM. One-way analysis of variance tests
with post-hoc Student's t test analysis was performed to determine
statistical significance between cells within each experimental group
and between each experimental group separately for MT growth
speed and MT growth lifetime. For statistical significance, o was set
to 0.05, yielding a 95% confidence level.

Plasmids for purification

The plasmid encoding His-SEPT2-mCherry (pET15b—His-SEPT2-
mCherry) was a gift from Shae Padrick (College of Medicine, Drexel
University). The plasmid encoding SEPT6/7-strep (pnCS—SEPTé6/7-
strep; Amy Gladfelter, Department of Biology, University of North
Carolina) with the additional 19 amino acids at the N-terminal of
SEPT7 was constructed as before (Nakos et al., 2019).

Protein expression and purification

The recombinant mCherry-SEPT2/6/7 complex was expressed and
purified as described before (Mavrakis et al., 2014; Nakos et al.,
2019). mCherry-SEPT2/6/7 was dialyzed overnight at 4°C in BRB20
(20 mM PIPES, pH 6.9, 2 mM MgCly, 1 mM EGTA [ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid)]).

The recombinant mCherry-SEPT2/6/7 complex was expressed in
Escherichia coli BL21 (DE3) cells (Invitrogen) cotransformed with
plasmids encoding His-SEPT2-mCherry and SEPTé/7-strep, as de-
scribed (Mavrakis et al., 2014; Nakos et al., 2019). Bacterial cells
were grown at 37°C until ODggg of 0.5 and subsequently induced
with 0.2 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) for 16 h
at 18°C. Bacterial cells were centrifuged at 4000 rpm for 20 min at
4°C, and the resultant cell pellets were resuspended in lysis buffer
(50 mM Tris-HCI, pH 8.0, 500 mM KCI, 10 mM imidazole, 5 mM
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MgCly, 1T mg/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride
[PMSF], and 1 x Bacterial Protease Arrest cocktail [G-Biosciences;
786-330]). Cells were lysed by sonication (10 sets of 15 pulses on ice
with a 30-s interval between each set), and cell lysates were centri-
fuged at 13,000 rpm for 30 min at 4°C. Supernatants were passed
through a 0.45-pm-pore filter and loaded onto gravity flow columns
with Ni-NTA agarose beads (745400.25; Macherey-Nagel) equili-
brated with binding buffer (50 mM Tris-HCI, pH 8.0, 500 mM KCl,
10 mM imidazole, 5 mM MgCl,, 1 mM PMSF, and 1x Bacterial Pro-
tease Arrest cocktail). Proteins were eluted from Ni-NTA columns
with elution buffer (50 mM Tris-HCI, pH 8.0, 500 mM KCI, 250 mM
imidazole, and 5 mM MgCl,) and subsequently loaded to a Strep-
Trap HP column (GE Healthcare) equilibrated with 50 mM Tris-HClI,
pH 8.0, 300 mM KCI, and 5 mM MgCl,. Proteins were eluted from
the Strep column with elution buffer (50 mM Tris-HCI, pH 8.0,
300 mM KCI, 5 mM MgCly, and 2.5 mM b-desthiobiotin [Sigma;
D1411]) and dialyzed overnight at 4°C in BRB20 (20 mM PIPES,
pH 6.9, 2 mM MgCl,, T mM EGTA). Recombinant mCherry-
SEPT2/6/7 was further purified using an AKTA FPLC system (GE
Healthcare) with a Superdex 200 10/300 GL (Amersham Biosci-
ences) gel filtration column.

Purified GFP-MCAK
Purified GFP-MCAK was provided by the lab of Claire Walczak with
help from Stephanie Ems-McClung from Indiana University. It was
provided at 3.75 uM in 409 mM KCI, 20 mM PIPES, pH 6.8, 1 mM
MgCl,, 1 mM EGTA, 0.1 mM EDTA, 1 mM dithiothreitol, 10 uM
MgATP, 10% sucrose.

In vitro TIRF MT depolymerization assays

Imaging total internal reflection fluorescence (TIRF) chambers were
prepared as described before (Tanenbaum et al., 2013; Reid et al.,
2016; Nakos et al., 2019). For depolymerization assays, imaging
chambers were treated sequentially with 1% pluronic F-127 for
5 min, 5 mg/ml biotin—bovine serum albumin (BSA) (A8549; Sigma-
Aldrich) for 5 min, 0.5 mg/ml Neutravidin (A2666; Invitrogen) for
5 min and blocking buffer (BRB80, 1% pluronic F-127, 1 mg/ml BSA)
for 5 min. Imaging chambers were washed with BRB80-1 mg/ml BSA
and incubated with GMPCPP-stabilized HiLyte-647-labeled MTs di-
luted in BRB80-1 mg/ml BSA for 15 min. GMPCPP-stabilized MTs
were prepared by incubating 20 pM tubulin containing 77% unla-
beled tubulin (T240; Cytoskeleton) with 11.5% biotin—tubulin (T333P;
Cytoskeleton) and 11.5% Hilyte-647-tubulin (TL670M; Cytoskeleton)
with 1 mM GMPCPP (NU-405L; Jena Bioscience) in BRB80 (80 mM
PIPES, pH 6.9, 2 mM MgCl,, T mM EGTA) at 37°C for 30 min. MTs
were diluted in BRB80 and spun for 15 min at 100,000 x g (Optima
TL100; Beckman Coulter). Sedimented MTs were resuspended in
BRB80. Subsequently, imaging chambers were washed with BRB20-1
mg/ml BSA. MT depolymerization reactions were initiated by the
addition of 1 nM GFP-MCAK in BRB20 supplemented with 1 mM
ATP, 1 mg/ml BSA, 0.25% pluronic F-127, 0.1% k-casein, 75 mM KCl,
an oxygen scavenging system (0.5 mg/ml glucose oxidase, 0.1 mg/
ml catalase, 4.5 mg/ml p-glucose, 70 mM B-mercaptoethanol), and
recombinant mCherry-SEPT2/6/7. Imaging chambers were sealed
with vacuum grease before imaging at room temperature. Imaging
was performed every 2 s for 5 min.

In vitro TIRF microscopy assays were performed at Drexel Univer-
sity’s Cell Imaging Center with the DeltaVision OMX V4 inverted
microscope (GE Healthcare) equipped with a 60 x/1.49 NA TIRF
objective lens (Olympus), motorized stage, sSCMOS pco.edge cam-
eras (PCO), stage top incubator with temperature controller, and the
softWoRx software.
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FA size measurements

FA sizes were performed by measuring the length of the paxillin-la-
beled FA along its longest length. Fluorescence was adjusted so
that the distal tips of each FA were clearly defined. Any significant
drop of fluorescence value to that of cytosolic levels was defined as
the edge of the FA to account for multiple FA accumulations within
a region. Forty to sixty FAs were measured in each cell across four
general areas of the cell to account for variations in FA accumulation
due to potential ECM defects. Individual cells were held to a 95%
confidence interval before an average was calculated. Within each
group, each cell average was used to generate a subsequent 95%
confidence interval to create an average of averages that are pre-
sented in the figures. Measurement was via Nikon NIS elements AR
software measurement tools.

Statistical analyses

Statistical analyses were done with paired and unpaired T tests as-
suming equal variance between groups with a one-way analysis of
variance assuming o. < 0.05. All data are presented as an average of
averages; within cell measurements.

FA assembly and disassembly rate measurements

Time-lapse paxillin image processing and FA assembly and disas-
sembly rates were calculated using the FA analysis server (FAAS)
hosted by the lab of Shawn Gomez at the University of North Caro-
lina at Chapel Hill (Berginski and Gomez, 2013). All movies analyzed
were 60 min time-lapse images of paxillin-labeled FAs with images
taken every 2 min.

CAMSAP2 stretch length and counts

CAMSAP2 stretch length was measured using FIJI software’s
segmented line and drawing a line through the main mass of the
CAMSAP-labeled MT minus end (Tanaka et al., 2012). Each mea-
sured stretch had clearly defined ends. Brightness/contrast was ad-
justed to lowest bounds to identify crossing signals of multiple
stretches. More than 30 stretches were counted per n > 14 cells
across each group. Data shown are average of averages held to
95% confidence intervals. CAMSAP counts were measured by iden-
tifying each unique stretch within a cell. All stretches measure across
n >14 cells per group.

MT growth into FA

Cells were divided into four regions based on the nucleus. In each
region, a 10 x 10 ym square was placed such that >3 FAs but less
than 50% of the region was covered. Regions were placed away
from the cell periphery to prevent bias toward MTs interacting with
membranes being mistaken for termination into FAs. All EB-la-
beled MTs that came inside 1 pixel from the region were counted
as an event. MTs were counted across a 3-min time lapse, and the
position of signal loss was recorded. Positive growth into FAs was
loss of signal in the main mass of the paxillin-labeled FA. Those
MTs that either did not leave the region or whose signal had not
expired after the 3-min time lapse were disregarded. Twenty
regions across >5 cells were measured and averaged for each con-
dition. Frequency was determined by (MT growth into FA)/(total
events). Graphs are standardized to control cells with both MT
groups.

MT colocalization with septin

MT plus Tips were considered colocalized with Septin 7 where the
MT passed through the long axis of the Septin 7 within the same
frame of a time lapse.
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MT growth to FAs

MTs were tracked after the above interaction for the length of the
time lapse. Those MTs whose signal terminated into the mass of the
FA were considered (+), and those whose signal terminated any-
where else (-). Only MTs that could be fully tracked within the time
lapse were considered. MT colocalization with Septin 7 was counted
across n > 10 cells and presented as an average of averages. Fre-
quencies calculated as (number of MTs landing at FAs)/(total septin-
colocalized MTs) with *100 for percentages. MT colocalization and
septin-associated MT growth into FAs are presented as standard-
ized to centrosomal cells (centrosomal set to 1). Determination for
average MT colocalization was done by counting every peripheral
Septin 7 as identified by Septin 7 signals within 5 microns of the cell
membrane or as 1.5 SD below the average pixel intensity of peri-
nuclear Septin 7 signals if outside the perinuclear Septin 7 zone (5-
7.5 microns from the nucleus) and not in the strictly peripheral
Septin 7 region. All MT colocalizations with these peripheral septins
were recorded and standardized to all MT tracks breaching four 10
x 10 pm squares within cells throughout a 3-min time-lapse movie as
described above. More than five cells were calculated as an average
of averages with 95% confidence and represented as standardized
to centrosomal cells.

Kymographs

Kymographs were created using the FIJI (FIJI is just ImageJ) soft-
ware plug-in kymograph feature. Lines were drawn with an average
width of 5 pixels and presented as the y-axis: time and x-axis:
distance.

MT speed with and without septin colocalization

MT speed was measured using FlJI's manual tracking plug-in. Com-
ets were identified and followed across time-lapse movies and sep-
arated into two groups, colocalized with septin or without colocal-
ization with septin; colocalization with septin as described above.
Before groups were measured until the frame wherein septin and
MT signals were overlapped. After groups started at the last frame
from the “Before” group and followed the MT until termination.

Photoactivatable-Rac1

Using fluorescence recovery after photobleaching (FRAP) at 405 nm,
HUVECs were subjected to a 405 nm laser within given regions.
Unlabeled photoactivatable-Rac1 (PA-Rac1) undergoes a reconfigu-
ration to locally activate Rac1 within the FRAP region after two stim-
ulations of 100 ns by the 405 nm laser (Wu et al., 2009).

Photodissociation

n-EB1 constructs were generously provided by the lab of Torsten
Wittmann and were used with communication from his graduate
student Jeffrey Van Haren at the University of California San Fran-
cisco; M-EB1 consists of photo-sensitive EB1C and EB1N constructs
whereby the EB1C is dissociated from the MT plus end in response
to 488 nm laser exposure while the EB1N is retained on the MT
plus end. Upon laser dissociation of EB1C (the MAP-binding
domain of EB) all MAPs bound to the EB1C terminus also dissoci-
ate. EBIN-mScarletl-LZ-LOV2, EB1N-LZ-LOV2 (no fluorescent tag),
EB1N-LZ-LOV2F (fast variant of LOV2), mCherry-Zdk1-EB1C,
107696 GFP-Zdk1-EB1C (AddGene) as previously described (Van
Haren et al., 2018).

Max intensity overlays

Using NIS Elements AR software, max intensities were created using
the Maximum image function with a relative range selection from:

Septins guide MTs to focal adhesions | 19



First to +0 to run the expression function: “File Name”.Maximum
[First...+0]. The process creates a normal maximum intensity overlay
image but for each subsequent frame of a time lapse, it stitches
previous max intensities together to create a movie of normally
static image processes.

Immunofluorescence

Fixation and processing of sample for immunofluorescence label-
ing was performed with either a paraformalehyde/glutaraldehyde
coextraction/fixation buffer (PFG-PHEM; 4% paraformaldehyde,
0.15% glutaraldehyde, 0.2% Triton X-100 in 60 mM Pipes, 27.3
mM HEPES, 10 mM EGTA, and 8.2 mM MgSOy, pH 7.0; Supple-
mental Figure S1F) or a paraformaldehyde without glutaraldehyde
fixation buffer (PF-PHEM); 4% paraformaldehyde, 27.3 mM HEPES,
10 mM EGTA, and 8.2 mM MgSQOy, pH 7.0; Supplemental Figure
S1C) or ice-cold methanol (Supplemental Figure S1, D and E).
Transfection protocol was followed as described above for expres-
sion constructs before fixation (Supplemental Figure S1C; Septin 7
and FAs). For PFG-PHEM, fixation buffer was added to HUVECs
plated on fibronectin-coated coverslips at room temperature for 5
min, followed by rinsing (3-5 min) with 1x phosphate-buffered sa-
line (PBS) (minus Ca? and Mg?) treated with 0.01 g/ml NaBH, in 1x
PBS (2 x 15 min) to quench reactive aldehydes. Cells were rinsed
once with 1x PBS, and finally blocked with 5% BSA in 1x PBS (1 h
at room temperature). Mouse anti-o-tubulin (EMD Millipore;
DM1a: 1:2000) primary was incubated overnight at 4°C. Coverslips
were then rinsed with PBS, blocked again with 5% BSA, and sec-
ondary stained with anti-mouse Cy5-conjugated immunoglobulin
G (IgG) (Jackson ImmunoResearch Laboratories; 1:5000). Cells
were washed with PBS and stained with phalloidin iFluor 405 for
45 min in 1% BSA in PBS. Coverslips were washed and then
mounted with mounting medium (Dako) and imaged. For PF-
PHEM, cells were treated as previously described but were not in-
cubated with NaBHj. Primary anti-Septin 2 (1:500), 6 (1:100), and
9 (1:200) antibodies (from the lab of E. S.) were incubated with
anti-Septin 7 (ImmunoBiological Laboratories; 1:500). Secondary
staining was performed with corresponding Cy2-, Cy3-, or Cy5-
conugated IgG (Jackson ImmunoResearch Laboratories; 1:500) or
Alexa Fluor 405 (ThermoFisher; 1:250). For methanol fixation, cells
were primary stained with mouse anti—o-tubulin (described above)
and rabbit anti-Septin 7 (ImmunoBiological Laboratories; 1:2500).
Secondary staining performed with anti-mouse or anti-rabbit IgG
Cy3- or Cy5-conugated igG (Jackson ImmunoResearch Laborato-
ries; DM1or 1:5000; Septin 7: 1:1000). Cells were washed and ei-
ther incubated with phalloidin as described above or restained
with rabbit anti-Septin 6 (from the lab of E. S.; 1:500) primary and
Cy2 secondary (anti-rabbit; Jackson ImmunoResearch Laborato-
ries; 1:1000).

Western blotting

Cytoplasmic extracts from HUVECs were isolated in NP-40 lysis buf-
fer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% 1 M NaF, and 1% Triton
X-100 with Halt Protease Inhibitor Cockatil [Thermo Scientific]). Pro-
tein from supernatants were quantified with the Pearson 660
method. Proteins (15 pg) were mixed with Laemmli sample buffer
and separated by SDS-PAGE. After electrophoresis, proteins were
electrotransferred to a polyvinylidene fluoride (PVDF) transfer mem-
brane. For protein detection, membranes were blocked for 2 h at
room temperature with 5% milk, 1% BSA in TBST buffer (20 mM
Tris, pH 7.6, 137 mM NaCly, and 0.1% Tween-20) and incubated
overnight at 4°C with mouse GAPDH (1:2000; Abcam) and Septin 7
(ImmunoBiological Laboratories; 1:1500). After primary antibody
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incubation, blots were washed five times with TBST (3 min each)
and incubated with IRDye 680 goat anti-mouse (LI-COR; 1:20,000)
and IRDye 800 goat anti-rabbit (LI-COR; 1:20,000). Blots were im-
aged using the Li-COR Odyssey CLx imaging system. Densitometry
of Western blots was performed using ImageJ software. Values
were standardized to GAPDH values.

siRNA oligonucleotides

CLASP1-siRNA custom sequence: 5 GGGUAUUACUGACGAGCUUU
3’ was previously verified (Dharmacon; Myer and Myers, 2017). Septin
7 siRNA isoform 5 sequence: 5 GAAGCUCAACAACGUAUUU 3,
Septin 7 siRNA isoform 6 sequence: 5" UGAAUUCACGCUUAUGGUA
3’; Septin 7 siRNA isoform 7 sequence: 5* GGGAAGAUCUUUUAAA-
CUC 3’; and Septin 7 siRNA isoform 8 sequence: 5 UAUGAGAACU-
ACAGAAGCA 3" were purchased from Dharmacon/Horizon Discov-
ery; nontargeting siRNA sequence: 5" UGGUUUACAUGUCGACUAA
3’ from Dharmacon/Horizon Discovery. HUVECs were transfected
with siRNA 24 h before lysate collection for Western blotting and for
fluorescence live-cell imaging.

Video generation

Video brightness and contrast were adjusted in Nikon NIS Elements
AR software and exported as .mov or .avi files. Adobe Premiere Pro
software (San Jose, CA) was used to insert text labels, timers, graph-
ics, and scale bars, and video files were then exported as .mp4 files
with H.264 formatting at 1080p HD and maximum render quality.
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