
Hu, Sci. Adv. 8, eabl3667 (2022)     23 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 12

C E L L  B I O L O G Y

Local temporal Rac1-GTP nadirs and peaks restrict cell 
protrusions and retractions
Jianjiang Hu*, Xiaowei Gong, Staffan Strömblad*

Cells probe their microenvironment using membrane protrusion-retraction cycles. Spatiotemporal coordination 
of Rac1 and RhoA GTP-binding activities initiates and reinforces protrusions and retractions, but the control of 
their finite lifetime remains unclear. We examined the relations of Rac1 and RhoA GTP-binding levels to key pro-
trusion and retraction events, as well as to cell-ECM traction forces at physiologically relevant ECM stiffness. High 
RhoA-GTP preceded retractions and Rac1-GTP elevation before protrusions. Notable temporal Rac1-GTP nadirs 
and peaks occurred at the maximal edge velocity of local membrane protrusions and retractions, respectively, 
followed by declined edge velocity. Moreover, altered local Rac1-GTP consistently preceded similarly altered trac-
tion force. Local optogenetic Rac1-GTP perturbations defined a function of Rac1 in restricting protrusions and 
retractions and in promoting local traction force. Together, we show that Rac1 plays a fundamental role in restrict-
ing the size and durability of protrusions and retractions, plausibly in part through controlling traction forces.

INTRODUCTION
Cell membrane protrusions and retractions are highly dynamic 
membrane structures involved in cell–extracellular matrix (ECM) 
interactions, cell migration, and invasion (1–3). Local dynamic cell 
membrane protrusion-retraction cycles provide cells with probing, 
exploratory ability of the surrounding microenvironment (4–6). The 
Rho family small guanosine triphosphatases (GTPases) RhoA and 
Rac1 cycles between guanosine 5′-triphosphate (GTP)–bound and 
guanosine diphosphate (GDP)–bound states and are central regulators 
of cytoskeletal dynamics, cell-ECM adhesions, and myosin contrac-
tion (7–10). Coordination of their GTP-bound activities governs 
protrusion and retraction initiation and reinforcement (11, 12). 
During membrane protrusion of mammalian cells on glass, RhoA 
activity and recruitment of the RhoA effector mDia (Diaphanous- 
related formin) precedes Rac1 and Cdc42 activation (11–14). Rac1-
GTP promotes local cell-ECM adhesion and actin filament assembly 
that drive cellular protrusions (7, 8, 15), while RhoA-GTP promotes 
cell- ECM adhesion maturation, stimulates actin polymerization at the 
front of the lamellipodia (16), and enhances interactions between myosin 
and actin filaments to drive local contractility. This way, RhoA 
promotes the initiation and reinforcement of both protrusions and 
retractions (17–19). Thus, Rac1-GTP and RhoA-GTP produce 
cell shape changes with force application at cell-ECM adhesions 
(8, 16, 17, 20, 21). Local protrusive and contractile forces, in turn, 
redistribute or reorganize actin filaments, adhesions, and their regula-
tors (22–24). However, it remains unclear how initiated and reinforced 
protrusions and retractions may be restrained to facilitate the natu-
rally occurring dynamic cycles of local protrusions and retractions and 
whether this restrain might involve local alterations of cell-ECM forces.

RESULTS
The mechanics of the cellular microenvironment, including the 
substrate stiffness, affects cell membrane behavior and signaling (23–26). 
Because conventional glass/plastic surfaces are in the million-fold 

range stiffer (1 to 7 GPa) than mammalian tissues (27), we provided 
HT1080 human fibrosarcoma cells with collagen type I of physio-
logically relevant stiffness coated onto a polyacrylamide (PAA) gel 
(6.9 kPa) (28, 29) also surface-labeled with red fluorescent beads to 
accommodate traction force measurements (30, 31). Genetically 
encoded fluorescence resonance energy transfer (FRET)–based bio-
sensors were used to capture Rac1-GTP or RhoA-GTP levels and 
the membrane protrusion and retraction dynamics (Fig. 1) (16, 32, 33). 
Three-dimensional (3D) FRET imaging with lattice light sheet micros-
copy revealed that the vast majority of the Rac1-GTP and RhoA-
GTP were located at the cell-ECM interface (figs. S1 and S2). At 
membrane ruffles, we observed limited Rac1-GTP and high RhoA-
GTP levels, the latter as previously suggested (figs. S3 and S4) (16, 33). 
We then used conventional confocal microscopy to simultaneously 
capture Rho GTPase activities and traction forces at submicrometer 
resolution with 10-s time interval near the cell-ECM interface.

To analyze our time-lapse images, we applied the window sam-
pling method developed by the Danuser Lab (11, 13) to segment the 
entire cell into 1 m by 1 m windows that were tracked over time. 
This derived time series of local membrane edge dynamics and the 
corresponding Rac1-GTP/RhoA-GTP and traction force levels in 
each window from the cell edge to the cell center (Fig. 2, A and B, 
and movie S1). By aligning and averaging thousands of time series, 
we obtained a quantitative measure of the relation between the highly 
localized protrusion/retraction membrane dynamics and the dynamic 
alterations of Rac1-GTP, RhoA-GTP, and traction force levels.

We aligned the time series of all windows from the different cells 
according to four different edge motion events (11, 13): protrusion 
onset, maximal protrusion velocity (protrusion Vmax), retraction 
onset, and maximal retraction velocity (retraction Vmax). This allowed 
us to quantify the dynamics of the mean Rac1-GTP, RhoA-GTP, 
and traction force levels at different depth layers of the cell at the 
time periods surrounding each of these four edge motion events 
(Fig. 2C). Switching the sector width from 1 to 5 m did not affect 
the patterns of the result maps, displaying robustness of the results 
over different window sizes (fig. S5). We found that the majority of 
Rac1-GTP and RhoA-GTP signals were located within 2 m from 
the cell edge, while the highest traction force level was located 4 to 
6 m away from the cell edge, with a lower but correlating traction 
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force at a depth of 1 to 2 m (fig. S6). The universally low-level sig-
nals in the first window (0 to 1 m away from the segmented cell 
edge) were most likely caused by segmentation imperfection. To 
avoid edge segmentation errors to cause artificial data fluctuations 
while entailing the most meaningful signals, we used the Rac1-GTP, 
RhoA-GTP, and traction force signals from the second sampling 
windows (1 to 2 m away from the segmented cell edge) for further 
analysis (Fig. 3, A to E).

At the protrusion onset, high RhoA-GTP levels at the cell edge 
arose 20 to 30 s before an elevation of Rac1-GTP levels, in turn, 
occurring approximately 40 s before the protrusion onset that was 
paralleled by increased local traction force (Fig. 3A). High RhoA-GTP 
also appeared before the retraction onset, while traction force levels 
decreased before the retraction onset (Fig. 3A). These Rac1 and RhoA 
dynamics are consistent with previous studies (7, 9, 11, 12, 14, 16, 32, 34) 
performed on glass/plastic surfaces with approximately million-fold 
higher stiffness, suggesting robustness of cell membrane dy-
namics regulation across environments with different mechanical 
properties.

Rac1-GTP levels gradually decreased after protrusion onset to 
reach a nadir at the protrusion Vmax (Fig. 3A). Thus, a Rac1-GTP 
nadir at the protrusion Vmax occurs at a restriction point, after which 
the membrane velocity slows down. Conversely, Rac1-GTP increased 
during retractions to reach a peak at the retraction Vmax (Fig. 3A), 
suggesting that a Rac1-GTP peak occurs at the restriction point for 
cell membrane retractions.

In contrast to Rac1-GTP levels, RhoA levels gradually increased 
before the protrusion Vmax and reached a peak 20 to 30 s after the 
protrusion Vmax. Before the retraction Vmax, RhoA levels began to 
decrease and reached a low 20 to 30 s after the retraction Vmax 
(Fig. 3A). Around the protrusion and retraction Vmax, Rac1-GTP 

level alterations were also followed by RhoA-GTP level changes in 
the opposite direction (Fig. 3, A and D). RhoA-GTP and Rac1-GTP 
levels were inversely correlated around all four key membrane edge 
motion events (Fig. 3A), consistent with a RhoA-Rac1 inhibitory 
cross-talk (1, 9, 11, 34–36).

Rac1-GTP levels displayed a positive correlation with traction 
force levels around each of these four membrane movement events 
with Rac1-GTP alterations preceding traction force changes by 
approximately 40 s (Fig. 3, A and E). Unexpectedly and contrary to 
Rac1-GTP, the local RhoA-GTP level fluctuations displayed a neg-
ative correlation with local traction force alterations around each of 
the four membrane movement events (Fig. 3, A and E).

The local Rac1-GTP nadirs and peaks at the protrusion and re-
traction Vmax made us hypothesize that Rac1-GTP levels may play a 
central role in restraining membrane protrusions and retractions. 
We therefore focused on Rac1 and postulated predictions that could 
be used for functional testing by available optogenetics-based local 
Rac1-GTP perturbations (Fig. 4). We predicted how local induction 
of Rac1-GTP or Rac1-GDP (inhibiting Rac1-GTP) before pro-
trusion or retraction Vmax would affect the velocity and the dura-
tion of protrusions and retractions, as well as its influence on 
local traction force (Fig. 4A). There is also the alternative possibil-
ity that the Rac1-GTP level changes are the consequence of the 
membrane dynamics rather than executing a regulatory role. This 
alternative would predict no membrane dynamic changes upon 
Rac1- GTP perturbation. According to our predictions in Fig. 4A, we 
designed and performed Rac1 perturbation experiments with ge-
netically encoded optogenetic tools. Photoactivatable “constitutively 
active” Rac1-GTP [PA-Rac1(Q61L)] or “dominant- negative” Rac1-
GDP [PA-Rac1(T17N)] (37) were induced by blue light in a small 
region of the HT1080 cells (Fig. 4B). As predicted by our hypothesis, 

Fig. 1. Schematic experimental setup. (A and B) Genetically encoded fluorescent probes used in this study. (A) Schematic structures of Rac1-2G, RhoA-2G, and 
LifeAct-RFP670 biosensors. (B) The table shows the excitation and detection settings of the fluorescent probes used in this study. (C) Schematic image of the platform 
for simultaneous measurement of highly resolved GTP-binding activity, cell traction force, and cell membrane movements. HT1080 human fibrosarcoma cells stably 
expressing genetically encoded FRET biosensors were used to capture Rac1-GTP or RhoA-GTP levels. Cells were seeded onto a collagen type I–coated surface with a 
physiologically relevant stiffness (Young’s modulus, 6.9 kPa) also surface-labeled with red fluorescent beads to accommodate traction force measurements. Signals were 
captured via the objective at the bottom providing submicrometer resolution. TFM, traction force microscopy.
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activation of PA-Rac1-GTP enhanced membrane protrusions 
and restricted retractions, while activation of PA-Rac1-GDP restricted 
the ongoing protrusions and enhanced the retractions, both in 2D 
(Fig. 5, A and B) and in a 3D collagen gel (Fig. 5, C and D).

The window sampling method provided detailed quantitative 
results of the 2D derived time-lapse images, which allowed us to 
quantitatively compare the local membrane behavior differences 

before and after the local photoactivation. Induction of PA-Rac1-GTP 
before protrusion Vmax extended the time until Vmax was reached 
and also increased the Vmax value. Consequently, the membrane 
protrusion distance was extended. The longer the time that the 
PA-Rac1-GTP was induced before the membrane protrusion Vmax, 
the stronger the protrusion elevation was (Fig. 6, A and B). On the 
contrary, induction of PA-Rac1-GDP before protrusion Vmax led 

Fig. 2. Spatiotemporal analysis of Rac1-GTP, RhoA-GTP, and traction forces at key cell membrane events. (A) Sample images of GTP-bound activity, traction force, 
and cell membrane movements. The sample images show the acquired Rac1-GTP level (left), traction force (middle left), outlay of the window sampling (middle right), 
and zoom-in of the window sampling (right). Rac1-GTP [arbitrary units (a.u.)] and traction force (pascal) levels are shown in pseudo-colors (inset scales). Window sampling 
images: pink, segmented cell area; black lines, cell sampling into 1-m-wide cell edge windows based on local geometry. White, window numbering along the cell edge. 
Red arrows, instant edge sector velocity indicating cell membrane movement direction and velocity (length of arrows). Scale bar, 20 m. (B) Temporal GTPase activity, 
traction force, and cell edge velocity. Registered and smoothed GTP-bound activity (left) and traction force (middle) levels in the second windows (1 to 2 m from the cell 
edge) all around the cell displayed over time as kymographs, with the corresponding edge velocity (right). Pseudo-colors according to the indicated scales. (C) Rac1-GTP, 
RhoA-GTP, and traction force levels around key cell membrane events. The measurements in segmented cell membrane edge sectors (1 m wide) aligned to cell mem-
brane protrusion onset, maximal protrusion velocity (protrusion Vmax), retraction onset, and maximal retraction velocity (retraction Vmax). Rac1-GTP, RhoA-GTP, and trac-
tion force mean levels at different depths of the cell (1 to 10 m; y axis) around the specific time points (−120 to +120 s; x axis) shown in pseudo-colors. Sample size: 
Rac1-GTP and traction force, 5852 protrusions and 3817 retractions from 13 cells of two experiments; RhoA-GTP, 8732 protrusions and 4244 retractions from 23 cells of 
four experiments.
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Fig. 3. Localized temporal Rac1-GTP nadirs and peaks at the cell membrane maximum velocity of protrusions and retractions. (A) Rac1-GTP, RhoA-GTP, and trac-
tion force levels around key cell membrane events. The mean values of Rac1-GTP, RhoA-GTP, and traction force levels at the second window (1 to 2 m from the segmented 
cell edge) before and after the protrusion onset, protrusion Vmax, retraction onset, and retraction Vmax, extracted from the data represented in Fig. 2C. The raw data were 
normalized with the z score method before calculating the mean values. Solid lines show the mean values, and the shadows show the 95% confidence intervals. Sample 
size: Rac1-GTP (velocity and traction force), 5852 protrusions and 3817 retractions from 13 cells of two experiments; RhoA-GTP, 8732 protrusions and 4244 retractions 
from 23 cells of four experiments. (B to E) Cross-correlation analyses between cell edge velocity, Rac1-GTP, RhoA-GTP, and traction force. Cross-correlation analysis of 
mean Rac1-GTP (purple), RhoA-GTP (blue), and traction force (orange) levels in the second window (1 to 2 m from the segmented cell edge) and corresponding cell edge 
sector mean velocity (green) toward each other around protrusion onset, protrusion Vmax, retraction onset, and retraction Vmax. The cross-correlation analysis is centered 
on (B) cell edge velocity, (C) Rac1-GTP levels, (D) RhoA-GTP levels, and (E) traction force levels. Cross-correlation results are shown in colored lines as indicated on the left 
side of each graph.

Fig. 4. Predictions of the effects of local Rac1 perturbations. (A) Predictions of the effects of local Rac1 perturbations on cell membrane protrusions and retractions. 
The table indicates how activation (upward purple arrows) or inhibition (downward purple arrows) of Rac1-GTP before Vmax would alter cell membrane velocity Vmax and 
total membrane movement distance (green arrows), as well as the local traction force (yellow arrows). Arrow directions indicate predicted directions of change. Summary 
of the predictions: Local increase in Rac1-GTP levels before protrusion Vmax will lead to later and higher protrusion Vmax and longer protrusion distance. Inhibition of Rac1-
GTP before protrusion Vmax will lead to earlier and lower protrusion Vmax and shorter protrusion distance. Increase in Rac1-GTP levels before retraction Vmax will lead to 
earlier and lower retraction Vmax and shorter retraction distance. Inhibition of Rac1-GTP levels before retraction Vmax will lead to later and larger retraction Vmax and longer 
retraction distance. Local increase in Rac1-GTP levels will increase the local traction force level in both protrusions and retractions, while inhibition of Rac1-GTP will de-
crease the local traction force levels in both protrusions and retractions. (B) Schematic image of optogenetic Rac1 perturbation setup. Local Rac1-GTP activity in a small 
region of the cells was elevated by constitutively active Rac1-GTP [PA-Rac1(Q61L)] or inhibited by dominant-negative Rac1-GDP [PA-Rac1(T17N)] with blue light. Cell 
membrane dynamics and traction force were imaged and quantified by confocal microscopy at 5-s intervals before, during, and after the perturbations.
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to earlier Vmax arrival time, lower Vmax, and a shorter protrusion 
distance. In addition, in this case, the longer the time before protru-
sion Vmax that PA-Rac1-GDP was induced, the earlier and smaller 
Vmax and the shorter the protrusion distance were (Fig. 6, C and D). 
Thus, replacing the Rac1-GTP nadir occurring at the protrusion 
Vmax with induction of Rac1-GTP caused prolonged protrusions, 
while enhancing the Rac1-GTP nadir through induction of Rac1-
GDP further restricted the protrusions. This strongly indicates that 
the Rac1-GTP nadir functions to restrict protrusions.

Induction of PA-Rac1-GTP before retraction Vmax shortened the 
time to Vmax, lowered the Vmax, and shortened the membrane re-
traction distance, all with a stronger effect the earlier the Rac1-GTP 
activation was added (Fig. 7, A and B). In contrast, local induction 
of PA-Rac1-GDP before retraction Vmax delayed Vmax occurrence, 
increased Vmax, and prolonged the retraction distance (Fig. 7, C and D). 
This means that enhancement of the Rac1-GTP peak occurring at 
retraction Vmax further restricted the retractions, while counteracting 
this Rac1-GTP peak reversed the naturally occurring restriction. 
This indicates a regulatory role for the Rac1-GTP peak in the re-
striction of membrane retractions.

Our finding of a consistent positive cross-correlation, where 
Rac1-GTP preceded traction force around the key membrane events 
(Fig. 3, A and E), suggests that Rac1-GTP may induce traction force. 
This suggestion was functionally validated since optogenetic activa-
tion of PA-Rac1-GTP increased traction force levels, while PA-
Rac1-GDP inhibited the traction force within the cellular region 
exposed to optical PA-Rac1-GDP activation (Fig. 8, A to C). The 
window sampling-based quantification showed that, in both protrusion 
and retraction windows, induction of PA-Rac1-GTP increased the 
local traction force, while PA-Rac1-GDP decreased the local traction 
force (Fig. 8, D and E). Together, this defines a role for Rac1-GTP in 
the promotion of traction forces.

DISCUSSION
We here define a broad role for Rac1 in the control of cell membrane 
dynamics, confirming its role in membrane protrusion initiation 
(1, 7, 11) and assigning previously unidentified functions for Rac1 in 
the restriction of both membrane protrusions and retractions. Thus, 
highly localized and temporally precise regulation of Rac1-GTP levels 

Fig. 5. Local optogenetic Rac1 perturbations affect protrusions and retractions of HT1080 cells in 2D and 3D. (A and B) Sample time-lapse images of membrane 
protrusions and retractions upon Rac1 perturbations in HT1080 cells on collagen type I–coated PAA gel. Photoactivation of Rac1-GTP [PA-Rac1(Q61L)] or Rac1-GDP [PA-
Rac1(T17N)] was performed in protruding (A) or retracting (B) cell areas. Cell images 45 s before photoactivation starts are shown in gray, as well as the following cell edge 
dynamics in pseudo-color coding for different time points as indicated. Yellow shows the photoactivation starting time point. Cold and warm colors show the cell edge 
location before and after the start of the photoactivation at the time points indicated in the insets. (C and D) Sample time-lapse images of membrane protrusions and 
retractions upon Rac1 perturbations in HT1080 cells embedded in 3D collagen. Photoactivation of Rac1-GTP [PA-Rac1(Q61L)] or Rac1-GDP [PA-Rac1(T17N)] was per-
formed in protruding (C) or retracting (D) cell regions. Cell images 90 s before photoactivation starts are shown in gray, as well as the following cell edge dynamics in 
pseudo-color coding for different time points as indicated. Yellow shows the photoactivation starting time point. Cold and warm colors show the cell edge location before 
and after the start of the photoactivation at the time points indicated in the insets.
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appears to be central for the dynamic membrane protrusion- retraction 
cycles that cells use to probe the microenvironment (38, 39). Consist ently, 
Rac appears critical for the probing behavior in Dictyostelium (40).

We conclude that local Rac1-GTP nadirs limit cell membrane 
protrusions. Low Rac1-GTP levels are linked to sparse non-networked 
membrane-proximal F-actin (15) and limited nascent adhesions 
(8). Given that both F-actin meshwork density and cell-matrix 
adhesions provide forces supporting cell membrane protrusions, we 
propose that the low Rac1-GTP at Vmax may cause reduced mem-
brane support that restrains the local protrusion velocity (Fig. 9, left). 
The Rac1-GTP peak-mediated restriction of cell membrane retrac-
tions may work in the opposite manner. High Rac1-GTP is linked 
to a dense membrane-proximal F-actin meshwork (15) and abun-
dant nascent adhesions (8). We thereby infer that the high Rac1-
GTP at retraction Vmax may result in abundant F-actin and cell-matrix 
adhesions, which reduce the local retraction velocity by their strong 
supporting force to resist membrane retraction (Fig. 9, right). However, 
while Fam49 (family of unknown function 49)/CYRI (CYFIP-related 
Rac interactor)- and ARHGAP39 (Rho GTPase activating protein 39)– 
mediated Rac1 inhibition can inhibit protrusions and a large 
number of guanine nucleotide exchange factors, GTPase activating 
proteins, guanine nucleotide dissociation inhibitors, and the local 
GTP pool can control Rac1-GTP levels (8, 9, 41), it remains to be 
investigated how Rac1-GTP levels may be regulated to form local 
temporal nadirs and peaks during the heights of protrusions and 
retractions. Besides Rac1-GTP dynamics, other components may 

also contribute to the restriction of membrane movement. For ex-
ample, we observed RhoA-GTP level changes around the protrusion 
and retraction Vmax, while other candidate components, such as 
Cdc42, the Wave and Arp2/3 complexes, F-actin, and actomyosin 
dynamics, were not analyzed here.

We report simultaneous FRET biosensor and traction force 
microscopy (TFM) measurements at submicrometer resolution, 
facilitated by applying the TFM beads at the surface of the PAA gel, 
compared to conventional TFM beads embedded within the gel that 
prevents concomitant FRET measurements. This way, we identified 
a time-lagged positive correlation between Rac1-GTP and traction 
force levels. By use of optogenetic Rac1 activation, we then defined 
a functional role of Rac1-GTP to promote traction forces. The func-
tion of Rac1 in promoting traction forces may therefore be brought 
about by the known function of Rac1 to promote F-actin networks 
and cell-matrix adhesions, both critical for the generation of traction 
force (26, 38). This capability of Rac1 to promote traction force may 
contribute to the here identified role of Rac1 to restrict protrusions and 
retractions. Rac1 signaling may also alter the rearward F-actin trans-
port across the lamellipodia corresponding to periodic lamellipodial 
contractions, which may create traction forces and direct cell migra-
tion (42–44). Observations and perturbations of focal complex for-
mation, actomyosin contractility and polarization (45), and the Wave 
and Arp2/3 complexes (46), in combination with the measure of trac-
tion forces, membrane dynamics, and Rac1-GTP, all in the presence 
or absence of Rac1 perturbations, might provide mechanistic details 

Fig. 6. Role of local Rac1-GTP levels in restriction of protrusions. Mean membrane protrusion velocities (A and C) and distances (B and D) before and after Vmax are 
plotted with the difference in difference (DID) method. Black lines, control (without photoactivation); colored lines, difference toward controls upon photoactivation. 
False discovery rate (FDR) analysis (54, 55): Except for the −10 s PA-Rac1-GDP membrane protrusion distance, the Q values of all the other perturbations are smaller than 
the 0.1% threshold when compared to the corresponding controls. Sample details: PA-Rac1-GTP: control (n = 1545); −10 s [n = 97, velocity (Q = 5.05 × 10−3 and 0.1% 
threshold = 9.99 × 10−1) and distance (Q = 9.95 × 10−1 and 0.1% threshold = 9.99 × 10−1)]; −15 s [n = 86, velocity (Q = 1.38 × 10−3 and 0.1% threshold = 9.99 × 10−1) and dis-
tance (Q = 9.92 × 10−1 and 0.1% threshold = 9.99 × 10−1)]; −20 s [n = 82, velocity (Q = 9.81 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.97 × 10−1 and 0.1% 
threshold = 9.99 × 10−1)]; and −25 s [n = 75, velocity (Q = 7.11 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.95 × 10−1 and 0.1% threshold = 9.99 × 10−1)] from 
83 cells of eight experiments; PA-Rac1-GDP: control (n = 1127); −10 s [n = 60, velocity (Q = 9.96 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.99 × 10−1 and 
0.1% threshold = 9.99 × 10−1)]; −15 s [n = 62, velocity (Q = 9.85 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.997 × 10−1 and 0.1% threshold = 9.999 × 10−1)]; 
−20 s [n = 49, velocity (Q = 9.88 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.997 × 10−1 and 0.1% threshold = 9.999 × 10−1)]; and −25 s [n = 73, velocity 
(Q = 8.33 × 10−1 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.98 × 10−1 and 0.1% threshold = 9.99 × 10−1)] from 69 cells of eight experiments.
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about how the traction force and cell membrane dynamics are con-
trolled by Rac1-GTP. In addition to HT1080 human fibrosarcoma 
cells, further studies will reveal whether Rac-GTP levels may also 
control the restriction of membrane protrusions and retractions in 
other organisms and cell types and during different types of 
cell migration. In summary, we found that local Rac1-GTP temporal 
fluctuations control the local membrane edge velocities that are 
critical for restricting the size and durability of protrusions and 
retractions.

MATERIALS AND METHODS
Cell line and culture
Human fibrosarcoma cell line HT1080 (gift from E. Sahai, Francis 
Crick Institute; before sending, the Sahai laboratory validated this 
cell line by comparing its STR (short tandem repeat) profile to the 
published ones) was cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco) and supplemented with 10% fetal bovine serum 
(FBS; Gibco), 1 mM sodium pyruvate (Gibco), penicillin (100 U ml−1), 
and streptomycin (100 g ml−1; Gibco). Cells cultured less than 20 
passage numbers were used in the experiments.

Plasmids and stable cells
FRET biosensor containing vectors pTriEx4-Rac1-2G (Addgene 
plasmid no. 66110; http://n2t.net/addgene:66110; RRID (Research 
Resource identifiers): Addgene_66110) (32) and pTriExRhoA2G 
(Addgene plasmid no. 40176; http://n2t.net/addgene:40176; RRID: 
Addgene_40176) (33) were both gifts from O. Pertz. pmiRFP670-N1 was 
a gift from V. Verkhusha (Addgene plasmid no. 79987; http://n2t.
net/addgene:79987; RRID: Addgene_79987) (47). The LifeAct-RFP670 

construct was generated by digesting the pmiRFP670-N1 plasmid 
with Hind III and Age I restriction enzymes and then inserting the 
annealed LifeAct sequences (5′-agcttatgggcgtggccgacttgatcaagaagttc-
gagtccatctccaaggaggagcca-′3 and 5′-ccggtggctcctccttggagatggactc-
gaacttcttgatcaagtcggccacgcccata-′3) in between.

Stable cell lines expressing the biosensor constructs used for 
confocal microscopy were generated as follows. HT1080 cells were 
cotransfected with the Rac1-2G or RhoA-2G plasmids and the 
pGL4.21 vector containing a PuroR cassette using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s instructions. 
Forty-eight hours after transfection, cells were subjected to selection 
with puromycin (2 g/ml; Sigma-Aldrich) and subsequently 
fluorescence-activated cell sorted (BD FACSAria) to obtain stably 
middle level–expressing cells.

PAA gel preparation
PAA gel preparation on glass surface was adapted from previously 
published protocols (30) to enable simultaneous imaging of FRET 
biosensor and red fluorescent beads from the bottom (Fig. 1C). The 
details of the protocol for PAA gel preparation including all modifi-
cations from previous publications are provided below. NaOH (0.1 M) 
was added to the glass bottom of 35-mm MatTek dish for 5 min. 
The liquid was then removed, and the dish was air-dried. Approxi-
mately 150 l of 3-aminopropyltrimethoxylsilane (Sigma-Aldrich) 
was added onto the NaOH-treated glass bottom from the pre-
vious step for 5 min. The dish was then washed thoroughly with 
ddH2O. Then, 2 ml of 0.5% glutaraldehyde in phosphate-buffered 
saline (PBS) was added to the MatTek dish for 30 min. The dish was 
subsequently thoroughly washed with ddH2O and air-dried. Another 
glass coverslip was sequentially coated with poly-d-lysine (0.1 mg ml−1) 

Fig. 7. Role of local Rac1-GTP levels in restriction of retractions. Mean membrane retraction velocities (A and C) and distances (B and D) before and after Vmax are 
plotted with the DID method. Black lines, control (without photoactivation); colored lines, difference toward controls upon photoactivation. FDR analysis (54, 55): The Q 
values of all the perturbations in the graph are smaller than the 0.1% threshold when compared to the corresponding controls. Sample sizes: PA-Rac1-GTP: control 
(n = 162); −10 s [n = 52, velocity (Q = 9.987 × 10−1 and 0.1% threshold = 9.998 × 10−1) and distance (Q = 9.998 × 10−1 and 0.1% threshold = 9.999 × 10−1)]; and −15 s [n = 53, 
velocity (Q = 9.987 × 10−1 and 0.1% threshold = 9.998 × 10−1) and distance (Q = 9.997 × 10−1 and 0.1% threshold = 9.999 × 10−1)] from 83 cells of eight experiments; PA-Rac1-GDP: 
control (n = 120); −10 s [n = 60, velocity (Q = 1.81 × 10−3 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.90 × 10−1 and 0.1% threshold = 9.99 × 10−1)]; and −15 s 
[n = 59, velocity (Q = 8.78 × 10−2 and 0.1% threshold = 9.99 × 10−1) and distance (Q = 9.94 × 10−1 and 0.1% threshold = 9.99 × 10−1)] from 69 cells of eight experiments.

http://n2t.net/addgene:66110
http://n2t.net/addgene:40176
http://n2t.net/addgene:79987
http://n2t.net/addgene:79987
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and 1:1000 ddH2O diluted red fluorescent beads (F8801, Invitrogen) 
for 30 min. Six microliters of an acrylamide/bis-acrylamide mixture 
dissolved in water (the concentrations of cross-linker and polymer 
were adjusted for a Young’s modulus of 6.9 kPa) (29), N-succinimidyl 
ester of acrylamidohexanoic acid (5.6 g ml−1; N6 cross-linker) (48), 
0.5% of ammonium persulfate, and 0.05% TEMED (tetramethyl-
ethylenediamine) were added to the center of the glass bottom of 
the previously treated MatTek dish. This gel mixture was covered 
with the red fluorescent bead–coated glass coverslip. To ensure that 
all red beads laid in the top plane of the gel, the dish was flipped 
during gelation. Once the polymerization was completed, the 
coverslip was removed carefully. Then, the gel was washed twice with 
PBS and coated with 2 ml of rat tail collagen type I (0.2 mg ml−1; 
Millipore) at 4°C overnight. Although a mixture of ECM proteins 
might provide an environment closer to the in vivo environment, we 
used a single component type I collagen as the substratum in our 
study to avoid the influence of local ECM differences to facilitate 
consistency within and across experiments.

Confocal live-cell imaging
The collagen type I–coated PAA gel was washed with DMEM 
before usage. Cells were trypsinized, PBS-washed, and replated in 

DMEM (phenol red-free) + 1% FBS onto the gel in a MatTek dish 
(4000 cells in the inner well). Cells were then incubated at 37°C with 
5% CO2 for 2  hours before imaging. Live-cell imaging was 
performed using a Nikon A1R confocal equipped with GaSaP (gallium 
arsenide phosphide) detectors and environmental chamber. Images 
were acquired every 10 s for 15 to 40 min, using a 60× Plan Apo oil 
objective [1.4 numerical aperture (NA)] and 1024 × 1024 resolution. 
FRET biosensor signals were acquired in: “mTFP1” channel (457-nm 
laser excitation and 482/35-nm emission) and “FRET” channel (457-nm 
laser excitation and 525/50-nm emission). Red fluorescent beads 
signal was acquired with 561-nm laser excitation and 595/50-nm 
emission. After the time-lapse imaging, cells were trypsinized and 
washed away. Then, the fluorescent beads in the same positions 
were imaged to capture the released state of the PAA gel for TFM 
reference. Cell migration velocity (between 75 and 90 m/hour) was 
quantified by tracking and smoothing the center of area of the cells 
after the live-cell imaging.

Lattice light-sheet microscopy
The preparation of PAA gel for lattice light-sheet microscopy 
(LLSM) was modified from the gel preparation on MatTek dish. 
The 5-mm round glass coverslip (Warner Instruments, catalog no. 

Fig. 8. Local Rac1-GTP levels promote cell traction force. (A and B) Sample images of local traction force upon Rac1-GTP level perturbation. Local traction forces before 
and 3 min after photoactivation of Rac1-GTP [PA-Rac1(Q61L)] (A) or Rac1-GDP [PA-Rac1(T17N)] (B) are shown in pseudo-colors. Dashed white lines show the cell edge. All 
of these regions are within the photoactivation area. Scale bar, 5 m. (C to E) Rac1-GTP levels affect local cell traction force. (C) Mean traction force in the photoactivation 
region 3 to 4 min after the start of induction of PA-Rac1-GTP or PA-Rac1-GDP compared to the mean traction force 0 to 1 min before induction. P values based on 
paired-sample t test. Results were derived from 60 cells (PA-Rac1-GTP) and 9 cells (PA-Rac1-GDP), respectively. (D to E) Mean traction force change in the second windows 
(1 to 2 m from the segmented cell edge) of the corresponding protrusion (D) or retraction (E) sectors 2 min after the start of induction of PA-Rac1-GTP or PA-Rac1-GDP 
compared to the mean traction force change in the windows of the sectors before the perturbation started at time points when these sectors displayed corresponding 
phases of protrusions or retractions. P values based on two-sample t test. PA-Rac1-GTP results were derived from 9178 (control) or 641 (perturbed) protrusions and 925 
(control) or 166 (perturbed) retractions of 83 cells of eight experiments. PA-Rac1-GDP results were derived from 6452 (control) or 385 (perturbed) protrusions and 619 
(control) or 188 (perturbed) retractions of 69 cells of eight experiments.
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CS-5R) was surface-activated for gel conjugation, and the MatTek 
glass surface was coated with red fluorescent beads. In this way, the 
red fluorescent bead–labeled PAA gel was conjugated onto the 
5-mm-diameter coverslip to fit for the LLSM imaging.

The LLSM used in these experiments is housed in the Advanced 
Imaging Center at the Howard Hughes Medical Institute, Janelia 
Research Campus. The system is configured and operated as previously 
described (49). Briefly, HT1080 cells were transiently transfected with 
Rac1 or RhoA biosensor and LifeAct-RFP670 plasmids (Fig. 1A) 16 
to 24 hours before imaging using Lipofectamine 3000 (Invitrogen). 
Cells used for live-cell imaging were seeded on the collagen I–coated 
PAA gel conjugated on 5-mm round glass coverslip in Leibovitz L15 
Medium, no phenol red (Thermo Fisher Scientific), containing 1% FBS. 
 During imaging, cells were maintained at ~5% CO2 concentration, 
95% humidity, and 37°C via custom-built environmental chamber 
(Okolab). Samples were illuminated by a 2D optical lattice generated 
by a spatial light modulator (Forth Dimension Displays). The light-sheet 
pattern was a square lattice with minimum NA of 0.44 and a maxi-
mum NA of 0.55. The sample is illuminated by 445-, 560-, and 642-
nm diode lasers (MPB Communications) at 100, 10, and 90% AOTF 
(acousto-optic tunable filter) transmittance and 140-, 50-, and 100-mW 
initial box power through an excitation objective (0.65 NA, 3.74-mm 
WD; Special Optics). Fluorescent emission was collected by detec-
tion objective (CFI Apo LWD 25XW, 1.1 NA; Nikon) and a scientific 
complementary metal- oxide semiconductor camera (Hamamatsu 
Orca Flash 4.0 v2) at 75-ms exposure time. Acquired data were 
deskewed as previously described (49) and deconvolved using an 
iterative Richardson-Lucy algorithm. Point spread functions for 
deconvolution were experimentally measured using 200-nm Tetra-
Speck beads adhered to 5-mm glass coverslips (Invitrogen, catalog 
no. T7280) for each excitation wavelength.

FRET ratio calculation
FRET image calculation was performed with Fiji (50). Images from 
mTFP1 channel and FRET channel were background-subtracted and 

smoothed with median filter. Then, the FRET/mTFP1 ratios were 
calculated and smoothed with median filter to get the final images. 
2D median filter and 3D median filter (51) were used for confocal 
images and LLSM images, respectively.

Traction force calculation
The traction force calculation was performed with the MATLAB- 
based software previously published by the Danuser Lab (31). Briefly, 
the fluorescent bead channel time-lapse images were registered toward 
the reference image to correct the stage drift. Then, in each time-lapse 
image, the displacement of the beads toward the reference image 
was calculated on the basis of which traction force was calculated 
with the Fourier transform traction cytometry method (52).

Analysis of image series
The window sampling process was performed with the MATLAB- 
based software previously published by the Danuser Lab (11, 13). 
Briefly, the automatic cell segmentation was performed on the basis 
of the images of the FRET channel. Then, the cell edge was sampled 
into 1-m-wide sectors (or 5 m for control purpose; fig. S5). For 
each sector, 1-m-deep probing windows were created continuously 
from the cell edge to the cell center on the basis of its local geometry. 
The local edge sector velocity was obtained together with the mean 
Rac1-GTP or RhoA-GTP FRET signals and traction force level in 
its corresponding windows.

The quality of temporal alignment of the window sampled time-
lapse images were further improved by comparing the traction force 
signals in the fifth sampling windows from neighboring time points 
in each cell. Then, the Rac1-GTP/RhoA-GTP and traction force sig-
nals from each window were smoothed over time with the MATLAB 
function csaps to suppress noise (Fig. 2B and fig. S7). Each time series 
of the mean GTPase activity and traction force levels obtained from 
a window provided one instantiation of the dynamics of Rac1-GTP 
or RhoA-GTP and traction force levels related to the corresponding 
cell edge sector motion.

Fig. 9. Schematic models for the role of Rac1 in restricting cell protrusions and retractions. Cell membrane protrusions and retractions are large transient structures 
used for probing of the microenvironment where the cell membrane locally protrudes or retracts usually followed by a reversion. After protrusion/retraction initiation, 
the local cell membrane velocity gradually increases until it reaches a peak (Vmax) that represents a restriction point, at which the protrusion/retraction is restrained and 
then reverted. We here found a role for Rac1-GTP activity in restricting membrane protrusions and retractions and that Rac1-GTP promotes local cellular traction forces. 
Left: We found that Rac1-GTP near the cell edge reaches high levels ~20 to 30 s before protrusion initiation. Then, Rac1-GTP levels gradually decline to reach a nadir at 
protrusion Vmax, a nadir that we found to functionally restrict protrusions. Low Rac1-GTP levels are linked to sparse non-networked membrane-proximal F-actin (15) and 
limited nascent adhesions (8). Given also that both F-actin meshwork density and cell-matrix adhesions provide forces supporting cell membrane protrusions, we hypoth-
esize that the low Rac1-GTP at protrusion Vmax causes reduced membrane support that restrains the local protrusion velocity. Right: We found that Rac1-GTP was low at 
the initiation of retractions and then gradually increased to peak at retraction Vmax, at which the Rac1-GTP peak restricts retractions. High Rac1-GTP is linked to a dense 
membrane-proximal F-actin meshwork (15), abundant nascent adhesions (8), and high cell traction force (Fig. 8, C to E). We therefore hypothesize that the high Rac1-GTP 
at retraction Vmax results in abundant F-actin and cell-matrix adhesions that reduce the local retraction velocity by their supporting force to resist membrane retraction.
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The alignment of the Rac1-GTP/RhoA-GTP and traction force 
signals according to the corresponding edge sector protrusion/
retraction onset/Vmax was performed by following the previously 
published methods (11, 13). Briefly, the protrusion and retraction 
time series of the edge sector were acquired on the basis of the local 
maxima/minima of the edge sector displacement. Protrusions/
retractions with short distances (<1 m) or time periods (<1 min) 
were discarded. Remaining protrusion/retraction time series were 
aligned according to the edge protrusion/retraction onset/Vmax 
events and the mean values and 95% confidence intervals of the cor-
responding Rac1-GTP/RhoA-GTP, and traction forces around the 
four different events were calculated.

We focused most of our analysis on the windows located 1 to 2 m 
from the segmented cell edge because we found them to most likely 
represent the actual cell edge (due to segmentation imperfection) 
and to entail the most meaningful dynamics of Rac1-GTP, RhoA-
GTP, and traction forces (see Fig. 2C and fig. S5).

Although the absolute value is different, we found that the traction 
force in the second depth layer sampling windows were positively 
correlated to the traction force 4 to 6 m away from cell edge with 
no time delay (fig. S6). Therefore, we also used signals in the second 
sampling windows for further analysis of traction force change 
dynamics, thereby also measuring and relating the RhoA-GTP or 
Rac1-GTP and traction forces in the exact same locations.

Optogenetic perturbation
HT1080 cells stably expressing mCherry-tagged photoactivatable 
constitutively active (GTP-bound) Rac1 [PA-Rac1(Q61L)] or dominant- 
negative (GDP-bound) Rac1 [PA-Rac1(T17N)] (37) were seeded 
onto the collagen type I–coated PAA gel surface-labeled with far-red 
fluorescent beads. Two hours after cell seeding, local Rac1-GTP ac-
tivity of a small region of the cells were elevated (PA-Rac1-GTP) for 
1 min or inhibited (PA-Rac1-GDP) for 2 min with a pulsed 488-nm 
laser. Cell membrane dynamics (mCherry) and traction force (0.2-m 
far-red beads; Invitrogen) images were obtained using an environ-
mental chamber–equipped confocal microscope imaging at 5-s 
intervals from 5 min before the perturbation started until 5 min after 
the perturbation finished. After the time-lapse imaging, cells were 
detached from the PAA gel with trypsin, and reference images in 
the far-red channel were acquired for traction force calculation.

Difference in difference method
The mean protrusion or retraction velocity/distance of the membrane 
edge sector time series in the perturbation region before photo-
activation were extracted and aligned according to the onset time 
points as unperturbed controls. The mean time from protrusion or 
retraction onset until Vmax reaching was obtained from these con-
trol protrusion or retraction velocity curves. The edge sectors that 
started to protrude or retract close to the perturbation starting time 
point were extracted and grouped according to the differences of 
their perturbation starting time and mean Vmax reaching time. The 
mean velocities/distances of the perturbed protrusion or retraction 
time series in each group were calculated, and their differences to-
ward corresponding control time series were then plotted.

Quantification of traction force changes after  
optogenetic perturbation
To compare the traction force change with and without optogenetic 
perturbation in the photoactivated cell region, mean traction forces 

of each cell in the perturbed region before (0 to 1 min) and after 
(3 to 4 min) the perturbation starting time point were quantified. 
For each cell, the mean traction force after perturbation was nor-
malized to the mean traction force before perturbation. Then, the 
normalized traction force changes after perturbation were com-
pared after PA-Rac1-GTP or PA-Rac1-GDP induction.

To compare the traction force change after optogenetic pertur-
bation in protrusion and retraction windows, cells were masked, 
and the windows were sampled according to the signal from the 
mCherry channel. Protrusion and retraction sectors starting near 
the perturbation starting time point were selected and aligned in the 
same way as described above. Control protrusion and retraction 
sectors were obtained on the basis of the time-lapse images before 
the perturbation started. Then, the mean traction force change 2 min 
after the start of induction of PA-Rac1-GTP or PA-Rac1-GDP in 
the second window (1 to 2 m from the segmented cell edge) of the 
corresponding protrusion or retraction sectors initiated within 20 s 
before the perturbation started was compared to the mean traction 
force change in the windows of the sectors before the perturbation 
started at time points when these sectors displayed corresponding 
phases of protrusions or retractions.

Optogenetic perturbation in 3D collagen
To prepare 3D cultures, 5  ×  104 HT1080 cells stably expressing 
mCherry-tagged photoactivatable constitutively active (GTP-bound) 
Rac1 [PA-Rac1(Q61L)] or dominant-negative (GDP-bound) Rac1 
[PA-Rac1(T17N)] (37) were resuspended in 50 l of serum-free 
culture medium and mixed with a solution containing 50 l of 10× 
DMEM (Sigma-Aldrich), 50 l of 0.26 M NaHCO3, 50 l of H2O, 
45 l of 0.1 M NaOH, 5 l of 200 mM glutamine, and 100 l of col-
lagen type I (6.7 mg/ml) from rat tail (Millipore). This solution was 
deposited in 96-well plates (100 l per well). After polymerization at 
37°C for 30 min, 100 l of normal DMEM culture medium was added, 
and 3D cultures were incubated 24 hours before optogenetic per-
turbation. Local Rac1-GTP levels of a small region of the cells were 
elevated (PA-Rac1-GTP) or inhibited (PA-Rac1-GDP) for 2 min 
with a pulsed 488-nm laser. Cell membrane dynamics (mCherry) 
images were obtained using an environmental chamber equipped 
confocal microscope imaging at 5-s intervals from 5 min before the 
perturbation started until 5 min after the perturbation finished.

Statistical analysis
The 95% bootstrap confidence intervals of the mean value of the 
aligned time series were calculated with bootstrap resampling method 
(MATLAB function bootci) (53). The false discovery rate (FDR) 
method (54, 55) was performed with own MATLAB scripts. Because 
of the large difference of sample size between control (>1000) and 
perturbed (~50 to 100) groups, the same number of time series from 
the control group was randomly sampled toward the perturbed group 
10,000 times. For each time, the SDs of the grouped time series 
(control and perturbed) were compared to the SD of the entire two-
group time series with two sample t test for a P value at each time 
point. The grouped data were also randomly regrouped and SD com-
pared for a control P value at each time point. After the 10,000 time 
comparisons, the Q values of positive FDR threshold was calculated 
[MATLAB function mafdr()] on the basis of the P values derived from 
both grouped data and randomized data. The 0.1% threshold of Q 
value was defined from the randomized data, and the mean Q value 
from the grouped data was compared to the threshold for significance. 
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The paired t test was performed with MATLAB [function ttest()], and the 
two-sample t test was performed with MATLAB [function ttest2()].

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl3667

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
 1. C. D. Lawson, A. J. Ridley, Rho GTPase signaling complexes in cell migration and invasion. 

J. Cell Biol. 21, 447–457 (2018).
 2. C. De Pascalis, S. Etienne-Manneville, Single and collective cell migration: The mechanics 

of adhesions. Mol. Biol. Cell 28, 1833–1846 (2017).
 3. K. O'Connor, M. Chen, Dynamic functions of RhoA in tumor cell migration and invasion. 

Small GTPases 4, 141–147 (2013).
 4. R. J. Petrie, A. D. Doyle, K. M. Yamada, Random versus directionally persistent cell 

migration. Nat. Rev. Mol. Cell Biol. 10, 538–549 (2009).
 5. R. Pankov, Y. Endo, S. Even-Ram, M. Araki, K. Clark, E. Cukierman, K. Matsumoto, 

K. M. Yamada, A Rac switch regulates random versus directionally persistent cell 
migration. J. Cell Biol. 170, 793–802 (2005).

 6. H. Shafqat-Abbasi, J. M. Kowalewski, A. Kiss, X. Gong, P. Hernandez-Varas, U. Berge, 
M. Jafari-Mamaghani, J. G. Lock, S. Strömblad, An analysis toolbox to explore 
mesenchymal migration heterogeneity reveals adaptive switching between distinct 
modes. eLife 5, e11384 (2016).

 7. E. S. Welf, C. E. Miles, J. Huh, E. Sapoznik, J. Chi, M. K. Driscoll, T. Isogai, J. Noh, 
A. D. Weems, T. Pohlkamp, K. Dean, R. Fiolka, A. Mogilner, G. Danuser, Actin-membrane 
release initiates cell protrusions. Dev. Cell 55, 723–736.e8 (2020).

 8. P. M. Müller, J. Rademacher, R. D. Bagshaw, C. Wortmann, C. Barth, J. van Unen, K. M. Alp, 
G. Giudice, R. L. Eccles, L. E. Heinrich, P. Pascual-Vargas, M. Sanchez-Castro, 
L. Brandenburg, G. Mbamalu, M. Tucholska, L. Spatt, M. T. Czajkowski, R.-W. Welke, 
S. Zhang, V. Nguyen, T. Rrustemi, P. Trnka, K. Freitag, B. Larsen, O. Popp, P. Mertins, 
A.-C. Gingras, F. P. Roth, K. Colwill, C. Bakal, O. Pertz, T. Pawson, E. Petsalaki, O. Rocks, 
Systems analysis of RhoGEF and RhoGAP regulatory proteins reveals spatially organized 
RAC1 signalling from integrin adhesions. Nat. Cell Biol. 22, 498–511 (2020).

 9. D. J. Marston, M. Vilela, J. Huh, J. Ren, M. L. Azoitei, G. Glekas, G. Danuser, J. Sondek, 
K. M. Hahn, Multiplexed GTPase and GEF biosensor imaging enables network 
connectivity analysis. Nat. Chem. Biol. 16, 826–833 (2020).

 10. J. Allard, A. Mogilner, Traveling waves in actin dynamics and cell motility. Curr. Opin. Cell Biol. 
25, 107–115 (2013).

 11. M. Machacek, L. Hodgson, C. Welch, H. Elliott, O. Pertz, P. Nalbant, A. Abell, G. L. Johnson, 
K. M. Hahn, G. Danuser, Coordination of Rho GTPase activities during cell protrusion. 
Nature 461, 99–103 (2009).

 12. K. Martin, A. Reimann, R. D. Fritz, H. Ryu, N. L. Jeon, O. Pertz, Spatio-temporal co-
ordination of RhoA, Rac1 and Cdc42 activation during prototypical edge protrusion 
and retraction dynamics. Sci. Rep. 6, 21901 (2016).

 13. K. Lee, H. L. Elliott, Y. Oak, C. T. Zee, A. Groisman, J. D. Tytell, G. Danuser, Functional 
hierarchy of redundant actin assembly factors revealed by fine-grained registration 
of intrinsic image fluctuations. Cell Syst. 1, 37–50 (2015).

 14. M. L. Azoitei, J. Noh, D. J. Marston, P. Roudot, C. B. Marshall, T. A. Daugird, S. L. Lisanza, 
M. J. Sandí, M. Ikura, J. Sondek, R. Rottapel, K. M. Hahn, G. Danuser, Spatiotemporal 
dynamics of GEF-H1 activation controlled by microtubule- and Src-mediated pathways. 
J. Cell Biol. 218, 3077–3097 (2019).

 15. D. J. Marston, K. L. Anderson, M. F. Swift, M. Rougie, C. Page, K. M. Hahn, N. Volkmann, 
D. Hanein, High Rac1 activity is functionally translated into cytosolic structures 
with unique nanoscale cytoskeletal architecture. Proc. Natl. Acad. Sci. U.S.A. 116, 
1267–1272 (2019).

 16. O. Pertz, L. Hodgson, R. L. Klemke, K. M. Hahn, Spatiotemporal dynamics of RhoA activity 
in migrating cells. Nature 440, 1069–1072 (2006).

 17. E. Wagner, M. Glotzer, Local RhoA activation induces cytokinetic furrows independent 
of spindle position and cell cycle stage. J. Cell Biol. 213, 641–649 (2016).

 18. H. Warner, B. J. Wilson, P. T. Caswell, Control of adhesion and protrusion in cell migration 
by Rho GTPases. Curr. Opin. Cell Biol. 56, 64–70 (2019).

 19. A. J. Ridley, A. Hall, The small Gtp-binding protein rho regulates the assembly of focal 
adhesions and actin stress fibers in response to growth-factors. Cell 70, 389–399 (1992).

 20. A. Bolado-Carrancio, O. S. Rukhlenko, E. Nikonova, M. A. Tsyganov, A. Wheeler, 
A. Garcia-Munoz, W. Kolch, A. von Kriegsheim, B. N. Kholodenko, Periodic propagating 
waves coordinate RhoGTPase network dynamics at the leading and trailing edges during 
cell migration. eLife 9, e58165 (2020).

 21. M. Graessl, J. Koch, A. Calderon, D. Kamps, S. Banerjee, T. Mazel, N. Schulze, 
J. K. Jungkurth, R. Patwardhan, D. Solouk, N. Hampe, B. Hoffmann, L. Dehmelt, P. Nalbant, 

An excitable Rho GTPase signaling network generates dynamic subcellular contraction 
patterns. J. Cell Biol. 216, 4271–4285 (2017).

 22. T. Lecuit, P. F. Lenne, E. Munro, Force generation, transmission, and integration during 
cell and tissue morphogenesis. Annu. Rev. Cell Dev. Biol. 27, 157–184 (2011).

 23. J. Z. Kechagia, J. Ivaska, P. Roca-Cusachs, Integrins as biomechanical sensors of the 
microenvironment. Nat. Rev. Mol. Cell Biol. 20, 457–473 (2019).

 24. J. I. Puleo, S. S. Parker, M. R. Roman, A. W. Watson, K. R. Eliato, L. Peng, K. Saboda, D. J. Roe, 
R. Ros, F. B. Gertler, G. Mouneimne, Mechanosensing during directed cell migration 
requires dynamic actin polymerization at focal adhesions. J. Cell Biol. 218, 4215–4235 
(2019).

 25. T. R. Cox, The matrix in cancer. Nat. Rev. Cancer 21, 217–238 (2021).
 26. S. van Helvert, C. Storm, P. Friedl, Mechanoreciprocity in cell migration. Nat. Cell Biol. 20, 

8–20 (2018).
 27. T. Yeung, P. C. Georges, L. A. Flanagan, B. Marg, M. Ortiz, M. Funaki, N. Zahir, W. Ming, 

V. Weaver, P. A. Janmey, Effects of substrate stiffness on cell morphology, cytoskeletal 
structure, and adhesion. Cell Motil. Cytoskeleton 60, 24–34 (2005).

 28. P. S. Wellman, R. D. Howe, E. Dalton, K. A. Kern, Breast tissue stiffness in compression is 
correlated to histological diagnosis, Harvard Biorobotics Laboratory Technical Report 
(1999); http://biorobotics.harvard.edu/pubs/1999/mechprops.pdf[accessed 
18 January 2015].

 29. S. V. Plotnikov, B. Sabass, U. S. Schwarz, C. M. Waterman, High-resolution traction force 
microscopy. Methods Cell Biol. 123, 367–394 (2014).

 30. S. G. Knoll, M. Y. Ali, M. T. A. Saif, A novel method for localizing reporter fluorescent 
beads near the cell culture surface for traction force microscopy. J. Vis. Exp. , 51873 
(2014).

 31. S. J. Han, Y. Oak, A. Groisman, G. Danuser, Traction microscopy to identify force 
modulation in subresolution adhesions. Nat. Methods 12, 653–656 (2015).

 32. R. D. Fritz, D. Menshykau, K. Martin, A. Reimann, V. Pontelli, O. Pertz, SrGAP2-dependent 
integration of membrane geometry and slit-robo-repulsive cues regulates fibroblast 
contact inhibition of locomotion. Dev. Cell 35, 78–92 (2015).

 33. R. D. Fritz, M. Letzelter, A. Reimann, K. Martin, L. Fusco, L. Ritsma, B. Ponsioen, E. Fluri, 
S. Schulte-Merker, J. van Rheenen, O. Pertz, A versatile toolkit to produce sensitive FRET 
biosensors to visualize signaling in time and space. Sci. Signal. 6, rs12 (2013).

 34. A. Moe, W. Holmes, A. E. Golding, J. Zola, Z. T. Swider, L. Edelstein-Keshet, W. Bement, 
Cross-talk-dependent cortical patterning of Rho GTPases during cell repair. Mol. Biol. Cell 
32, 1417–1432 (2021).

 35. R. D. Fritz, O. Pertz, The dynamics of spatio-temporal Rho GTPase signaling: Formation 
of signaling patterns. F1000Res 5, 749 (2016).

 36. A. J. Ridley, Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 36, 103–112 
(2015).

 37. Y. I. Wu, D. Frey, O. I. Lungu, A. Jaehrig, I. Schlichting, B. Kuhlman, K. M. Hahn, A 
genetically encoded photoactivatable Rac controls the motility of living cells. Nature 461, 
104–108 (2009).

 38. H. Wolfenson, B. Yang, M. P. Sheetz, Steps in mechanotransduction pathways that control 
cell morphology. Annu. Rev. Physiol. 81, 585–605 (2019).

 39. A. K. E. Johnsson, Y. Dai, M. Nobis, M. J. Baker, E. J. McGhee, S. Walker, J. P. Schwarz, 
S. Kadir, J. P. Morton, K. B. Myant, D. J. Huels, A. Segonds-Pichon, O. J. Sansom, 
K. I. Anderson, P. Timpson, H. C. E. Welch, The Rac-FRET mouse reveals tight 
spatiotemporal control of Rac activity in primary cells and tissues. Cell Rep. 6, 1153–1164 
(2014).

 40. K. C. Park, F. Rivero, R. Meili, S. Lee, F. Apone, R. A. Firtel, Rac regulation of chemotaxis 
and morphogenesis in Dictyostelium. EMBO J. 23, 4177–4189 (2004).

 41. A. Bianchi-Smiraglia, D. W. Wolff, D. J. Marston, Z. Deng, Z. Han, S. Moparthy, 
R. M. Wombacher, A. L. Mussell, S. Shen, J. Chen, D. H. Yun, A. O’Brien Cox, C. M. Furdui, 
E. Hurley, M. L. Feltri, J. Qu, T. Hollis, J. B. N. Kengne, B. Fongang, R. J. Sousa, M. E. Kandel, 
E. S. Kandel, K. M. Hahn, M. A. Nikiforov, Regulation of local GTP availability controls RAC1 
activity and cell invasion. Nat. Commun. 12, 6091 (2021).

 42. G. Giannone, B. J. Dubin-Thaler, H. G. Döbereiner, N. Kieffer, A. R. Bresnick, M. P. Sheetz, 
Periodic lamellipodial contractions correlate with rearward actin waves. Cell 116, 
431–443 (2004).

 43. L. Yolland, M. Burki, S. Marcotti, A. Luchici, F. N. Kenny, J. R. Davis, E. Serna-Morales, 
J. Müller, M. Sixt, A. Davidson, W. Wood, L. J. Schumacher, R. G. Endres, M. Miodownik, 
B. M. Stramer, Persistent and polarized global actin flow is essential for directionality 
during cell migration. Nat. Cell Biol. 21, 1370, 1381 (2019).

 44. D. T. Burnette, S. Manley, P. Sengupta, R. Sougrat, M. W. Davidson, B. Kachar, 
J. Lippincott-Schwartz, A role for actin arcs in the leading-edge advance of migrating 
cells. Nat. Cell Biol. 13, 371–382 (2011).

 45. D. T. Burnette, L. Shao, C. Ott, A. M. Pasapera, R. S. Fischer, M. A. Baird, C. der Loughian, 
H. Delanoe-Ayari, M. J. Paszek, M. W. Davidson, E. Betzig, J. Lippincott-Schwartz, A 
contractile and counterbalancing adhesion system controls the 3D shape of crawling 
cells. J. Cell Biol. 205, 83–96 (2014).

https://science.org/doi/10.1126/sciadv.abl3667
https://science.org/doi/10.1126/sciadv.abl3667
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abl3667
http://biorobotics.harvard.edu/pubs/1999/mechprops.pdf


Hu, Sci. Adv. 8, eabl3667 (2022)     23 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 12

 46. A. Mehidi, F. Kage, Z. Karatas, M. Cercy, M. Schaks, A. Polesskaya, M. Sainlos, 
A. M. Gautreau, O. Rossier, K. Rottner, G. Giannone, Forces generated by lamellipodial 
actin filament elongation regulate the WAVE complex during cell migration. Nat. Cell Biol. 
23, 1148–1162 (2021).

 47. D. M. Shcherbakova, M. Baloban, A. V. Emelyanov, M. Brenowitz, P. Guo, V. V. Verkhusha, 
Bright monomeric near-infrared fluorescent proteins as tags and biosensors 
for multiscale imaging. Nat. Commun. 7, (2016).

 48. K. R. Johnson, J. L. Leight, V. M. Weaver, Demystifying the effects of a three-
dimensional microenvironment in tissue morphogenesis. Methods Cell Biol. 83, 
547–583 (2007).

 49. B. C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie, M. W. Davidson, C. Janetopoulos, 
X. S. Wu, J. A. Hammer III, Z. Liu, B. P. English, Y. Mimori-Kiyosue, D. P. Romero, A. T. Ritter, 
J. Lippincott-Schwartz, L. Fritz-Laylin, R. D. Mullins, D. M. Mitchell, J. N. Bembenek, 
A.-C. Reymann, R. Böhme, S. W. Grill, J. T. Wang, G. Seydoux, U. S. Tulu, D. P. Kiehart, 
E. Betzig, Lattice light-sheet microscopy: Imaging molecules to embryos at high 
spatiotemporal resolution. Science 346, 1257998 (2014).

 50. J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, 
C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri, 
P. Tomancak, A. Cardona, Fiji: An open-source platform for biological-image analysis. 
Nat. Methods 9, 676–682 (2012).

 51. J. Ollion, J. Cochennec, F. Loll, C. Escude, T. Boudier, TANGO: A generic tool for high-
throughput 3D image analysis for studying nuclear organization. Bioinformatics 29, 
1840–1841 (2013).

 52. J. P. Butler, I. M. Tolic-Norrelykke, B. Fabry, J. J. Fredberg, Traction fields, moments, 
and strain energy that cells exert on their surroundings. Am. J. Physiol. Cell Physiol. 282, 
C595–C605 (2002).

 53. T. J. DiCiccio, B. Efron, Bootstrap confidence intervals. Stat. Sci. 11, 189–212 (1996).
 54. N. Kurzawa, I. Becher, S. Sridharan, H. Franken, A. Mateus, S. Anders, M. Bantscheff, 

W. Huber, M. M. Savitski, A computational method for detection of ligand-binding 
proteins from dose range thermal proteome profiles. Nat. Commun. 11, 5783 (2020).

 55. J. D. Storey, W. Xiao, J. T. Leek, R. G. Tompkins, R. W. Davis, Significance analysis of time 
course microarray experiments. Proc. Natl. Acad. Sci. U.S.A. 102, 12837–12842 (2005).

Acknowledgments: Confocal microscopy was performed at the Live Cell Imaging core 
facility/Nikon Center of Excellence, Karolinska Institutet (KI), Sweden supported by grants from 
the KI infrastructure committee and the Centre for Innovative Medicine at KI. The LLSM 
imaging data were produced in collaboration with the Advanced Imaging Center, a jointly 
funded venture of the Gordon and Betty Moore Foundation and the Howard Hughes Medical 
Institute at HHMI’s Janelia Research Campus. We thank X. Serra-Picamal, KI, for experimental 
advice, P. Nordenfelt, Lund University, Sweden, for analysis advice, W. Huber, EMBL, Germany, 
for statistic advice, and P. Friedl, Radboud University, The Netherlands and O. Dagliyan, 
Harvard Medical School, USA for helpful comments on the manuscript. Schematic images 
(Figs. 1, A and C, and 9) were created with BioRender.com. Funding: This work was supported 
by The Swedish Foundation for Strategic Research SB16-0046, Sysmic (S.S.), The Swedish 
Research Council (S.S.), The Swedish Cancer Society (S.S.), and the KI Research Foundation 
(J.H.). Author contributions: Conceptualization: S.S. and J.H. Methodology: J.H. Software: 
J.H. Investigation: J.H. and X.G. Visualization: J.H. Supervision: S.S. and J.H. Writing (original 
draft): J.H. and S.S. Writing (review and editing): J.H., S.S., and X.G. Funding: S.S. and J.H. 
Competing interests: The authors declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials. In addition, the original image files, the 
window sampling derived data, and the custom codes used in this study are available in the 
SciLifeLab Data Repository (https://doi.org/10.17044/scilifelab.17012382). Plasmids were 
obtained via material transfer agreements with Addgene.

Submitted 9 July 2021
Accepted 28 January 2022
Published 23 March 2022
10.1126/sciadv.abl3667

http://BioRender.com
https://doi.org/10.17044/scilifelab.17012382

