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ABSTRACT The microtubule (MT) cytoskeleton and its dynamics play an important role in cell migration. Depletion of the
microtubule-severing enzyme Fidgetin-like 2 (FL2), a regulator of MT dynamics at the leading edge of migrating cells, leads
to faster and more efficient cell migration. Here we examine how siRNA knockdown of FL2 increases cell motility. Förster reso-
nance energy transfer biosensor studies shows that FL2 knockdown decreases activation of the p21 RhoGTPase, RhoA, and its
activator GEF-H1. Immunofluorescence studies reveal that GEF-H1 is sequestered by the increased MT density resulting from
FL2 depletion. Activation of the Rho GTPase, Rac1, however, does not change after FL2 knockdown. Furthermore, FL2 deple-
tion leads to an increase in focal adhesion kinase activation at the leading edge, as shown by immunofluorescence studies, but
no change in actin dynamics, as shown by fluorescence recovery after photobleaching. We believe these results expand our
understanding of the role of MT dynamics in cell migration and offer new insights into RhoA and Rac1 regulation.
SIGNIFICANCE Cell migration is an important element of both human development and disease, and the process relies
heavily on the microtubule cytoskeleton. The regulation of microtubule dynamics is an essential component of cell
migration, as dynamic microtubules help to coordinate the actin cytoskeleton and cellular adhesion at the leading edge.
Depletion of the microtubule-severing enzyme Fidgetin-like 2 (FL2) has been shown to enhance cell migration, which is of
particular interest as a potential wound-healing therapeutic. Understanding how FL2 fits into the greater process of cell
migration further expands our understanding of the role of microtubule-severing enzymes and microtubule dynamics
therein.
INTRODUCTION

Cell motility plays an important role in human development
and disease (1–3). Modifiers of cell motility have therapeu-
tic potential in wound healing (4), angiogenesis (5), and
neuronal repair (6). Therefore, a more comprehensive un-
derstanding of the mechanisms and modifications of cell
motility in adherent cells would be valuable for the develop-
ment of new pharmacological technologies.

Microtubules, actin, and focal adhesions are all crucial
components of cell migration, providing polarity, structure,
and adhesion. The roles of actin and focal adhesions are the
most widely studied aspects of adherent cell motility
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(1,2,7,8). The actin cytoskeleton, which is composed of
F-actin filaments consisting of G-actin monomers, drives
the cyclical protrusion of the actin-based lamellipodium at
the front of moving cells (7,8). Focal adhesions (FAs),
multiprotein complexes that form at the junction of the
cell cortex and the extracellular matrix (7), create traction
for cells as they move. However, it is becoming clear that
the microtubule cytoskeleton serves to connect these various
facets of adherent cell motility. Microtubules (MTs) are
polarized polymers consisting of a- and b-tubulin subunits
that extend from the centromeres in the cell interior out to
the cell cortex (1,7). Directional protrusion of the leading
edge and overall cell polarity during motility are determined
by MT dynamics and orientation (7,9). MTs locally regulate
Rho GTPases at the leading edge, which coordinate the
cytoskeletal and adhesive components of cell motility,
including lamellipodial actin and focal adhesion dynamics
(10,11). There is also substantial interplay between MTs
and FAs. In fact, FAs, which consist of transmembrane

mailto:louis.hodgson@einsteinmed.edu
mailto:david.sharp@einsteinmed.edu
mailto:david.sharp@einsteinmed.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2022.12.018&domain=pdf
https://doi.org/10.1016/j.bpj.2022.12.018
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fidgetin-like 2 depletion enhances cell migration
integrins bound to a host of intracellular structural proteins
such as vinculin and paxillin, include a variety of cytoskel-
etal regulators (12,13). In particular, in addition to regula-
tors such as focal adhesion kinase (FAK) (14,15), MT
contact with FAs mediates their turnover (1,3,13).

A subset of the MTs that regulate motility at the leading
edge undergo a behavior known as dynamic instability,
wherein the plus-end, or the distal end facing the cortex, sto-
chastically shifts between phases of growth and shrinkage.
This dynamicity is essential for these MTs to regulate key
cyclical pathways in motility, as well as to probe the intra-
cellular space in order to direct cellular orientation (3). Dy-
namic instability has also been shown to influence leading
edge processes to regulate membrane protrusion and
motility (1,3). As a result, the precise and timely regulation
of MT dynamics at the leading edge is crucial for efficient
motility.

One class of MT regulators that locally modulate MT
dynamics are the microtubule-severing enzymes (MSEs)
(16,17), important in cell motility, cell division, and neuro-
genesis. Although MSEs function in a variety of contexts,
the most recently identified, Fidgetin-like 2 (FL2), has
been shown to localize to the leading edge, where it regu-
lates MT dynamics and cell migration (4). Like the other
MSEs, FL2 contains an N-terminal MT-interacting and
trafficking domain, which binds to the MT lattice, and a
C-terminal AAA ATPase domain, which uses ATP hydroly-
sis to pull individual tubulin dimers free. Repeated iterations
of this behavior result in MT severing (4,16,17). FL2 puta-
tively severs specifically the dynamic MTs. FL2 depletion
therefore leads to a significant increase in both local MT
density and dynamicity, and as a result, cells migrated
both more quickly and more directionally in in vitro scratch
assays after siRNA-mediated FL2 knockdown (KD) (4). All
of these effects were successfully rescued by transfection
with a GFP-tagged FL2 construct (4).

FL2’s impact on the MT cytoskeleton and cell migration
has been translated into multiple animal models of tissue
repair: our previous work has shown that siRNA-mediated
FL2 KD can expedite wound healing in murine excision
and burn wound models (18), enhance cardiac output after
myocardial infarction (5), and induce neuronal regeneration
of severed or crushed peripheral nerves (6). Although previ-
ous work has shown that FL2 KD promotes cell migration in
adherent cells (4,5), the intervening steps in this pathway re-
mained elusive. The therapeutic potential of this MSE as a
target for tissue repair underscores the need to elucidate
the cellular processes that link FL2 to cell motility regula-
tion. Here, we show that FL2’s MT-severing activity re-
leases GEF-H1, an activator of the p21 family of small
GTPase RhoA, sequestered by dynamic MTs at the leading
edge. This highly localized GEF-H1 activation of RhoA
shifts the balance and polarization of RhoA and Rac1 acti-
vation kinetics and directly impacts FA turnover, as opposed
to F-actin polymerization, to regulate cell motility.
MATERIALS AND METHODS

Experimental models and subject details

U2OS cell lines

All U2OS cells were maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10% FBS, 1% GlutaMax, and 1% penicillin/strepto-

mycin in a humidified incubator at 37�C and 5% CO2. Maintenance me-

dium for U2-OS cells stably expressing Förster resonance energy transfer

(FRET) biosensors was additionally supplemented with 0.1% puromycin,

0.1% doxycycline; 1% G418 was also added to medium after cells were

thawed from liquid nitrogen.

U2OS cells are female and acquired from ATCC.
Method details

Transfection and siRNA treatment

For all transfections, cells were counted using a hemocytometer, then

nucleofected using Lonza 4-D Nucleofector X Unit, following the manufac-

turer’s protocols. Unless otherwise specified, for FL2 knockdown studies,

cells were transfected with 100 pmol negative control siRNA (Sigma-

Aldrich, St. Louis, MO, USA; SIC002 or SIC001) or FL2 siRNA (Dharma-

con, Lafayette, CO, USA; ON-TARGETplus Set of four, LO-030094-01-

0002).

Förster resonance energy transfer

Stable cell line production. U2OS cell lines stably expressing either the

RhoA, Rac1, or GEF-H1 FRET biosensors under the tetracycline-inducible

promoter (tet-OFF, Clontech, Kyoto, Japan) were made and used as previ-

ously described (19). RhoA (20) and Rac1 (21) FRET biosensors have been

previously described (22). GEF-H1 FRET biosensor (23) was generously

gifted by Dr. Klaus Hahn.

Transfection and FL2 knockdown. 8 � 105 cells were nucleofected with

negative control or FL2 siRNA (as described above) and grown in a 15-cm

cell culture dish (USA Scientific, Ocala, FL, USA; CC7682-4875) without

doxycycline, puromycin, or G418 to induce biosensor expression 48 h before

imaging. After 24 h, transfected cells were trypsinized a second time then re-

plated at a 1:2 mixture ratio with untreated U2OS cells in a 35-mmMatTek

dish (MatTek, Ashland, MA, USA; P35G-1.5-14-C). Monolayer was

scratched with a 200-ul Pipette tip 12–14 h before imaging for RhoA and

Rac1 experiments and 4 h before imaging for GEF-H1 experiments. For

GEF-H1 biosensor FRET experiments, cells were additionally transfected

with pTriEX-mScarlet-NES plasmid. pTriEX-mScarlet-NES was produced

by synthesizing and inserting a full length codon optimized mScarlet (24)

at NcoI/BamHI sites in pTriEX-4 (Novagen, Sigma-Aldrich) backbone, by

using the primer pair: 50-GGATTATATAATTATATAAACCATGGTGAG-
CAAGGGCGAGGCCGTGAT-30 and 50-CGTTAATATATTAATATGGATC
CCTTGTACAGCTCGTCCATGCCGCCGG-30, followed by a nuclear

export sequence LQLPPLERLTL taken from human HIV-1 Rev protein

(25), by ligating a small linker constructed from primer pair: 50-GATCCC-
TACAGCTACCACCACTAGAGCGACTAACACTATAAC-30 and 50-TCG
AGTTATAGTGTTAGTCGCTCTAGTGGTGGTAGCTGTAGG-30 atBamHI/
XhoI sites in the pTriEX-4 (Novagen, Sigma-Aldrich) backbone. Cytoplasmic

mScarlet fluorescencewas used to define the cell edge to account for the GEF-

H1 expression pattern not necessarily coinciding with the actual cell edge

location.

Live cell imaging. Cells expressing RhoA, Rac1, or GEF-H1 biosensors

were imaged as previously described (19). Cells were washed once with

1� PBS then imaged in Ham’s F12 media þ3% FBS, argon gas sparged,

and supplemented with 1:100 diluted Oxyfluor reagent (Oxyrase, Mans-

field, OH, USA; OF-0005) and 10 mM sodium lactate. In all experiments,

cells were illuminated using 100 W Hg arc lamp, through excitation band-

pass filters: ET436/20X (Chroma Technology, Bellows Falls, VT, USA) for
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CFP, ET500/20� (Chroma Technology) for YFP, FF575/25 (Semrock, Ro-

chester, NY, USA) for mScarlet excitations, and ET480/40M (Chroma

Technology) for CFP, ET535/30M (Chroma Technology) for YFP-FRET,

and FF628/32 (Semrock) for mScarlet emissions, and imaged using a

40�/1.3 NA-DIC objective and at 2 � 2 camera binning on a pair of

PrimeBSI-Express sCMOS cameras (Photometrics, Tucson, AZ, USA), re-

sulting in an effective pixel size in object plane of 309 nm. Cells expressing

RhoA or Rac1 biosensors were imaged at 5-s intervals for 20 min, and a 0.3-

ND filter was used in the excitation path of the CFP channel to attenuate the

excitation light intensity, and 0.1-ND filter was used in the FRET emission

path to balance the relative intensities of FRET versus the CFP at the two

sCMOS cameras for simultaneous image acquisition. Cells expressing

GEF-H1 biosensor were imaged at 10-s intervals for 20 min; a 0.3-ND filter

was used in the CFP excitation path for intensity attenuation, and a 0.1-ND

filter was used for the mScarlet excitation attenuation. In the GEF-H1

biosensor imaging, a 0.1-ND filter was used in the FRET emission path

to balance the relative intensities of FRET versus the CFP at the two

sCMOS cameras during simultaneous image acquisition. Images were ac-

quired using MetaMorph ver. 7.10.4 software (RRID:SCR_002368).

Western blotting

Whole-cell lysates were obtained from cells transfected with 140 pmol of

either negative control siRNA (Sigma-Aldrich; SIC002) or FL2 siRNA

(Dharmacon; J-030094-09) as described above. Cells were lysed in ice-

cold RIPA buffer then frozen 48 h after siRNA treatment was used. A stan-

dard gel electrophoresis and Western blotting protocol was followed (26).

Blots were imaged on iBright CL1500 imaging system. FL2 band density

was normalized to the housekeeping gene GAPDH using the iBright Image

Analysis 1.4.0 software. The following antibodies were used: mouse anti-

FL2 antibody purified in-house (as described in (27)), mouse anti-GAPDH

(Fitzgerald Industries International, Acton, MA, USA; 10R-G109a, RRI-

D:AB_1285808), and peroxidase-labeled anti-mouse IgG (SeraCare,

Milford, MA, USA; 5220-0341, RRID:AB_2891080).

Immunofluorescence

1� 105 cells were nucleofected as described above then grown on glass cov-

erslips in a 24-well plate cell culture plate (Thermo Fisher Scientific, Wal-

tham, MA, USA; 3527) for 48 h. Monolayer was scratched with a 200-mL

Pipette tip 6 h before fixation. For actin experiments, cells were fixed for

10 min on ice with a fixative solution (4% paraformaldehyde, 0.1% Triton

X, and 0.15% glutaraldehyde in BRB80). For all other experiments, cells

were fixed with methanol at�20�C for 20 min. A standard immunolabeling

protocolwas then followed (26). The following antibodies anddilutionswere

used: 1:400mouse anti-tubulin (NeoMarkers, ThermoFisher Scientific;MS-

581-P1), 1:400 rabbit anti-GEF-H1 (Abcam, Cambridge, UK; ab155785,

RRID:AB_2818944), 1:400 rabbit anti-FAK (Invitrogen, Waltham, MA,

USA; 44625G), 1:400 rabbit anti-phospho-FAK (Y397) (Invitrogen;

700255), 1:800Alexa Fluor 488 anti-mouse IgG (LifeTechnologies, Thermo

Fisher Scientific; A21202), 1:800 Alexa Fluor 568 anti-mouse IgG (Invitro-

gen; A10037), 1:800 Alexa Fluor 568 anti-rabbit IgG (Invitrogen; A10042),

and 1:800 Alexa Fluor 488 anti-rabbit IgG (Invitrogen; A21206). Actin was

labeled by either 1:200 Alexa Fluor 488 phalloidin (Invitrogen; A12379) or

1:200 Alexa Fluor 568 phalloidin (Invitrogen; A12380).

Cells were imaged using a 4D spinning-disk confocal microscope

(PerkinElmer, Waltham, MA, USA) with either a 60� (1.4 NA) objective

(actin) or a 100� (1.4 NA) objective (GEF-H1, FAK, p-FAK) and a digital

camera (Orca ER; Hamamatsu, Shizuoka, Japan). Z planes¼ 0.2 mm, and Z

stack¼ 2 mm. Laser intensity and exposure timewere kept consistent across

conditions within a single experiment. Images were acquired using the Vo-

locity 6.2.2 (2013) software (RRID:SCR_002668).

Fluorescence recovery after photobleaching

Cells were transfected with siRNA (as described above) and F-Tractin-

eGFP plasmid (Addgene, Watertown, MA, USA; #58743, a gift from Dr.
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Dyche Mullins) then plated onto 35-mm MatTek dishes 48 h before imag-

ing. Monolayer was scratched with a 200-mL Pipette tip 16 h before

imaging.

Cells were imaged in phenol-free Leibovitz-15 medium supplemented

with 10% FBS, 1% GlutaMax, and 1% penicillin/streptomycin. Imaging

was performed using a Zeiss LSM 5 Live duo-scan laser scanning micro-

scope with 63� (1.4 NA) objective at a controlled temperature of 37�C.
Images were acquired and analyzed using ZEN 2009 software. The exper-

iment sequence was as follows: 20 acquisition steps at 60% laser intensity

then 1 bleaching step at 100% laser intensity at wavelength 488 nm.

Bleaching region of interest (ROI) was defined as a circle of diameter

4.7 mm. Fluorescence recovery images were acquired every 0.0667 s for

180 s.
Quantification and statistical analysis

Förster resonance energy transfer

Briefly, images were processed and analyzed as follows. Raw images were

background subtracted, shade corrected, and camera noise filtered. Flat-

field correction and pixel-by-pixel alignment (28) were performed before

being processed for ratiometric analysis (19). Corrected FRET images

were then registered to corrected CFP (cyan fluorescent protein) images

(29) before being analyzed as described in Machacek et al. (30). Leading

edge motion was tracked using a previously published algorithm (31).

Since GEF-H1 localization at the leading edge is not coincident with

the actual cell edge location, mScarlet-NES was expressed to mark the

cell cytoplasm and visualize the cell cortex in order to track the leading

edge using the edge tracking tool (31). The ROI window was 6 � 3 pixels,

which was determined to be diffusion-limited by analysis of diffusion

radius within the time-lapse time frame (30). ROI windows were moved

backward so that Pearson’s correlations were performed at specific dis-

tances proximal to the edge (30) (Fig. S2 A). Cross correlation functions

were determined between local edge motion at the leading edge to the cor-

responding local average FRET biosensor readouts (FRET/donor ratio) to

edge protrusion at various distances away from the edge (Fig. S2 A) using

MATLAB function xcov (RRID:SCR_001622). As the GEF-H1 FRET

biosensor is an inverse FRET biosensor (23), FRET biosensor data were

processed as a donor/FRET ratio instead. Otherwise, analyses were con-

ducted as was done for the RhoA and Rac1 biosensor experiments. Indi-

vidual cross correlation functions were pooled between all measurement

windows at the same distance from the leading edge and smooth-spline

fitted between all conditions (30). Average cross correlation functions

were calculated, and 95% confidence intervals were estimated by a

nonparametric bootstrap method (32).

Immunofluorescence and colocalization analyses

All images were analyzed using FIJI software (RRID:SCR_002285) and

statistical analysis performed using GraphPad Prism (RRID:SCR_002798).

ROIs were drawn around the first 5.6 mm of the leading edge of cells along

the scratch. Integrated density fluorescence values were background sub-

tracted to get a CTCF (corrected total cell fluorescence) value. CTCF values

were then normalized to the average control condition CTCF for that

experiment.

For the FAK and p-FAK IF experiments, ROIs were drawn around each

individual FAwithin the ROI defined above. CTCF values were calculated

for each individual FA and then normalized to the average CTCF of all the

FAs of the control condition for that experiment.

For the colocalization experiments, all images for a single experiment

were set to the minimum and maximum fluorescence values of the entire

data set (both control and FL2 KD conditions) then converted to 8-bit im-

ages. ROIs around the leading edge as described above were drawn. Coloc-

alization within these ROIs was analyzed by the FIJI plugin Coloc2 (33),

and the Spearman correlation values were compared between control and

FL2 siRNA-treated cells using Welch’s t-test.



FIGURE 1 RhoA but not Rac1 activation becomes increasingly polarized at the leading edge after FL2 KD. (A) Representative Western blot confirming

FL2 siRNAKD in U2OS cells. (B) Pseudocolor map of RhoA activity as indicated by the RhoA FRET biosensor in a representative siN control-treated U2OS

cell. (C and D) FRET/donor ratios of either (C) RhoA or (D) Rac1 biosensors activities were extracted for the first time point at each distance away from the

edge (Fig. S1 B, up to 5.6 mm) after control or FL2 siRNA knockdown. Mean ratios were plotted then compared between control and FL2 KD conditions

(legend continued on next page)
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Fluorescence recovery after photobleaching

Mean fluorescence values over time were extracted using FIJI for three

ROIs: bleaching area (ROIbleach, defined above), background (ROIbkgd,

defined as an area within the scratch), and the cell interior (ROIcell, defined

as an area in the cytoplasm away from the bleaching ROI). ROI sizes and

shapes were kept constant throughout the data set.

FRAP images were analyzed using an R script (RRID:SCR_001905) to

produce t1/2 and mobile fraction. The half-time to recovery (t1/2) indicates

how quickly the fluorescence is recovering (in this case, how quickly the

actin is polymerizing). The mobile fraction indicates how much the fluores-

cence recovers (in this case, how much actin is in the dynamic pool and

actively polymerizing). The process was adapted from Giakoumakis et al.

(34).

First, ROIbleach and ROIcell fluorescence values were background

subtracted using ROIbkgd fluorescence values. Background-subtracted

ROIbleach fluorescence values were 1) normalized to the pre-bleach fluores-

cence level of the bleached area and 2) corrected for photobleaching due to

imaging using the background-subtracted ROIcell fluorescence values. Cor-

rected ROIbleach fluorescence values were additionally normalized for

bleaching efficiency such that the mean pre-bleach fluorescence value

was 1 and the initial post-bleach fluorescence value was 0. Finally, a

least-squares regression fit was applied to the corrected values using R’s

NL2SOL algorithm. The starting values of the algorithm parameters were

a ¼ 0.5 and b ¼ 0.563, and the maximum number of fitting iterations

was set to 1000 steps (35). The parameters of the best-fit curve that was

determined from this algorithm were used to calculate the t1/2 and the mo-

bile fraction. The t1/2 and mobile fraction values were compared between

control and FL2 siRNA-treated cells using Welch’s t-test on GraphPad

Prism.
RESULTS

Fidgetin-like 2 knockdown polarizes RhoA, but
not Rac1, activation at the leading edge

The RhoA and Rac1 GTPases function as master signaling
regulators in adherent cell motility (36) and control the dy-
namics of actin and focal adhesion turnover (11,37,38).
Classically, RhoA and Rac1 act antagonistically through
reciprocal inhibition; however, more recent evidence sug-
gests this reciprocity is more nuanced than previously
believed (3,30). Both RhoA and Rac1 are activated by gua-
nine nucleotide exchange factors (GEFs), some of which are
regulated by MT and FA dynamics (1,7,9,13,23,39,40). FL2
depletion has been shown to enhance cell migration, but the
role of RhoA and Rac1 activity in this pathway remained
unknown. U2OS cells stably expressing either RhoA or
Rac1 FRET biosensors (22) were transfected with either
using Welch’s t-test. (*p< 0.05.) Data points represent averages of the individua

between (E–F) RhoA or (J–K) Rac1 FRET biosensor activation and edge veloc

siRNA or (F, K) FL2 siRNA treatment. Curves plotted are spline fits from p

Fig. S2 A–D). Individual curves represent various distances (up to 2.8 mm) away f

intervals, estimated by a nonparametric bootstrap method. Horizontal lines indic

windows, 21 cells; F: 462 windows, 21 cells; G: n ¼ 401 windows, 17 cells; H: 3

fication of (E0–F0) RhoA or (J0–K0) Rac1 peak correlation coefficients. (G–I and

(PACC) irrespective of time of (G, H) RhoA or (L,M) Rac1 FRET biosensor activ

from the cortex after (G, L) control siRNA or (H, M) FL2 siRNA treatment. (*p<

of (I) RhoA or (N) Rac1 involvement in edge protrusion in the first 5.6 mm away f
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control or FL2-targeting siRNA, which resulted in a 60%–
70% knockdown of endogenous FL2 after 48 h, confirmed
by Western blot (Fig. 1 A). Knockdown of FL2 by siRNA
increased MT density at the leading edge, which corrobo-
rated previous work in U2OS cells (4) and served as a sec-
ondary confirmation of FL2 depletion (Fig. S1 A). At 48 h
after transfection, the monolayer was scratched to induce
directional cell motility. After 12–14 h, biosensor activities
of the cells migrating into the wound space were imaged
(Fig. 1 B; Videos S1 and S2). Average FRET biosensor read-
outs (FRET/donor ratios), which represent Rho GTPase
activation, were measured within 0.9-mm increments up to
5.6 mm distal from the edge (Fig. S1 B). The leading edge
and the interior of the lamellipodium do not necessarily
behave uniformly due to the presence of microtubules and
FAs, so GTPase activation in these different regions is of in-
terest. This 5.6-mm region of the leading edge was analyzed
in all subsequent experiments. The overall RhoA activity
levels were significantly reduced after FL2 depletion, partic-
ularly beyond the first 0.9 mm from the leading edge (Fig. 1
C). On the other hand, Rac1 activation levels at the leading
edge did not significantly change after FL2 KD (Fig. 1 D).

RhoA activity increases contractility, whereas Rac1 acti-
vation is associated with lamellipodial protrusiveness
(10,11). Although Rac1 activity did not change after FL2
KD, the reduction in RhoA activity may allow for a stronger
effect of Rac1 promotion of leading edge protrusion, which
would encourage greater cell motility. Therefore, the effect
of these changes in RhoA but not Rac1 activation on leading
edge protrusion was determined. For the leading edge
biosensor analysis, a previously described morphodynamics
analysis package (30) was used, which determined the ki-
netic and kinematic coupling of the leading edge motion
to the FRET biosensor readouts (30,31). Cross correlation
coefficient functions between the leading edge velocities
and the changes in the FRET biosensor signals in each
cell were calculated at the edge and in 0.9-mm increments
up to 5.6 mm distal from the edge (Fig. S1 B). The average
cross correlation coefficients were then plotted against their
time lags from edge protrusion (Figs. 1 E, F, J, K, and S2 A–
D). This allowed for the correlation of Rho GTPase activity
and cell edge velocity with respect to both time and space.
Moreover, RhoA and Rac1 coordination in the lamellipo-
dium has previously been shown to have distinct
l windows in individual cells. (E and F, J and K) Curves showing correlation

ity relative to edge protrusion initiation (x ¼ 0) after either (E, J) control

ooled correlation coefficients of individual windows from cells (See also

rom the cell edge (Fig. S1 B). Dashed and dotted lines show 95% confidence

ate significance of Pearson’s correlation coefficient at p < 0.05. (E: n ¼ 440

34 windows, 17 cells). (E0 and F0 and J0 and K0) Insets show higher magni-

L–N) (G–H, L–M) Bar graphs showing peak average correlation coefficient

ation to edge protrusion at various distances (up to 5.6 mm) (Fig. S1 B) away

0.05.) (I and N) Quantitative schematic representing the spatial polarization

rom the leading edge of (G) and (L) (left) and (H) and (M) (right). To see this



FIGURE 2 FL2 depletion increases GEF-H1 sequestration by MTs at the leading edge. (A) Violin plot of GEF-H1 fluorescence intensity after control or

FL2 siRNA treatment (n¼ 41,39 cells; Welch’s t-test, ***p< 0.001). Data points represent individual cells. (B) Violin plot of Spearman r correlation of GEF-

H1 and tubulin immunofluorescence (indicating colocalization) after control or FL2 siRNA treatment. (n¼ 33, 32 cells; Welch’s t-test, *p< 0.05) Datapoints

represent individual cells. (C) Representative immunofluorescence images of U2OS cells along a scratch stained for GEF-H1 (red) and tubulin (green).

Colored lines indicate 5.6-mm-wide region analyzed in (A) and (B). (D and E) Curves showing correlation between GEF-H1 FRET biosensor activation

and edge velocity relative to edge protrusion initiation (x¼ 0) after either (D) control or (E) FL2 siRNA treatment. Curves plotted are spline fits from pooled

correlation coefficients of individual cells. Individual curves represent various distances (up to 2.8 mm) away from the cell edge (Fig. S1 B). Dashed and

dotted lines show 95% confidence intervals, estimated by a nonparametric bootstrap method. Horizontal lines indicate significance of Pearson’s correlation

coefficient at p < 0.05. (D: n ¼ 341 windows, 22 cells; E: 457 windows, 25 cells). (D0–E0) Insets show higher magnification of peak correlation coefficients.

All experiments performed in triplicate. (F) Bar graphs showing PACC of GEF-H1 FRET biosensor activation irrespective of time to edge protrusion at

various distances (up to 5.6 mm) (Fig. S1 B) away from the cortex after control or FL2 siRNA treatment. (n ¼ 341 windows/22 cells (siN control), 457

(legend continued on next page)
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lamellipodial sublocalizations both spatially and tempo-
rally: Rac1 activation peaks at the edge just after the initia-
tion of a protrusion, and RhoA activation peaks just behind
Rac1 at the start of a protrusion (30). The appearance of
distinct peaks in the average cross correlation functions
pointed to a cyclical nature of the edge fluctuations, as evi-
denced by the edge velocity autocorrelation functions
(Fig. S1 C). The peak correlation coefficient at each distance
increment (Fig. S1 B) away from the edge was also plotted
(Fig. 1 G, H, L, and M). Finally, the peak correlation values
were depicted visually by applying a pseudocolor scale
adjusted linearly (Fig. 1 I and N).

FL2 depletion significantly altered the spatial activation
patterns of RhoA at the leading edge. In cells treated with
control siRNA, RhoA activation was significantly correlated
to edge motion up to 2.8 mm away and particularly tightly
correlated just behind the leading edge (0.9–1.9 mm). The
peak cross correlation coefficient gradually decreased
beyond the 2.8-mm distance from the edge (Fig. 1 E, G,
and I). In contrast, after FL2 siRNA-mediated KD, average
cross correlation coefficient peaks were dramatically abro-
gated beyond the first 1.9 mm away from the edge (Fig. 1
F and H), resulting in a strongly polarized, forward bias to
the coupling of RhoA activity to the cell edge motion
(Fig. 1 I). This suggests that FL2 KD enhances cell motility
by reducing RhoA activation and producing an overall for-
ward asymmetry of RhoA activity coupling to cell edge
motion (reflected in the schematics in Fig. 1 I). As a result,
the leading edge maintains a balance of Rac1-mediated pro-
trusiveness and RhoA-mediated contractility, and the lamel-
lipodial body is governed mostly by Rac1 activity due to the
polarized decrease in correlation between RhoA activity and
edge dynamics, which all together leads to an increase in
cell migration.

In contrast to RhoA, Rac1’s correlation with leading edge
protrusion was not as asymmetric. In control-treated cells,
Rac1 FRET biosensor activation was strongly tied to leading
edge protrusion throughout the analyzed region, though it
was only significantly correlated within 0.9–1.9 mm behind
the leading edge (Figs. 1 J, L, N, and S2 C). In FL2-depleted
cells, cross correlation values increased uniformly across the
analyzed region relative to control cells (Fig. 1 K and M),
though the difference was not significant (Fig. S1 D);
Rac1 activity remained significantly correlated to edge pro-
trusion in roughly the same area (Figs. 1 J, K, and S2 D).
Importantly, the same spatial patterns of Rac1-protrusion
coupling remained in both control and FL2 depletion condi-
tions (Fig. 1 N). These results indicate that the increase in
cell migration after FL2 depletions occurs as a result of
decreased RhoA, but not Rac1, activation at the lead-
ing edge.
windows/25 cells (siFL2); Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.00

local GEF-H1 FRET biosensor activation to leading edge protrusion at various

dows, 22 cells (siN control); 457 windows, 25 cells (siFL2)). To see this figure
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FL2 KD leads to increased sequestration of the RhoA acti-
vator GEF-H1 by MTs

The decrease in RhoA activation after depletion of the MT
regulator FL2 pointed to the involvement of a regulator of
RhoA activity, controlled by an MT-FL2 mechanism. We
turned to GEF-H1, an activator of RhoA (39,40), which is
known to be involved in RhoA’s regulation of both focal
adhesion turnover and leading edge dynamics (39,40).
Moreover, GEF-H1 is itself sequestered and inactivated by
MTs (30,39), allowing for tight and localized control of
RhoA activation at the leading edge (40). To determine
whether the decrease in RhoA activation was due to MT
sequestration of GEF-H1, immunofluorescence was used
to determine GEF-H1 localization during a scratch assay af-
ter FL2 KD. Immunofluorescence analysis revealed both an
increase in GEF-H1 at the leading edge (Fig. 2 A and C) as
well as stronger colocalization with MTs (Fig. 2 B and C)
after FL2 depletion. This suggested greater sequestration
of GEF-H1 by the increased density of MTs found locally
at the leading edge after FL2 depletion (Fig. S1 A).

Next, changes in GEF-H1 activation due to theMT seques-
tration after FL2 depletion were assessed. U2OS cells stably
expressing a GEF-H1 biosensor (23) were treated with either
control or FL2-targeting siRNA. Cells were imaged and
analyzed similarly to the RhoA and Rac1 biosensors. In cells
treated with control siRNA, GEF-H1 activation was most
tightly correlated with edge protrusion up to 1.9 mm away
from the cortex. The peak cross correlation coefficient
decreased beyond the 1.9 mm distance from the edge (Fig. 2
D, D0, and S2 E). Importantly, it followed the general pattern
of spatial correlation found in the FRET experiments with
its substrate RhoA. Similarly, after FL2 siRNA-mediated
KD, which increased GEF-H1 sequestration by MTs, peak
cross correlation coefficients significantly decreased (Figs. 2
E, E0, F, and S2 F). Together, these data strongly suggest a
link between FL2’s microtubule-severing activity and its ef-
fects onRhoAGTPase involvement in leading edge protrusion
during cell migration.
FA turnover, but not actin polymerization, increases after FL2
KD

FAs, which in previously published work have shown an in-
crease in size after FL2 depletion (4,27), are known to be regu-
lated by RhoA (37): RhoA promotes FA maturation (10), and
its constitutive activity leads to decreased FA turnover (41).
Although increased FA size can often impede cell movement,
FA size at the leading edge after FL2 KD increases to the
optimal size that allows for greater cortical traction without
impedingmovement (4,27). To determine if there is an accom-
panying increase in FA turnover to maintain sufficient FA
1, ****p < 0.0001). (G) Quantitative schematic representing correlation of

distances away from the leading edge (up to 5.6 mm) (Fig. S1 B) (341 win-

in color, go online.
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dynamics, the effect of FL2 siRNA-mediated knockdown on
FAK localization at the leading edge was determined using
immunofluorescence. FAK, which is activated by phosphory-
lation (p-FAK) (14,15), is one of the determinants ofFAbreak-
down (3,13,15,42). Both FAK (Fig. 3 A and B) and p-FAK
(phosphorylated at Y397, indicating FAK activation (43))
(Fig. 3 C and D) localization to the leading edge increased
significantly after FL2 depletion. Corroborating previous
work (4), there was a significant increase in the size (Fig. S3
C and D) but not the number (Fig. S3 E and F) of FAs, as
defined by FAK and p-FAK staining.

Since actin at the leading edge can also be modulated by
RhoA (37), immunofluorescence was used to assess changes
in actin density after FL2 depletion. Cells were treated with
either control or FL2 siRNA, scratched to induce migration,
and then fixed and stained using phalloidin. Phalloidin stain-
ing in the 5.6-mm-wide region analyzed did not significantly
change after FL2 KD (Fig. S3 A). Lamellipodial actin is
often more dynamic in cells that are actively migrating, as
the lamellipodium constantly shifts and probes the environ-
ment (8). FRAP was utilized to determine whether FL2
depletion affected actin dynamics rather than density. Cells
were transfected with F-Tractin-eGFP (an F-action probe
(44)) and either control or FL2 siRNA before the monolayer
was scratched to induce migration. Actin dynamics were not
significantly affected by FL2 depletion: the half-time to re-
covery was not altered by FL2 KD (Fig. S3 B). Altogether,
these data suggest that FL2 depletion enhances cell migra-
tion through an increase in FA turnover at the leading
edge rather than changes in lamellipodial actin dynamics.
DISCUSSION

Fidgetin-like 2 regulates cell migration via RhoA
and FAK activation

The data described here suggest a model in which FL2’s
MT-severing activity suppresses cell migration by broadly
enhancing RhoA activation at the leading edge through
release of GEF-H1 from dynamic MTs. Activated RhoA
in spatially expansive regions at and away from the leading
edge reduces the relative signaling asymmetry and initiates
signaling pathways that result in edge retraction and more
stable FAs (9). Our results indicate how FL2 determines
the relative forward bias of the RhoA signaling pathway
to control leading edge protrusion dynamics and adhesion
strength. RhoA and Rac1 activation are regulated recipro-
cally, as are their downstream effectors (10). Both RhoA
and Rac1 activation patterns under control treatment
reflected previous studies with other adherent cells
(23,30,40). Although GEF-H1 activation at the leading
edge reflected the results reported in Azoitei et al. (23)
FIGURE 3 FL2 knockdown results in increased

focal adhesion turnover at the leading edge. (A–D)

(A and C) Representative immunofluorescence im-

ages of U2OS cells along a scratch stained for (A)

FAK or (C) p-FAK. Red lines indicate 5.6-mm-

wide region of leading edge analyzed in (B and D).

(B and D) Scatterplots of fluorescence intensity of

(B) FAK and (D) p-FAK. Data points represent indi-

vidual FAs. (B: n ¼ 2569,3057; D: n ¼ 1458,1426,

mean 5 SEM; Welch’s t-test, *p < 0.05,

****p < 0.0001). To see this figure in color, go on-

line.
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FIGURE 4 Model of proposed pathway. Left: in the control condition, FL2 severs microtubules at the leading edge, releasing GEF-H1 to activate RhoA,

which regulates FA turnover via FAK (pink) and p-FAK (black checked pattern) to suppress cell motility. Wider solid green arrows indicate involvement in

edge protrusion dynamics, and solid and dashed black arrows indicate the pathway FL2 initiates directly and indirectly, respectively. Red and green indicate

inactivation and activation, respectively, for GEF-H1 and the Rho GTPases. Right: after FL2 siRNA knockdown, the intact MTs continue to sequester GEF-

H1 and suppress this pathway, leading to an associated increase in FA turnover via FAK and p-FAK to promote cell migration. To see this figure in color, go

online.

For a Figure360 author presentation of Figure 4, see https://doi.org/10.1016/j.bpj.2022.12.018.
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spatially, the temporal coordination with edge protrusion did
not. This may be due to a difference in cell types, as the tem-
poral correlation of RhoA activation with edge protrusion
was also different (23). Discrepancies in substrate likely
also contributed to the differences reported (23). Together,
Rac1 and RhoA reciprocal activation helps to generate the
lamellipodial protrusion-retraction cycle (30) as well as
the FA assembly-disassembly cycle (10,23,30,45) that are
essential for efficient cell migration.

FL2 depletion disrupts the Rac1-RhoA balance via GEF-
H1 to fine-tune cell migration. GEF-H1 and MT dynamic
instability already go hand in hand: stochastic switches be-
tween growth and shrinkage bind and release GEF-H1 to
cyclically activate RhoA during the retraction phase of
edge dynamics (1,40). FL2 depletion increases the density
of specifically dynamic MTs, which are crucial for regula-
tion of cell movement (4). These MTs bind and sequester
a portion of the GEF-H1 population so that it cannot be acti-
vated, particularly just behind the leading edge. This leads
to a clearly polarized decrease in local RhoA activation
(Fig. 4) in the same region. Not only is RhoA overall less
activated here, but its activity is less correlated with leading
edge dynamics. It must be noted that we cannot rule out the
effect of GEF-H1 on other Rho isoforms, such as RhoC.
3608 Biophysical Journal 122, 3600–3610, September 19, 2023
Future work may elucidate the role of these Rho isoforms
in FL2’s regulation of cell migration.

The decrease in RhoA activation seen at the leading edge
after FL2 depletion leads to both a shift in FA size (4) as
well as recruitment of FAK, a marker of FA disassembly.
FAK is normally recruited to FAs in its auto-inhibited state
where it binds to both integrins and structural proteins, such
as paxillin (3). FAK activation, indicated by Y397 phos-
phorylation, opens the kinase domain to phosphorylate
and disassemble structural proteins of the FA (15). Rapid
FA turnover and FAK phosphorylation are inversely corre-
lated to RhoA activity (9,46), as FAK is responsible for
breaking down FAs in preparation for the forward lamellipo-
dial surge (9). The exact mechanism by which decreased
RhoA activity in these cells leads to increased FAK recruit-
ment and phosphorylation at the leading edge remains to be
elucidated (3). Regardless, the increased FAK activation
seen after FL2 depletion, which is required for increased
FA turnover, likely accommodates the concurrent increase
in FA size (3,45).

Although decreased RhoA activity is associated with FA
turnover, increased Rac1 activity is associated with den-
dritic actin polymerization (11). Consistent with the lack
of significant change in Rac1 biosensor activation after

https://doi.org/10.1016/j.bpj.2022.12.018
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FL2 KD, actin density and dynamics at the leading edge also
did not appear to change significantly.

Altogether, these results show that FL2 depletion en-
hances cell migration primarily through a mechanism
involving decreased RhoA activity and optimized FA dy-
namics at the leading edge (Fig. 4).

Nuance is the name of the game: Fidgetin-like 2 knockdown
reflects the subtle, finely tuned nature of efficient cell motility

FL2’s regulation of cell migration demonstrates the nuanced
and delicate balance required for such a complex cellular
process. The transient depletion of this hyper-localized
enzyme significantly enhances in vitro cell migration as
well as in vivo tissue repair in multiple different therapeutic
contexts without any apparent risk of hypermotility. The
strictly reciprocal relationship between Rac1 and RhoA is
turning out to be an oversimplification (30), and this is
corroborated by our findings. Depletion of FL2 has distinct,
noninverse effects on Rac1 and RhoA activation kinetics at
the leading edge, which optimizes migration. The increase
in FA size after FL2 KD is also specifically tuned for
more efficient movement: FA area increased to the optimal
size for strong traction without being too large to disas-
semble quickly (4).

Further exploration into the relationship between FL2 and
the actin cytoskeleton at the leading edge is still necessary.
Although immunofluorescence and FRAP did not reveal any
significant effect on actin after FL2 KD, these techniques
only offer broad characterizations of the actin population.
Delving into more specific and nuanced features of actin dy-
namics is likely to reveal more about its involvement in FL2
regulation and activity during cell migration. Deeper inves-
tigations into this unusual enzyme will expand upon current
understanding of the complex cell migration machinery as
well as provide a biological foundation for a promising
therapeutic.
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