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SUMMARY
Tissue fluidification and collective motility are pivotal in regulating embryonic morphogenesis, wound heal-
ing, and tumor metastasis. These processes frequently require that each cell constituent of a tissue coordi-
nates its migration activity and directed motion through the oriented extension of lamellipodium cell protru-
sions, promoted by RAC1 activity. While the upstream RAC1 regulators in individual migratory cells or leader
cells during invasion or wound healing are well characterized, how RAC1 is controlled in follower cells re-
mains unknown. Here, we identify a MYO6-DOCK7 axis essential for spatially restricting RAC1 activity in a
planar polarized fashion in model tissue monolayers. The MYO6-DOCK7 axis specifically controls the exten-
sion of cryptic lamellipodia required to drive tissue fluidification and cooperative-mode motion in otherwise
solid and static carcinoma cell collectives.
INTRODUCTION

Collective motility and tissue fluidification are emerging as key

regulators in physiological tissue remodeling during develop-

ment, wound repair, and regeneration and in pathological condi-

tions, first and foremost during carcinoma dissemination.1–5 Dur-

ing these processes, individual cells composing a given tissue

coordinate their motion with that of their neighbor cells by keep-

ing tight cell-cell contacts to migrate or invade.6

A remarkable form of collective dynamics occurs during the

early development of epithelial and glandular tissues, which

are characterized by individual cells that constantly rearrange

their motion, as in a fluid. This fluid-like property endows tissues

with a large degree of plasticity that is instrumental in the initial

phases of tissue specification and morphogenesis. As density

rises because of proliferation and tissues mature and differen-

tiate, the motion of each cell is constrained by the crowding of

its neighbors, forcing cells to move in groups in a highly coordi-

nated and cooperative fashion.7,8 At a critical density, motility

ceases, and tissues rigidify to undergo a fluid-to-solid phase

transition, a process recently referred to as a jamming transi-
This is an open access article under the CC BY-N
tion.9 This tissue-level phase transition has been proposed to

be critical for development of the elastic properties and

barrier function of epithelial tissues and might also act as an

intrinsic homeostatic mechanical barrier to development and

expansion of structurally altered, hyperdynamic oncogenic

clones. Conversely, a certain degree of fluidity is needed for a tis-

sue to repair a wound, proliferate, or locally disseminate, such as

during carcinoma progression.1,4

Tissue fluidification and collective motility are ruled by

biochemical and physical interactions cells establish with each

other and their environment.2,10 How cells and tissues regulate

this process and control these parameters has only begun to

be investigated. To drive and propel directed cell migration, cells

need to dynamically reorganize their actin cytoskeleton and

generate actively pushing lamellipodial cell protrusions.11

When embedded in a fully confluent monolayer or a developing

epithelial tissue, cell protrusions can no longer extend into free

space but are forced to either push adjacent neighboring cells

or slip underneath them and are commonly referred to as cryptic

lamellipodia.12 Coordinated and directed extension of cryptic

lamellipodia along a common direction drives groups of cells
Cell Reports 42, 113001, August 29, 2023 ª 2023 The Author(s). 1
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to move either as a solid rotating flock, such as in the case of the

follicular epithelial cells in Drosophila melanogaster,13 or as

supracellular streams that fluidize the whole tissue, as during

compression- or endocytosis-driven unjamming of human bron-

chial epithelial tissue and model mammary epithelial cells.14,15

We have shown previously that elevated levels of RAB5A, a

master regulator of early endosomes, is sufficient to re-awaken

the motility of otherwise kinetically arrested epithelial monolayers,

promoting millimeter-scale flocking-fluid motility through large-

scale coordinatedmigration and local cell rearrangements.14,16–18

At the molecular level, RAB5A impinges on junction topology,

turnover, and tension, fostering extension of oriented and coordi-

nated cryptic lamellipodia.14,17 The leading edges of cryptic lamel-

lipodia, much like those of individual crawling cells, are generated

by localized and spatially restricted actin polymerization triggered

by numerous actin regulators and coordinated by the small

GTPase RAC1.14,19 However, the molecular machinery driving

cryptic lamellipodium protrusion is likely to be distinct or enriched

with specific components with respect to more canonical lamelli-

podia of cells moving individually or into free space. Indeed, a

distinct cell identity with a leader-to-follower topological organiza-

tion is emerging as critical in driving directed collective motion,

such as in the case of Indian-file-moving cells,20 protruding multi-

cellular fingers extending into the free spaceduringwound closure

inmodel epithelia,21 or cell-cohort-invading stromal tissues during

carcinoma dissemination.4,22,23

Among the proteins that regulate cell migration andmembrane

protrusion, myosin VI is an unconventional actin-based motor

protein that moves toward the minus end of actin filaments.24–26

Myosin VI was originally characterized in Drosophila mela-

nogaster, where it participates in collective migration of border

cells during ovary development.27,28 The pro-migratory function

of myosin VI has also been confirmed in tumors, where elevated

levels of this protein are frequent and correlate with the aggres-

sive behavior in ovarian, breast, and prostate cancer.26,28–31 In

epithelial carcinoma, deregulated alternative splicing results in

preferential or exclusive expression of the short isoform of

myosin VI, to which a cancerous malignancy becomes addicted

for migration.31 Despite the increasing interest in the potential

oncogenic role of myosin VI in cell migration, little is known about

its mechanism of action and potential impact on cancer collec-

tive migration capacity.
Figure 1. Myosin VI is required for coherent motion of jammed epithel

(A) Experimental pipeline used for all kinetics experiments using DCIS-RAB5A a

indicated lysates (day 3).

(B) Representative example of single-cell trajectories obtained from random mig

(C) Quantification of single cell motion assays with the indicated cell lines. n = 75 (2

circle, mean of the single experiment. Error bars, ±SD. not significant (ns) > 0.99

(D) Representative snapshots of the velocity field obtained by PIV analysis (red

represents the alignment with respect to the mean instantaneous velocity, quant

when the local velocity is parallel (antiparallel) to the mean direction of migration. R

field of view).

(E) Root-mean-square velocity VRMS parameter obtained from the PIV analysis of s

from at least five videos/condition. Error bars, ±SD. ***p < 0.001 by Student’s t t

(F) Orientational order parameter j obtained from the PIV analysis described in (

(G) Left: velocity correlation functions CvvðrÞ obtained from PIV analysis (symbols

Center: correlation length Lcorr obtained from the fitting procedure, the correspon

andMYO6 KD, respectively. Error bars, ±SD. **p < 0.01 by Student’s t test. Right:

nuclear tracking.
Here, we employ oncogenic monolayer models in which

RAB5A expression can be tuned in an inducible fashion to pro-

mote flocking-fluid motility and test the impact of myosin VI.

We uncover a myosin VI-DOCK7 axis as critical for spatially re-

stricting the activity of RAC1 in a planar polarized fashion.

Myosin VI is specifically required in follower cells to promote for-

mation of cryptic lamellipodia that drive tissue fluidification by

triggering highly coordinated and cooperative-mode motion in

otherwise solid and static carcinoma cell collectives.

RESULTS

Myosin VI is critical for coherent motion of jammed
epithelia
Myosin VI is required for cancer cell migration through an ill-

defined molecular mechanism.25,31 We examined the role of

myosin VI during individual and collective cell migration; namely,

during random and confinedmigration of single cells or in wound

healing and tissue fluidification via flocking stream in epithelial

monolayers (Figure 1A). To directly compare the results, we ex-

ploited the oncogenically transformed MCF10.DCIS.com cell

line, in which collective streaming of cells in densely packed

and confluent monolayers can be induced by modulation of

RAB5A expression14 (hereafter referred to as ductal in situ carci-

noma [DCIS]-RAB5A). This cell line uniquely expresses the short

isoform of myosin VI (Figure S1A) and, thus, represents the ideal

model system to identify specific roles of this isoform.

Silencing of myosin VI with specific small interfering RNA

(siRNA) oligos had no impact on themean velocity or persistence

of motility of individual cells in random or confined migration as-

says (Figures 1B and 1C; Videos S1 and S2). Conversely, in

wound healing experiments, myosin VI depletion caused impair-

ment of collective migration, consistent with previous findings.31

The defective collective motion is the result of a reduction in the

global velocity of wound closure (Figure S1B; Video S3), likely

because of impairment of cell directionality (Figure S1C). A sec-

ond siRNA myosin VI oligo showed similar depletion efficiency

and almost identical results (Figures S1D and S1E).

We then analyzed the reawakening of collectivemigratory prop-

erties during unjamming of otherwise solid and static epithelial

monolayers. Time-lapse image sequences of control and knock-

down (KD) cells were analyzed by particle image velocimetry
ia

nd derivative cell lines. Right: representative immunoblot (IB) analysis of the

ration assays with the indicated cell lines.

5 single cells/experiment/genotype for three independent experiments). Empty

9 by Student’s t test.

arrows), taken at 8 h after the beginning of the experiment. The color map

ified by the alignment index aðxÞ = vðxÞ$v0=jvðxÞ$v0j, which is equal to 1(�1)

ed arrows in each inset represent the mean velocity v0 (average over the entire

ix independent experiments. Empty circle, mean of each experiment calculated

est.

E). Error bars, ±SD. ***p < 0.001 by Student’s t test.

) and best-fitting curves with a stretched exponential model (continuous lines).

ding average stretching exponent b being 0.69 ± 0.07 and 0.76 ± 0.05 for mock

mean square relative velocity DvRMS of pairs of neighboring cells obtained from
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(PIV) to determine the local prevalent direction of motion and

obtain time-resolved, coarse-grained velocity fields.14 As shown

in Figure 1D and Videos S4 and S5, myosin VI depletion strongly

impacts collective migration by reducing the overall cellular

motility, quantified by the root-mean-square velocity vRMS (Fig-

ure 1E) and, evenmore strikingly, by severely impairing long-range

cell-cell coordination. The degree of mutual alignment of cellular

velocities is captured by the polar order parameter j, which can

vary in the range of ½0;1�, with j = 1 corresponding to a perfectly

uniform velocity field and jx0 to a randomly oriented velocity

field (see STAR Methods for details). While we measure jx 0:5

for the control monolayer, clearly indicating the presence of

directed collectivemigration, we observed a 4- to 5-fold decrease

in j for the myosin VI KD condition (Figure 1F). We confirmed the

lack of long-range coordination in KD monolayers by calculating

the velocity correlation functions CvvðrÞ and the corresponding

correlation lengths Lcorr (Figure 1G). Lcorr , which roughly corre-

sponds to the characteristic linear size of a ‘‘pack’’ of coherently

migrating cells, displays a striking 20-fold reduction in KD cells.

Intriguingly, besides reducing large-scale coordination, myosin

VI depletion also enhances small-scale velocity fluctuations, as

can be seen by considering the mean squared relative velocity

Oð<DvRMS >Þ2 of neighboring cell pairs, which displays a signifi-

cant increase in KD monolayers (Figure 1G). Of note, all of these

effects are not due to a cell division defect because similar

numbers of cells were present in fully confluent mock and myosin

VI-depleted monolayers (Figure S1F), and this collective locomo-

tion is unperturbed by replication inhibition.14

Altogether, these results showed that the critical role ofmyosin

VI in controlling multicellular streaming-like motility is an emer-

gent property of confluent monolayers.
Figure 2. Myosin VI coordinates cryptic lamellipodium dynamics in fol

(A) Basal plane of a fully confluent DCIS-RAB5Amonolayer. Immunofluorescence

the accumulation of myosin VI and phalloidin signals at the cryptic lamellipodia. S

Scale bars, 5 mm.

(B) Top: schematic of cryptic lamellipodium structure. Bottom: mean fluorescenc

(4 independent experiments). Error bars, ±SD.

(C) Representative phase-contrast and fluorescence images of the streaming ass

interspersed (1:10 ratio). Green arrow, direction of the migrating cell sheet. Scale

(D) Quantification of cryptic lamellipodium protrusion velocity from the streamin

LifeAct-expressing mock average value. The central mark indicates the median,

tiles, respectively. An empty circle represents the mean lamellipodium protrusion

Student’s t test.

(E) Quantification of cryptic lamellipodium persistence from the streaming assa

mellipodium is detectable. An empty circle represents the persistence of single lam

(F) Top: representative image of the angle F between the direction of the cryptic

arrow). Bottom plots: quantification of the orientation angle F for the indicated c

(G) Representative phase-contrast images of leading-edge lamellipodia and their

bars, 3 mm. Arrows in the kymograph highlight one protrusion and retraction eve

(H) Quantification of leading-edge lamellipodium persistence (expressed in minu

persistence of single leading-edge lamellipodia. n = 20 (3 independent experime

(I) Quantification of leading-edge lamellipodium mean area obtained by neural n

pressed relative to mock average value. An empty circle represents the area o

ns > 0.999 by Student’s t test.

(J) Single-cell tracking of the wound healing assay performed on H2B-mCherry-e

of the wound healing assay. White lines define the area to which cells are assign

quantification of the directionality of the cells belonging to the different area exp

TrackMate. An empty circle represents the mean directionality of the tracks for e

ns > 0.999, ****p < 0.0001 by ANOVA. Right: visual representation of the trackin

persistence (from blue [high directionality] to red [low directionality]). One repres
Myosin VI coordinates cryptic lamellipodium dynamics
in follower cells
Myosin VI has been reported to be localized at adherens junc-

tions and to interact with the cytoplasmic tail of E-cadherin.32–34

In DCIS-RAB5 cells, myosin VI displays a diffuse cytoplasmic

pattern in isolated, sparsely seeded cells but rapidly accumu-

lates at desmosomes when a cluster of two or more cells is es-

tablished (Figure S2A). In confluent monolayers, myosin VI was

also present at the basal level, where it accumulated in actin-

rich protrusions, called cryptic lamellipodia, which extend under-

neath the neighboring cells and display a planar polarized distri-

bution12,35 (Figures 2A and 2B). Importantly, by monitoring the

dynamics of cells expressing EGFP-LifeAct interspersed with

non-fluorescent cells, we found that myosin VI depletion did

not impair formation of cryptic lamellipodia (Figure 2C; Video

S6) but severely reduced their velocity (Figure 2D) and persis-

tence (Figure 2E).

One striking feature of flocking-fluid locomotion in DCIS-

RAB5A cells is their long-range, persistent, and ballistic motility.

This trait is driven by formation of highly coordinated cryptic la-

mellipodia oriented in the direction of motion. Myosin VI deple-

tion strongly impaired the alignment of these protrusions along

the motility direction of supracellular motility streams (Figure 2F).

Notably, myosin VI depletion specifically impaired cryptic lamel-

lipodia in cell monolayers because its depletion did not alter the

protrusion and persistence of lamellipodia generated in single

cells (Figures S2B and S2C).

Cryptic lamellipodia are typically observed in follower cells

during direct cell motility.12 The streamingmotility inmonolayers,

however, does not allow discernment of leader-to-follower topo-

logical cell organization. Thus, we analyzed myosin VI activity
lower cells

(IF) analysis was performed as indicated. Arrows in the magnifications indicate

cale bars, 10 mm. Right panel: example of z stack projection of the same cells.

e signal of myosin VI across single cells from z stack acquisition images. n = 60

ay of mock or MYO6 KDmonolayers where GFP-LifeAct-expressing cells were

bars, 15 mm.

g assay described in (C). Results in the graph are expressed relative to GFP-

and the bottom and top edges of the box indicate the 25th and 75th percen-

velocity of a single cell. n = 145 (4 independent experiments). ****p < 0.0001 by

y described in (C). Data are plotted as the number of frames in which the la-

ellipodia. nR 74 (4 independent experiments). ***p < 0.001 by Student’s t test.

lamellipodia (white arrow) and the direction of the migrating cell sheet (green

ell lines. n R 140 (4 independent experiments).

relative kymograph from scratched mock or MYO6 KD cell monolayers. Scale

nt.

tes) obtained by kymograph analysis as in (G). An empty circle represents the

nts). ns > 0.999 by Student’s t test.

etwork36 using phase-contrast images as in (G). Results in the graph are ex-

ccupied by leading edge lamellipodia. n R 80 (4 independent experiments).

xpressing mock or MYO6 KD cells. Left: representative phase-contrast images

ed based on their distance from the wound edge. Scale bars, 50 mm. Center,

ressed as the inverse of the directional change rate parameter obtained with

ach time-lapse video. n R 30 (3 independent experiments). Error bars, ±SEM.

g data quantified. Each nucleus is colored coded according to the direction

entative dataset is shown. Top: mock; bottom: MYO6 KD.
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using a wound healing assay where the migratory phenotype

caused by its depletion is evident (Figures S1B and S1C). For

each cell, we measured its absolute speed and axial component

in the direction of the wound by tracking its H2B-mCherry-

labeled nucleus. Consistent with the specific role of myosin VI

in the followers, silencing of the protein did not alter lamellipo-

dium extension and persistence in leader cells at the wound

front, as quantified by kymograph (Figures 2G and 2H) and

neuronal network analyses36 of the dynamics at the leading

edges (Figure 2I). We also employed single-cell tracking analysis

to evaluate the movement of cells located away from the wound

edge. Strikingly, we found a significant reduction in cell direc-

tionality specifically in follower cells that were a few rows away

from the wound edge (Figure 2J).

Collectively, these findings indicate that myosin VI specifically

controls the coordinated persistence and dynamics of cryptic la-

mellipodia in follower cells, a prerequisite for collectivemovement.

Myosin VI regulates RAC1 GTPase activation at cryptic
lamellipodia
A critical molecular determinant of cryptic lamellipodia is the

small GTPases RAC1, whose activity is essential to trigger local-

ized branched actin polymerization at the leading edge of

migratory cells. We found that the total amount of active RAC1

was significantly reduced in myosin VI-depleted lysates from

confluent cell monolayers (Figures 3A and S3A). Importantly,

loss of myosin VI does not alter the level of active CDC42

(Figures 3B and S3B) or of RAC1 when lysates are prepared

from isolated cells grown under sparse conditions (Figure S3C),

reinforcing the notion of a specific function of myosin VI in con-

trolling RAC1 activity in streaming, fluidized monolayers.

Next, we generated a stable DCIS-RAB5A cell line expressing

a second-generation RAC1-fluorescence resonance energy

transfer (FRET) biosensor.37 Cells expressing the RAC1-FRET

sensor were mosaically seeded in a confluent monolayer

composed of non-fluorescent cells to enable measurement of

RAC1 activation with high spatial resolution. In control cells,

analysis of multiple protrusions revealed an increase in FRET ac-
Figure 3. Myosin VI regulates RAC1 GTPase activation at cryptic lame

(A) GST-CRIB assay quantification from mock or MYO6 KD monolayers. Data are

mock sample for each experiment. n = 5 independent experiments. Reported va

(B) As in (A) but for CDC42-GTP. Reported values are mean ± SD. ns > 0.999 by

(C) Representative images of RAC1-FRET biosensor-expressing mock or MYO6 K

the FRET intensity signal at the cell periphery (<1.5 mm from the edge). The inten

(D) Representative distribution of the normalized RAC1-FRET intensity signal at

(E) Quantification of the FRET intensity signal at the cell periphery of mock or MY

(4 independent experiments). **p < 0.01 by Student’s t test.

(F) Representative distribution of the normalized CDC42-FRET intensity signal at

(G) Wound healing assay results for the indicated cell lines. The average wound c

circle represents the mean wound closure velocity quantified for each video.

****p < 0.0001 by ANOVA.

(H) PIV analysis of the streaming assay performed as in Figures 1E and 1F for the

order parameter, j. Empty circle, mean of the single experiment calculated from

ns > 0.999, *p < 0.05 by ANOVA.

(I) Quantification of cryptic lamellipodium protrusion velocity performed as in Figu

GFP-LifeAct-expressing mock average value. An empty circle represents the m

experiments). ns > 0.999, ****p < 0.0001 by ANOVA.

(J) Quantification of the orientation angleF performed as in Figure 2F. n = 132 for m

RAC1 and RAC1-P29S (3 independent experiments).
tivity in proximity to the cell periphery (arbitrarily estimated at a

distance of 1.5 mm from the plasma membrane), consistent

with the established role of RAC1 activity in cryptic lamellipo-

dia38,39 (Figures 3C–3E). Strikingly, depletion of myosin VI signif-

icantly reduced the relative FRET signal of RAC1 activity in pro-

trusions (Figures 3C–3E). Importantly, absence of myosin VI did

not alter activation of CDC42, measured using a specific FRET

biosensor40 (Figure 3F). These results indicate that myosin VI is

essential for optimal activation of RAC1 in cryptic lamellipodia

that drive coordinated, long-range streaming motility.35

Finally, we tested whether constitutive activation of RAC1 was

sufficient to rescue the phenotypes induced by myosin VI deple-

tion using different orthogonal approaches. First, we found that

addition of the cholinergic agonist and RAC1 activator carba-

chol41,42 partially rescued the wound closure defect observed

upon myosin VI depletion (Figure S3D). Next, we expressed wild-

type (WT) RAC1) or its fast-cycling RAC1-P29S variant43 in

EGFP-LifeAct-expressing cells after silencing of myosin VI. WT

RAC1 and RAC1-P29S were sufficient to rescue the wound

closure defect (Figure 3G; Video S7) as well as the streaming

defectobserved inmyosinVI-depletedcells uponRAB5A-induced

unjamming. Indeed, ectopic expression of RAC1 in the cell mono-

layer was sufficient to rescue the loss of cell coordination

measured by spatial velocity correlation lengths and root-mean-

square velocity (Figure 3H; Video S8). Finally, we tested the dy-

namics of cryptic lamellipodia in the flocking, confluent mono-

layers. ExpressionofWTRAC1orRAC1-P29S effectively restored

the defective cryptic lamellipodium velocity (Figure 3I) and direc-

tional orientation (Figure 3J) caused by myosin VI depletion.

Altogether, these results demonstrate that myosin VI regulates

localized activation of RAC1 specifically at cryptic lamellipodium

protrusions to promote coordinated and collective cell migration

and tissue fluidification.

Myosin VI controls RAC1 activation in cryptic
lamellipodia by recruiting DOCK7
To gain insight into the molecular mechanisms underlying myosin

VI regulation of RAC1 activity, we took advantage of themyosin VI
llipodia

reported as fold change with respect to RAC1-GTP level in the corresponding

lues are mean ± SD. ****p < 0.0001 by Student’s t test.

Student’s t test.

D cells. Scale bars, 10 mm.White lines define the area used for quantification of

sity, represented by a color scale, is shown. Right: magnification.

the cell periphery of a mock or MYO6 KD cell.

O6 KD cells. Results are expressed relative to mock average value. n R 117

the cell periphery of a mock or MYO6 KD cell.

losure speed relative to the mock condition is plotted in the graph. The empty

n = 20 (4 independent experiments). ns > 0.999, **p < 0.01, ***p < 0.001,

indicated cell lines. Left: root-mean-square velocity, VRMS. Right: orientational

at least five videos/condition (four independent experiments). Error bars ±SD.

re 2D for the indicated cell lines. Results in the graph are expressed relative to

ean lamellipodium protrusion velocity of a single cell. n = 144 (3 independent

ock andMYO6 KD cells, n = 250 for MYO6 KD cells expressing wild-type (WT)
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Figure 4. A MYO6-DOCK7 axis activates RAC1 in a planar polarized fashion

(A) Immunoprecipitation (IP) analysis of DCIS-RAB5A cells with two antibodies against myosin VI (1295 and 1296) and rabbit immunoglobulin G (IgG) as a negative

control. IB as indicated.

(B) GST-CRIB assay quantification frommock or DOCK7 KDmonolayers. Data are reported as fold change with respect to RAC1-GTP level in the corresponding

mock sample for each experiment. n = 5 independent experiments. Reported values are mean ± SD. **p < 0.01 by Student’s t test.

(C) Wound healing assay results for mock, MYO6 KD, DOCK7 KD, and the combination of MYO6- and DOCK7-depleted (M/D 2KD) cells. The average wound

closure speed relative to the mock condition is plotted in the graph. The empty circle represents the mean wound closure velocity quantified for each video. nR

15 (3 independent experiments). ns > 0.999, ****p < 0.0001 by ANOVA.

(D) PIV analysis of the streaming of the indicated cell monolayers. From left to right: orientational order parameter j, root-mean-squared velocity VRMS, and

correlation length LCORR. The corresponding average stretching exponent b is 0.68 ± 0.1, 0.74 ± 0.06, 0.84 ± 0.07, and 0.87 ± 0.1 for mock,MYO6 KD, DOCK7 KD,

and M/D 2KD, respectively. Empty circle, mean of each experiment calculated from five videos/condition (six independent experiments). Error bars ±SD.

ns > 0.999, *p < 0.05, ***p < 0.001, ****p < 0.0001 by ANOVA.

(E) Quantification of cryptic lamellipodium protrusion velocity performed as in Figure 2D for the indicated cell lines. n = 158 (4 independent experiments).

(legend continued on next page)
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interactome, which we identified in a previous study.25 Among the

myosinVI interactors,we focused on the humandedicator of cyto-

kinesis DOCK7,31,44,45 a dual guanine nucleotide exchange factor

(GEF) for RAC1 and CDC42 GTPase.46 We first confirmed that

myosin VI and DOCK7 co-immunoprecipitated in DCIS-RAB5A

cells (Figure 4A). Next, we tested the functional involvement of

DOCK7 in regulation of RAC1 activity in cryptic lamellipodia in

our model of flocking fluid motility in monolayers.

Biochemically, DOCK7 depletion significantly reduced RAC1-

GTP levels (Figure 4B). Functionally, DOCK7 KD cells showed

impaired collective migration in wound healing (Figure 4C; Video

S9) andstreamingassays (Figure4DVideoS10) to thesameextent

as in myosin VI KD cells. Intriguingly, concomitant silencing of

DOCK7 and myosin VI did not worsen the migratory defects, sug-

gesting that DOCK7 is likely the main effector of myosin VI activity

in thiscontext (Figures4Cand4D).The resultswereconfirmedbya

second siRNA DOCK7 oligo (Figures S4A and S4B).

Next, we tested whether DOCK7-dependent impairment of

flocking monolayer migration was due to a lack of oriented and

persistent cryptic lamellipodia. By exploiting EGFP-LifeAct

mosaic cells in confluent monolayers, we discovered that protru-

sion velocity and persistence of cryptic lamellipodia are similarly

impaired after individual or concomitant depletion of DOCK7 and

myosin VI (M/D 2KD) (Figures 4E and 4F). We then used cell seg-

mentation and tracking of H2B-mCherry-labeledmonolayer cells

in a wound healing assay to specifically analyze migration of the

leader or follower cells. Consistent with data obtained in myosin

VI KD cells (Figures 2G–2I), silencing of DOCK7 did not affect the

lamellipodium dynamics of the cell leading edge at the wound

front (Figures S4C and S4D), while kymograph-based quantifica-

tion of follower cells showed a significant reduction in direction-

ality (Figure 4G).

Prompted by these results, we reasoned that myosin VI may

be required to localize DOCK7 and spatially restrict its activity to-

ward RAC1. To test this hypothesis, we first examined DOCK7

localization in our cell system. To overcome the lack of reliable

antibodies, we generated a population of EGFP-DOCK7 cells

that expressed low physiological levels of the protein (Fig-

ure S4E). A confocal analysis demonstrated that, in a confluent

monolayer, DOCK7 co-localized with myosin VI at apical cell-

cell junctions (Figure 5A) and accumulated in cryptic lamellipodia

extending basally onto the cell substrate (Figures 5B and 5C).

This localization requires myosin VI because, upon myosin VI

depletion, DOCK7 became diffusely distributed throughout the

cytoplasm (Figure 5D) and was no longer enriched at actin-rich

protrusion tips (Figures 5E and 5F).

Collectively, these data indicate that a myosin VI-DOCK7-

RAC1 axis controls cryptic lamellipodium protrusions, which, in

turn, are required for collective flocking locomotion.

MyosinVIdirectly interactswith theDOCK7DHR2domain
A functional interaction betweenmyosin VI and DOCK7 has been

reported previously in the neuronal context47 as well as in HeLa44
(F) Quantification of cryptic lamellipodium protrusion persistence performed as

ns > 0.999, ****p < 0.0001 by ANOVA.

(G) Quantification of the directionality of the cells belonging to the different areas

experiments). Error bars, ±SEM. ns > 0.999, ****p < 0.0001 by ANOVA.
and HEK293T cells,31 but the molecular basis of this interaction

has not been fully explored. Structurally, both proteins are

composed of several distinct domains we investigated to

map the critical surface of interaction (Figure S5A). First, we

confirmed that the myosin VI binding surface resides in the

DHR2 domain of DOCK745 because removal of this GEF catalytic

domain in the context of the full-length protein was sufficient to

abrogate binding to the myosin VI tail (Figure 6A). To identify

the minimal binding region within myosin VI, we performed a

pull-down experiment with different myosin VI tail constructs.

The cargo-binding domain (CBD,44) and the MYO6 ubiquitin-

binding (MyUb48) isolated domains bound DOCK7, although

with reduced efficiency compared with the MyUb-CBD tail

of myosin VI (Figure S5B). Importantly, using bacterially ex-

pressed and purified fragments, we showed that the interaction

between the DHR2 domain and the MyUb-CBD domain is direct

(Figure 6B).

The DOCK family consists of 11 structurally conserved pro-

teins that serve as atypical RHO GEFs and are differentially

expressed in tissues.49,50 We tested the ability of the MyUb-

CBD tail to bind the DHR2 domain of a few prototypes of

the family, including DOCK2, DOCK6, and DOCK9.51 Surpris-

ingly, binding was detected only for the DHR2 domain of

DOCK7 (Figure 6C).

This result prompted us to further analyze the interaction sur-

face. Despite low sequence homology among the DOCK family

members, the DHR2 domains are well conserved and adopt a

similar fold that is characterized by three lobes, A–C. Of them,

lobes B and C are endowed with GTPase binding and GEF activ-

ity, whereas lobe A seems to be involved in homodimerization, at

least in a few DOCK proteins.49,51 By using DHR2 protein frag-

ments, we showed that lobe A is indeed required for DOCK7

dimerization but is also critical for myosin VI interaction (Fig-

ure S5B). Lobe A is not present in the recombinant DHR2 con-

structs used to generate the structural data for DOCK7 (PDB:

6AJ4). Therefore, we used AlphaFold2-Multimer52,53 to predict

the DOCK7 DHR2 structure and possible myosin VI interaction

surfaces. The DOCK7 DHR2 and myosin VI MyUb and CBD do-

mains were predicted with high confidence scores, except for a

linker sequence between the two myosin VI domains that most

likely is flexible (Figure 6D, top panel). The best model prediction

indicated that the DOCK7 lobe A domain is in contact with the

CBD and MyUb domains of myosin VI, with the MyUb and

CBD domains also interacting with each other (Figure 6E). This

model showed high confidence for the residue-to-residue dis-

tance (Figure 6D, bottom panel) and is fully consistent with the

finding that loss of either MyUb or CBD weakens the interaction

with DOCK7 (Figure S5B).

A hypothesis motivated by our structure-function analysis is

that the binding of myosin VI to lobe Amay influence the GEF ac-

tivity of DOCK7. Indeed, DOCK7 showed poor activity on RAC1

compared with DOCK2 (Figure S5C), as reported previously,46

strongly suggesting a possible allosteric missing partner. We
in Figure 2E for the indicated cell lines. n = 250 (4 independent experiments).

performed as in Figure 2J for the indicated cell lines. n R 34 (3 independent
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Figure 5. Myosin VI promotes local RAC1 activation by recruiting DOCK7 to cryptic lamellipodia

(A) IF analysis of GFP-DOCK7 expressing DCIS-RAB5A cells seeded in the jammed condition to visualize lamellipodium-like structures. Purple, myosin VI; red,

phalloidin. Middle and basal planes are shown. Scale bars, 25 mm.

(B) Fluorescence intensity profiles show GFP-DOCK7 andMYO6 fluorescence distribution across the white line shown in (A) (x axis). The fluorescence intensities

are reported on the y axis.

(C) Quantification of the colocalization of GFP-DOCK7 and myosin VI shown in (A), using Manders’ coefficient. n = 153 (4 independent experiments). Error

bars, ±SEM. ****p < 0.0001 by Student’s t test.

(D) IF analysis of GFP-DOCK7 expressing DCIS-RAB5A cells depleted of myosin VI and seeded in the jammed condition as in (A). Purple, myosin VI; red,

phalloidin. Middle and basal planes are shown.

(E) Z stacks acquisition of the cell lines described in (A) and (D). Right: fluorescence intensity profiles showing the distribution of GFP-DOCK 7 and phalloidin

fluorescence across the white line (x axis).

(F) Quantification of the colocalization of GFP-DOCK7 and phalloidin in XZ images shown in (E), using Manders’ coefficient. n R 74 (four independent experi-

ments). Error bars, ±SEM. ****p < 0.0001 by Student’s t test.
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then used a suboptimal concentration of DOCK7 and titrated in

increasing amounts of the MyUb-CBD tail (Figure 6F), analyzing

activity by the GEF assay. Even under these conditions, howev-

er, we failed to detect any effect of the MyUb-CBD fragment on
10 Cell Reports 42, 113001, August 29, 2023
the GEF activity of DOCK. Thus, we conclude that, while critical

for DOCK7 localization, myosin VI does not appear to influence

DOCK7 GEF activity toward RAC1, at least in this simplified

in vitro experiment.
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(legend on next page)
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Myosin VI overexpression is exploited by infiltrating
breast cancer cells
To assess the clinical relevance of our findings, we investigated

the expression profile of myosin VI in human breast cancer by

analyzing RNA sequencing (RNA-seq) data of The Cancer

Genome Atlas (TCGA) breast tumors dataset (breast cancer

[BRCA]). We assessed a total of 981 samples with complete clin-

ical and pathological information, including molecular subtyp-

ing,54 andwe focused our attention on themyosin VI short isoform

because we have demonstrated previously that this isoform is

selectively required for cancer cell migration and for DOCK7 bind-

ing.31 As shown in Figure 7A, expression of the myosin VI short

isoform is significantly higher in the basal-like subtype compared

with all other cancer subtypes and normal breast tissue. Notably,

this subtype comprises 15%–20%of all breast tumors and largely

correspond to triple-negative (TN) highly metastatic breast can-

cer, to which the MCF10.DCIS.com cell line belongs.

To confirm this result at the protein level, we analyzed a panel

of human DCIS and invasive ductal carcinoma (IDC) tissue sec-

tions by immunohistochemistry. While diffuse and weak expres-

sion of myosin VI characterized most DCIS samples, the staining

intensity was significantly higher in IDC, particularly in the infil-

trating components (Figure 7B), as quantified by software anal-

ysis on digital slide scans (Figure 7C). Thus, breast carcinoma

selectively increases myosin VI expression during progression

from DCIS to IDC.

DISCUSSION

During carcinoma dissemination, cellular rearrangements are

fostered by a solid-to-liquid transition, known as unjamming,

through partially identified molecular mechanisms. We found

here that myosin VI is essential to support this tissue-level phase

transition because its depletion severely reduces cell coordina-

tion and impairs cell migration persistence and directionality.

Molecularly, we identifiedDOCK7, aGEF for RAC1, as the critical

and direct myosin VI interactor. Myosin VI is essential to restrict

DOCK7 at cryptic lamellipodia to locally activate RAC1 and

promote coordinated movement of the follower cells. This regu-

lation may likely aid the follower cells to chase and coordinate

their motion with the leaders, as recently suggested by several

studies,55,56 thereby enabling maintenance of monolayer

compactness during collective motion. Our results also highlight

the role exerted by RAC1 in the follower cells and show that

these cells are not simply hitchhikers or passive passengers
Figure 6. Myosin VI specifically and directly interacts with the lobe A o

(A) GST pull-down assay using the myosin VI tail and lysates from HEK293T cel

DOCK7DDHR2 (DOCK7D). IB as indicated. Ponceau shows equal loading.

(B) Pull-down assay using the HisMBP-DHR2 domain of DOCK7 and MyUb-CBD

Ponceau shows equal loading.

(C) GST pull-down assay using MyUb-CBD of myosin VI (spanning amino acids

domain of the indicated DOCK proteins. IB as indicated. Ponceau shows equal l

(D) Confidence scores per residue generated by AlphaFold2-Multimer for the pred

local distance difference test.

(E) Ribbon diagram of the top-scoring AlphaFold2-Multimer model of theMYO6:D

spanning residues G1048–K1262, and DOCK7 residues of the DHR2 domain spa

(F) Representative RAC1 GEF activity assay using 7.5 mM of the DHR2 domain of

Coomassie gel of the samples used.
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but, rather, actively contribute to promoting collective cell

migration.

Our study has striking similarities with recent discoveries ob-

tained in Drosophila by Campanale et al.,55 who uncovered the

role of a Scrib/Cdep/Rac pathway as essential for follower cell

movement and cluster cohesion in border cell migration. In this

study and context, Cdepwas identified as the RacGEF, whereas

Scrib, Dlg, and Lgl aid in localizing Cdep basolaterally to activate

Rac in followers. Intriguingly, Drosophila was the system first

employed to demonstrate the critical role of myosin VI in collec-

tive motion because its depletion severely affects border cell

migration.27 Whether myosin VI does so by perturbing RAC1 ac-

tivity in follower cells in conjunction with or alternatively to Scrib

and Cdep has not been addressed. Likely, more than a RacGEF

is required in follower cells, and little is known about the DOCK7

ortholog in Drosophila, Zir. Thus, it will be exciting to re-evaluate

the role of myosin VI and Zir activity in border cell dynamics in

light of our current finding.

It must be noted that border cells display not only a leader-to-

follower topological organization but also an apicobasal polarity

during their motion, consistent with their prototypical epithelial

nature. Conversely, breast carcinoma MCF10.DCIS.com cells

nearly completely lose their apico-basal polarity while they retain

a number of features of normal epithelial tissues, including a

planar polarized organization. Because the molecular determi-

nants of these polarity programs are distinct, it is conceivable

that myosin VI might be more critical when a planar polarity

arrangement is needed and established but dispensable during

apico-basal organization. This specific role is particularly attrac-

tive considering the selective role exerted by the alternatively

spliced myosin VI isoforms.25,31 Indeed, fully polarized epithelia

selectively express myosin VI long, which is impaired in

DOCK7 binding31 and is critical for clathrin-mediated endocy-

tosis at the apical surface.57

Limitations of the study
Our findings imply that the myosin VI short isoform is relevant for

infiltrating carcinoma cells to ensure and enhance coordinated

and directed collective invasion during unjamming. Although

several lines of evidence support this idea, investigation of

myosin VI isoforms has been limited to mRNA expression anal-

ysis because of the unavailability of isoform-specific antibodies

for protein detection. Therefore, further investigations are

needed to determine the spatial and temporal expression of

the short isoform protein in different tumor subtypes. Moreover,
f the DHR2 domain of DOCK7

ls transfected with full-length GFP-DOCK7 or its DHR2 deleted mutant, GFP-

construct of myosin VI produced and purified from bacteria. IB as indicated.

1,080–1,295) and lysate from HEK293T cells transfected with the GFP-DHR2

oading.

icted fold of domains (top) and the residue-to-residue distance (bottom). LDDT,

OCK7 interaction obtained by entering protein sequences for the myosin VI tail,

nning P775–P1196.

DOCK7 and the indicated concentration of the MyUb-CBD myosin VI. Bottom:
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Figure 7. MYO6 is significantly overexpressed in highly metastatic breast cancers

(A) MYO6 short versus long isoform expression expressed as ratio of RPKM (reads per kilobase per million mapped reads) for the indicated BRCA subtypes.

Average expression level is shown by green lines. The myosin VI short isoform was significantly overexpressed in the BRCA basal-like subtype compared with all

other subtypes and normal breast tissues. Statistical significance was analyzed by one-way (chi-square approximation) Wilcoxon test. ***p < 0.0001.

(B) Representative immunohistochemistry (IHC) images of myosin VI in DCIS and IDC tumor sections. Original magnification, 3200. Scale bar, 100 mm.

(C) Quantitative analyses of myosin VI IHC images shown in (B). n = 40 (5 images of 8 cases/cancer type). ****p < 0.0001 by Student’s t test.
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while our results indicate that the alteration of alternative splicing

mechanism of myosin VI is selected during cancer progression,

the underlying process still requires clarification.

While we discovered the MYO6-DOCK7-RAC1 axis in the

MCF10.DCIS.com cell line, which is representative of basal-

like breast cancers, its applicability in different cellular contexts

as well as murine models of breast cancer requires further inves-

tigation. To gain a comprehensive understanding of the system

and establish the therapeutic potential of this critical molecular

axis, further in vitro and in vivo studies are necessary. Notably,

while direct inhibition of myosin VI may have unwanted delete-

rious effects in normal tissues,58 the interaction surface with

DOCK7 represents a promising possibility to explore in future

drug discovery studies, particularly in the case of the more

aggressive basal-like breast cancers for which we have limited

therapeutic options.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Simona

Polo (simona.polo@ifom.eu).

Materials availability
All unique reagents generated in this study are available from the lead contact upon request and with a completedMaterials Transfer

Agreement.

Data and code availability
d This paper analyzed existing, publicly available data. The accession numbers for the datasets are listed in the key resources

table (https://portal.gdc.cancer.gov/projects/TCGA-BRCA).

d This paper does not report original code.

d Raw data from main figures are deposited on Mendeley at https://doi.org/10.17632/zsxcs45pt3.1.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Constructs and reagents
GTP-CRIB plasmid59 and GST-myosin VI (human isoform2, NP_001287828.1) constructs were previously described.31 pLenti-

RAC1-2G FRET Biosensor and pLenti-Cdc42-2G FRET Biosensor were obtained from Addgene (#66111 and #68813, respectively).

DHR2 domain of DOCK2, DOCK6 and DOCK9GEF proteins were amplified by PCR (primers listed in the ‘‘key resources table’’) using

cDNA from Caco2 cells, cloned into the expression vector pEGFP-C1 and sequence-verified. pEGFP-DOCK7 was amplified by PCR

from pCA-FLAG-DOCK7-FL62 and cloned into the pEGFP-C1 expression vector. pSLIK-EGFP-DOCK7 and pSLIK-RAC1 wild-type

(WT) and P29S constructs were generated starting from previous constructs (pCDNA3-RAC163 and pEGFP-DOCK7) with Gateway

LR Clonase II Enzyme mix (Thermo Fisher Scientific) by subcloning their respective PCR products into a pENTR vector, followed by

recombination into the pSLIK-HYGRO empty vector.
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All the other truncated constructs were engineered by site-directed mutagenesis or recombinant PCR and sequence-verified.

Briefly, the DHR2 domain of DOCK7 (residues 1597–2072) was amplified and cloned into the pET28a, pET43 and pEGFP-C1 expres-

sion vectors. RAC1 (residues 1–177) was amplified and cloned into the pGEX-6P-1 expression vector. DHR2-DLobeA of DOCK7 (res-

idues 1795–2072) was amplified and cloned into the pGEX-6P-1 and pEGFP-C1 expression vectors.

Cell lines and transfection procedures
The DCIS-RAB5A cell line and derivatives stably expressing GFP-LifeAct or mCherry-H2B were previously described.17 Cells were

grown at 37�C in humidified atmosphere with 5%CO2 in Dulbecco’s Modified Eagle Medium (DMEM): Nutrient Mixture F-12 (DMEM/

F12) medium (Invitrogen) supplemented with 5% horse serum, 0.5 mg/mL hydrocortisone, 10 mg/mL insulin, and 20 ng/mL EGF.

Phoenix-AMPHO cells (American Type Culture Collection, CRL-3213) were used as the packaging cell line for the generation of retro-

viral particles and cultured as recommended by the supplier. HEK293T cells were obtained from the BBCF-Biological Bank and Cell

factory, INT, Milan, grown in DMEM supplemented with 10% fetal bovine serum and 2 mM L-glutamine and used as the packaging

line for lentiviral vectors.

DCIS-RAB5A cells and derivatives were infectedwith pSLIK-EV (empty vector, CTR), pSLIK-EGFP-DOCK7-FL or pSLIK-RAC1WT

and P29S and selected with hygromycin to obtain stable inducible cell lines. In the case of DCIS-RAB5A expressing pSLIK-EGFP-

DOCK7-FL, cells were FACS sortedwith BeckmanCoulterMoFlo Astrios to obtain a homogeneous population with low expression of

GFP-DOCK7 in order to determine its localization. In these cell lines, doxycycline induction promotes the expression of RAB5A and

DOCK7 or RAB5A and RAC1 WT/P29S. All cell lines were authenticated by cell fingerprinting and tested for mycoplasma

contamination.

FRET-based analysis of RAC1 andCDC42 activation was performed infecting DCIS-RAB5A cells with pLent-RAC1-2G37 or pLenti-

CDC42-2G40 second generation FRET biosensors, followed by selection with puromycin to obtain stable inducible cell lines.

Transient knock-down of myosin VI or DOCK7 was performed using Stealth siRNA oligonucleotides (listed in the ‘‘key resources

table’’) from Thermo Fischer Scientific (Waltham, MA, USA). Cells were transfected twice using RNAiMax (Invitrogen), first in suspen-

sion and the following day in adhesion. Based on immunoblot analyses, cells were considered myosin VI or DOCK7-depleted three

days after the first transfection. Two siRNA oligonucleotides/gene were used with comparable results.

Expression of myosin VI isoforms in DCIS-RAB5A cells was assessed by RT-PCR. RNA was isolated from cells grown at different

confluencies using Maxwell RSC Instrument and Maxwell RSC simplyRNA Cells Kit. Retro-transcription was performed with

QuantiTect Reverse Transcription Kit (Qiagen). The cDNA obtained was amplified by PCR using primers flanking the spliced regions

(listed in the ‘‘key resources table’’) as previously described.31

Antibodies
The following antibodies were used at the indicated dilutions: anti-His (mouse, 1:1000, Cell Signaling), anti-RAC1 (mouse, 1:1000,

BD), anti-E-cad (mouse, 1:200, BD-610181), anti-Desmoplakin (rabbit, 1:1000, NW6; kindly provided by Kathleen Green and Lisa

Godsel), anti-myosin VI (rabbit, homemade,31 1:5000, Eurogentec-1296), anti-GAPDH (mouse, 1:2000, Santa Cruz-32233), anti-

DOCK7 (mouse, 1:1000, Santa Cruz-398888), anti-RAB5A (mouse, 1:1000, Santa Cruz-166600), anti-CDC42 (rabbit, 1:1000, Santa

Cruz-2462), and anti-GFP (rabbit, 1:5000, Sigma-G1544).

Single cell migration assay
Random single cell migration experiment was performed as previously described.14 Briefly, DCIS-RAB5A mCherry-H2B cells were

transfected twice with siRNA oligos and seeded in sparse cell growth conditions in six-well plates (5 3 104 cells/well) in complete

medium. RAB5A expression was induced 16 h before the experiment was initiated by adding fresh complete media supplemented

with 2.5 mg/mL doxycycline to the cells. Cell migrationwasmonitored by time-lapsemicroscopy. At the time of recording, freshmedia

containing EGF was added to the cells. The assay was performed using an environmental microscope incubator set to 37�C and 5%

CO2 perfusion. An Olympus ScanR inverted microscope with 103 objective was used to acquire images every 5 min over a 24-h

period. Tracking of cell nuclei and motility analysis were performed as described below.

For confined migration experiment, we employed fibronectin-coated micro-patterned lines of 10 mm diameter created through

photolithography.64 Briefly, glass coverslips were activated with plasma cleaner (Harrick Plasma), followed by coating with PLL-

g-PEG (Surface Solutions GmbH, 0.1 mg/mL). After washing with phosphate-buffered saline (PBS), the surface was illuminated

with UV light (UVO Cleaner, Jelight) using chromium photo-masks (JD-Photodata). The coverslips were then incubated with fibro-

nectin (25 mg/mL), and 104 DCIS-RAB5A mCherry-H2B transfected cells were seeded over-night with 2.5 mg/mL doxycycline prior

to analysis. Images were acquired every 5 min for 24 h using a humidity- and temperature-controlled inverted wide-field ScanR mi-

croscope. Tracking of cell nuclei and motility analysis were performed as previously described using a developed C++ software with

the OpenCV [http://opencv.willowgarage.com/wiki/] and the GSL [http://www.gnu.org/software/gsl/] libraries. The migration anal-

ysis was performed by the C++ software coupled with R [www.R-project.org].

Wound healing assays
Assays were performed as previously described.14 Briefly, cells transfected in suspension were seeded at confluency in six-well

plates (1.5 3 106 cells/well) in complete medium and transfected again the following day. Three days after seeding, a uniform
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monolayer is formed. RAB5A, DOCK7 and RAC1WT/P29S expression was induced 16 h before the experiment was initiated by add-

ing fresh complete media supplemented with 2.5 mg/mL doxycycline to the cells. The cell monolayer was scratched with a pipette tip

and carefully washedwith PBS to remove floating cells and create a cell-freewound area. The closure of thewoundwasmonitored by

time-lapse microscopy. At the time of recording, fresh media containing EGF was added to the cells. The assay was performed using

an environmental microscope incubator set to 37�Cand 5%CO2 perfusion. AnOlympus ScanR invertedmicroscopewith 103 objec-

tive was used to acquire images every 5 min over a 24-h period. The percentage of area covered by cells (area coverage%) over time

and wound-front speed were calculated using a custom Fiji and MATLAB code. The area covered over time was fitted with a straight

line whose slope was used to estimate the velocity of wound closure.

Measurement of the cellular velocities and trajectories
To measure velocity and trajectories of the cells at various distance from the edge of the wound we used Fiji Trackmate plugin [10].

The obtained tracks were separated in three different area: FRONT (<50mm from the wound edge), MIDDLE (50mm < wound

edge <150mm) and BACK (150mm < wound edge <300mm) according to the cell distance from the wound edge. The FRONT area

corresponds to n % 3 cells in a row.

The distance between each nuclei centroid (identified by Trackmate analysis) and the wound edge (identified by the previously

described wound healing analysis) was calculated using the MATLAB ‘‘bwdist’’ function. For each area (FRONT, MIDDLE, BACK)

and for each track the directional change rate (https://imagej.net/plugins/trackmate/algorithms#mean-directional-change) was

measured by Fiji Trackmate plugin as the average angle difference between two subsequent displacements. Directionality of the cells

belonging to the different area are expressed as the inverse of the directional change rate parameter obtained.

Kymograph analysis of cell protrusions at the wound edge
For cell protrusion analysis at the wound edge, the wound healing assay was performed using Culture Inserts (Ibidi) to avoid debrides

affecting the quality of the kymograph analysis. Inserts were placed in a 12-well plate and DCIS-RAB5A transfected cells were plated

in each chamber (63 104 cells/chamber). A cell-free wound area was created by removal of the insert. Cell migration was monitored

by a Leica widefield Thunder imager equipped with a Leica sCMOSDFC9000GT, using a Leica HC PL Fluotar 203 objective, NA 0.5.

Images were acquired every 30 s for 1 h (100ms exposure time). Images from 10 positions/condition were recorded every 30 s over a

1-h period. Tomeasure the dynamic of protrusive structures, each visible lamellipodia was analyzed by tracing a single pixel wide line

orthogonally to the edge of thewound. The resulting kymographwas obtained and analyzed following the plugin of the ImageJ Kymo-

graph macro (available at https://www.embl.de/eamnet/html/kymograph.html). Briefly, a segmented line was traced following the

edges of the lamellipodia in the kymographs, and every protrusion or retraction in the video were averaged to obtain a single value

for the plot. Persistence was calculated considering the total amount of frames in which the protrusion is visible until retraction

begins.

In order to extract the lamellipodia region area from phase contrast time lapse images acquired as described above, we used a fully

convolutional neural network.36 The network was trained with 65 images of leading-edge cell protrusions at the wound.

Cell sheet streaming and kinetic parameter measurements
DCIS-RAB5A and derivative cell lines were transfected and seeded as described for the wound healing experiment. RAB5A, DOCK7

and RAC1 WT/P29S expression was induced 16 h before the experiment was initiated with 2.5 mg/mL doxycycline. The assay was

performed using an environmental microscope incubator set to 37�C and 5% CO2 perfusion. An Olympus ScanR inverted micro-

scope with 103 objective was used to acquire images every 5 min over a 24-h period.

Quantification of monolayer dynamics in the streaming assays was performed using both Particle Imaging Velocimetry (PIV) and

Particle Tracking (PT). PIV analysis of phase-contrast image sequences was performed using the MATLAB software PIVlab.60 In all

cases, we adopted a final interrogation area of 20:8x20:8 mm2, close to the typical cell projected area. Spurious contributions to the

velocity field corresponding to instantaneous global translations between consecutive frames (due to stage positioning errors) were

removed through the smoothing procedure described in.65

From the resulting velocity field vðx;tÞ, where x is the position in the monolayer plane, the root mean squared velocity vRMS and the

polar order parameter j were computed as:

vRMS = <

ffiffiffiffiffiffiffiffiffiffiffiffiffi
hjvj2ix

q
>j;t
�

j =

jhvixj2
hjvj2ix

�
j;t

Where <.>x denotes the space average while <.>j;t denotes the average over different field of views (FOVs) j and over different

time points t. For each experiment, at least 5 different FOV were considered, while the time average was made over a time window

from 4 to 20 h after time-lapse recording starts. This time window roughly corresponded to the peak of RAB5A-induced motility.14
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The velocity spatial correlation function was evaluated from the PIV velocity field as

CvvðrÞ =

**
hvðx; tÞ$vðx + r; tÞixD

jvðx; tÞj2
E
x

+
q

+
j;t

Where C.Dq denotes the azimuthal average over different orientations of the relative position vector r and rhjrj. The obtained

velocity space correlation was fitted with a stretched exponential function CvvðrÞ = exp
h
� �

r
l

�bi
. An estimate for the correlation

length Lcorr was obtained by calculating the average decay length Lcorrh
RN
0 dr exp

h
� �

r
l

�bi
= 1

b
G
�
1
b

�
l, where G is the gamma

function.

In order to quantify the relative motion between neighboring cells, we performed particle tracking on fluorescent nuclei. The

particle tracking algorithm is described in detail in.65 Briefly, we performed for each frame I a seeded watershed transformation

of the gradient image VI to segment each fluorescent nucleus k and compute its centers of mass xk , assumed to coincide with

the geometrical center of mass of its projection on the plane. Single nuclei trajectories were then obtained by linking nuclei po-

sitions in subsequent frames using the available MATLAB implementation by D. Blair and E. Dufresne (http://physics.

georgetown.edu/matlab) of the Grier Crocker tracking algorithm.66 From nuclear trajectories, the instantaneous velocity vINS;k
was then evaluated as vINS;kðtÞ = ½xkðt +DtÞ � xkðtÞ�=Dt, where Dt is the time between two acquired frames. In order to reduce

tracking noise, we computed a weighted moving average vkðtÞ by convolving the instantaneous velocity with a Gaussian filter of

width 10 min.

We calculated the root mean squared relative velocity DvRMS of two nuclei at distance r as

DvRMSðrÞ =h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZr + dr

r� dr

X
k;k0

jvk � vk0 j2dðr 0 � jxk � xk0 jÞdr 0

Zr + dr

r� dr

X
k;k0

dðr0 � jxk � xk0 jÞdr0

vuuuuuuuuuut
i

j;t

;

where k and k0 run over all nuclei within the same FOV and the amplitude of the integration interval ½r � dr; r + dr� corresponds to 1:3

micrometer. To obtain an estimate of the relative motion of adjacent cells, we evaluated by linear interpolation DvRMS for r = 14 mm,

corresponding to the average distance between the center of mass of a nucleus and the ones of its first neighbors.

All of the kinetic parameters were evaluated separately for each independent experiment. Each data point in Figures 1E and 1F, in

the central panel of Figure G, and in the left panel of Figure 1G corresponds to independent experiments.

Measurements of cryptic lamellipodia dynamics
Assays were performed as previously described.14 Briefly, DCIS-RAB5A cells stably expressing EGFP-LifeAct were mixed in a 1:10

ratio with unlabeled DCIS-RAB5A cells and transfected and seeded as described for the wound healing experiment. Cell migration

was monitored by time-lapse phase-contrast and fluorescence microscopy with an Olympus ScanR inverted microscope using a

203 objective and images were acquired every 90 s over a 6-h period. The quantification of cryptic lamellipodia protrusion velocity

was performed using the ADAPT plug-in of Fiji. Cryptic lamellipodia directionality was measured as the angle F delimited by the di-

rection of the single lamellipodium and the direction vector of the collective pack locomotion.

0� % F % 45� indicates that protrusion and collective migration have the same direction; F = 180� indicates that protrusion and

collective migration have opposite directions. The assay was repeated five times for each condition and at least 25 cells/condition

were counted for each experiment.

Immunofluorescence (IF)
DCIS-RAB5A cells were grown on coverslips and fixed with 4% paraformaldehyde (PFA) for 10 min. Coverslips were incubated

in PBS with 2% BSA for 1 h for blocking, followed by incubation with primary antibodies for 1 h at room temperature (RT) (over-

night at 4�C in case of confluent cells) and secondary antibodies for 1 h at RT in PBS containing 1% BSA. Incubation with DAPI

(Sigma-Aldrich, cat. D9542) for 10 min was performed to stain the nuclei. Coverslips were mounted on glass slides using Mowiol

Mounting Medium (Calbiochem) and images were acquired using Leica TCS SP8 laser confocal scanner mounted on a Leica

DMI 6000B inverted microscope equipped with HCX PL APO 633/1.4 NA oil immersion objective.

For Figure 2B, quantification of the mean fluorescence signal of myosin VI across the cells in Z-stacks images was performed

manually using Fiji. The assay was repeated four times and 15 cells/experiment were analyzed.

Colocalization analysis was carried out adapting the JaCOP FIJI4,5 plugin67 and using a custom pipeline able to process multiple

folders and multicolor images. Manders’ coefficients68 were calculated considering phalloidin or myosin VI signal as image A and
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DOCK7 signal as image B. For myosin VI-DOCK7 colocalization (Figure 5C), the XZ resliced images of the z-stacks images were split

into two parts to distinguish the contribution of the basal and the apical regions of the cells.

FRET based RAC1/CDC42 activation assay
DCIS-RAB5A cells stably expressing RAC1-2G37 or CDC42-2G40 FRET biosensors were mixed in a 1:10 ratio with unlabeled DCIS-

RAB5A cells and transfected and seeded at confluency on coverslips. Three days after seeding, RAB5A expression is induced for

16 h and coverslips were fixed with 4% PFA for 10 min. Images were acquired with GE HealthCare Deltavision OMX system, equip-

ped with 2 PCO Edge 5.5 sCMOS cameras, using a 60 31.42 NA Oil immersion objective.

A custom Fiji plugin was developed to calculate single cell FRET signal. Briefly, YPF channel was used to identify single cell edge

allowing background removal (https://imagej.net/plugins/rolling-ball-background-subtraction) and Gaussian filter. The single cells

were segmented using the ImageJ Li’s threshold method (https://imagej.net/plugins/auto-threshold#li). Cell periphery (<1.5 mm

from the edge) was used to quantify the FRET intensity signal. The ratio between the FRET channel and the CFP channel was calcu-

lated using a python script to obtain the distribution parameters.

Protein expression and purification
Recombinant proteins were expressed in E. coli BL21 (DE3) at 18�C for 16 h after induction with 0.5 mM IPTG at an OD600 of 0.6.

For GST-fusion proteins, cell pellets were resuspended in lysis buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 1 mM EDTA,

0.1% NP40, 5% glycerol, 0.1 mM PMSF, and 1:500 protease inhibitor cocktail (Calbiochem). Sonicated lysates were cleared

by centrifugation at 16,000 rpm for 45 min at 4�C. Supernatants were incubated with 1 mL of glutathione Sepharose beads

(Cytiva) per liter of bacterial culture for 4 h at 4�C. Beads were washed four times with lysis buffer followed by four washes

with high salt buffer (20 mM Tris-HCl pH 8.0, 1 M NaCl, 1 mM EDTA, 1 mM DTT, and 5% glycerol) and finally equilibrated in

cleavage buffer (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM DTT, and 5% glycerol). PreScission protease was added at a

1:50 (w/w) ratio (protease:substrate) and incubated for 16 h at 4�C. Cleaved proteins were concentrated in Amicon Ultra Cen-

trifugal Filters (MW cut-off 10 and 30 kDa, respectively) (Merck Millipore) and loaded onto a Superdex 75 10/300 GL column

(Cytiva) equilibrated with 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% glycerol, and 1 mM DTT. Fractions containing purified pro-

teins were collected and concentrated.

For HisMBP-fusion DHR2 (DOCK7), cell pellets were lysed in 50mMNa-Phosphate buffer pH 7.5, 200mMNaCl, 10mM imidazole,

and 5% glycerol. After sonication and clearance of the lysate by centrifugation, supernatants were incubated with 1 mL Ni-NTA

agarose beads (Qiagen) per 1 L of bacterial culture. Beads were washed four times with lysis buffer followed by four washes with

high salt/imidazole buffer (20 mM Na-Phosphate buffer pH 7.5, 1 M NaCl, 30 mM imidazole, and 5% glycerol). Proteins were then

eluted from beads with buffer containing 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 300 mM imidazole, and 5% glycerol, and dialyzed

over night at 4�C in the same buffer without imidazole. Dialyzed proteins were concentrated and purified by SEC as described for the

GST-fusion proteins.

Co-immunoprecipitation and pull-down assays
For co-immunoprecipitation (co-IP) analysis, 1 mg of fresh lysates were incubated with specific antibodies for 2 h at 4�C. Cells were

lysed in JS buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 5 mM EGTA, 10% glycerol, and 1% Triton X-100) supple-

mented with 20 mM sodium pyrophosphate, pH 7.5, 250 mM sodium fluoride, 2 mM PMSF, 10 mM sodium orthovanadate, and pro-

tease inhibitors (Calbiochem), and lysates were cleared by centrifugation.

For pull-down experiments, 500 mg of transfected HEK293T cellular lysates were incubated with 1 mM of GST-fusion proteins im-

mobilized onto GSH beads for 2 h at 4�C in JS buffer. After extensive washes with JS buffer, beads were re-suspended in Laemmli

buffer and proteins were analyzed through sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE, 4–20% TGX

precast gel, Bio-Rad). Detection was performed either by staining the gels with Coomassie or by immunoblotting using specific

antibodies.

For the evaluation of direct binding, recombinant GST-fusion proteins (MYO6 tail, MyUb-CBD andRAC1, respectively) immobilized

onto beadswere incubatedwith purifiedHisMBP-tagged DHR2domain of DOCK7 (15 mMfinal concentration) for 3 h at 4�C in low salt

buffer (20 mM Tris-HCl pH 8.0, 50 mM NaCl, 5% glycerol, and 1 mM DTT). Beads were washed four times with the same buffer sup-

plemented with 1% Triton X- and the samples were run on SDS-PAGE. Detection was performed by immunoblotting using anti-His

antibody. Ponceau-stained membranes were used to show equal loading.

The GTP-CRIB assay was performed as described in.63 Briefly, 500 mg of cell lysates from DCIS-RAB5A mock or myosin VI

depleted cell monolayers were incubated with purified GST-CRIB (5 mM final concentration) for 1 h at 4�C. Beads were washed

five times with lysis buffer and subjected to SDS-Page followed by immunoblotting with anti-RAC1 or CDC42 antibodies. Quantifi-

cation was performed by normalizing the intensities of the bands to the total amount of RAC1 in the lysates. Data are reported as fold

change with respect to RAC1-GTP levels in the corresponding mock sample for each experiment. Five independent experiments

were performed.
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AlphaFold2-multimer prediction
The computational resources of the High-Performance Computing Biowulf cluster of the NIH (http://hpc.nih.gov) was used to run

AlphaFold2-Multimer. The top-ranking structure from 50 predicted structures was selected for visualization and display. Structures

were analyzed and figures generated by using PyMol (PyMOL Molecular Graphics System, http://www.pymol.org).

GEF activity assay
Before starting the assay, all recombinant purified proteins were dialyzed in buffer containing 20 mM Tris-HCl pH 7.0, 150 mM NaCl

and 10 mM MgCl2.

Recombinant RAC1 (10 mM final concentration) was pre-incubated with GDP (15 mM final concentration) for 30 min on ice in buffer

containing 20 mM Tris-HCl pH 7.0, 150 mM NaCl, 10 mMMgCl2, and 0.2 mg/mL BSA. Subsequently, fluorescent boron-dipyrrome-

thene-fluor (BODIPY-FL)-GTP (2.4 mM final concentration) was added to the GDP-loaded RAC1. To detect intrinsic RAC1 activity,

buffer was added to the reaction prior to measurement. As positive control we used EDTA (12 mM final concentration). In the testing

conditions, recombinant HisMBP-tagged DHR2 DOCK7 domain was added at the indicated final concentration. To evaluate myosin

VI activity, recombinant MYO6 tail construct at the indicated concentration was pre-incubated on ice for 30min with HisMBP-tagged

DHR2 DOCK7 and then added to the reaction mixture. Kinetic hydrolysis of BODIPY-FL-GTP was measured at 30�C by monitoring

the increase in fluorescence at excitation/emission wavelengths of 485/535 nm in a black 384-well microplate (Corning) using EnVi-

sion (PerkinElmer) plate reader. A reaction containing buffer, GDP and BODIPY-FL-GTP at the same final concentration was set up in

order to subtract background value. All reactions were performed in technical triplicates. At the end of the measurement, samples

were run on SDS-PAGE and analyzed by Coomassie staining. The assay was repeated at least three times/condition.

IHC analysis and quantification
Formalin-fixed and paraffin embedded (FFPE) tissue samples of human breast cancer cases (8 ductal in situ carcinoma and 8 inva-

sive ductal carcinoma cases, collected and handled according to the Helsinki Declaration) were selected for the quantitative in situ

immunophenotypical analyses. Four-micrometers-thick tissue sections were deparaffinized, rehydrated and unmasked using Novo-

castra Epitope Retrieval Solutions pH6 in thermostatic bath at 98�C for 30 min. Subsequently, the sections were brought to room

temperature and washed in PBS. After neutralization of the endogenous peroxidase with 3% H2O2 and Fc blocking by 0.4% casein

in PBS (Novocastra, Leica Microsystems), the samples were incubated for 90 min at room temperature with anti-myosin VI primary

antibody (code #1296, homemade, 1:250). IHC staining was revealed using Novolink Polymer Detection Systems (Novocastra, Leica

Microsystems) and Romulin AEC Chromogen kit (BioOptica) as substrate chromogen. Slides were counterstained with Harris hema-

toxylin (Novocastra, Leica Microsystems) and analyzed under a Zeiss Axioscope A1 microscope. Microphotographs were collected

using a Zeiss Axiocam 503 Color digital camera with the Zen 2.0 Software (Zeiss). Quantitative analyses of IHC staining were per-

formed by calculating the average percentage of positive signals in five nonoverlapping fields at medium-power magnification

(200X) using the Positive Pixel Count v9 (2+ moderate positivity and 3+ strong positivity) ImageScope software. Average percentage

of positive signals (3+ or 2+) was calculated in five nonoverlapping fields of view (200x). This study was approved by the University of

Palermo Ethical Review Board (approval number 09/2018).

Expression profile analysis
The transcriptional myosin VI isoforms expression was analyzed by using TSVdb (http://www.tsvdb.com),61 using RNA-seq data

level of The Cancer Genome Atlas (TCGA) breast cancer (BRCA) dataset which includes 981 invasive breast carcinoma samples

(and 112 normal breast samples) with complete clinical and pathological information together with PAM50 and SigClust Subtype as-

signments. Briefly, we downloaded the normalized expression level (RPKM) of short (isoform_uc003pii) and long (isoform_uc003pih)

myosin VI isoforms mapped by TSVdb on GRCh37/hg19 genome assembly. RPKM data were +1 trimmed to avoid ‘‘0’’ or ‘‘Null’’

values before processing these to obtain ratios of expression between short versus long myosin VI isoforms. Statistical analyses

and relative plots were done using JMP 17 (SAS) software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using JMP 17 (SAS) software or PRISM software package. Statistical tests for data analysis

included the log-rank test, Student’s t test (two-tailed), and two-way ANOVA. Multivariate statistical analysis was performed using

a Cox regression model. p values are reported in each figure legends. p < 0.05 was considered statistically significant. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001. ns, not significant.
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