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Figure 4. A MYO6-DOCK?7 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 from mock or DOCK7 KD monolayers. 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. n >
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 y, root-mean-squared velocity Vgys, and
correlation length Lcogg. The corresponding average stretching exponent 8is 0.68 + 0.1, 0.74 + 0.06, 0.84 + 0.07, and 0.87 + 0.1 for mock, MYO6 KD, DOCK?7 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.?® Among the
myosin Vlinteractors, we focused on the human dedicator of cyto-
kinesis DOCK?7,%"“*“% a dual guanine nucleotide exchange factor
(GEF) for RAC1 and CDC42 GTPase.”® We first confirmed that
myosin VI and DOCK7 co-immunoprecipitated in DCIS-RAB5A
cells (Figure 4A). Next, we tested the functional involvement of
DOCK?7 in regulation of RAC1 activity in cryptic lamellipodia in
our model of flocking fluid motility in monolayers.

Biochemically, DOCK?7 depletion significantly reduced RAC1-
GTP levels (Figure 4B). Functionally, DOCK7 KD cells showed
impaired collective migration in wound healing (Figure 4C; Video
S9) and streaming assays (Figure 4D Video S10) to the same extent
as in myosin VI KD cells. Intriguingly, concomitant silencing of
DOCK?7 and myosin VI did not worsen the migratory defects, sug-
gesting that DOCK? is likely the main effector of myosin VI activity
inthis context (Figures 4C and 4D). The results were confirmed by a
second siRNA DOCK?7 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-labeled monolayer 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-2l), silencing of DOCK?7 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 DOCK?7 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-DOCK?7 cells
that expressed low physiological levels of the protein (Fig-
ure S4E). A confocal analysis demonstrated that, in a confluent
monolayer, DOCKY7 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-DOCK?7-
RAC1 axis controls cryptic lamellipodium protrusions, which, in
turn, are required for collective flocking locomotion.

Myosin Vi directly interacts with the DOCK7 DHR2 domain
Afunctional interaction between myosin VI and DOCK7 has been
reported previously in the neuronal context’” as well as in HeLa**
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and HEK293T cells,®' 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 DOCK7*® 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,*%) and the MYO6 ubiquitin-
binding (MyUb“®) isolated domains bound DOCK?, 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.’*°° We tested the ability of the MyUb-
CBD tail to bind the DHR2 domain of a few prototypes of
the family, including DOCK2, DOCK®6, and DOCK9.°" Surpris-
ingly, binding was detected only for the DHR2 domain of
DOCK?7 (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.*®°" 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-Multimer®®°® 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 DOCK? 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 DOCK?7 (Figure S5B).

A hypothesis motivated by our structure-function analysis is
that the binding of myosin VI to lobe A may influence the GEF ac-
tivity of DOCK?. Indeed, DOCK?7 showed poor activity on RAC1
compared with DOCK2 (Figure S5C), as reported previously,*°
strongly suggesting a possible allosteric missing partner. We

(F) Quantification of cryptic lamellipodium protrusion persistence performed as in Figure 2E for the indicated cell lines. n = 250 (4 independent experiments).

ns > 0.999, *p < 0.0001 by ANOVA.

(G) Quantification of the directionality of the cells belonging to the different areas performed as in Figure 2J for the indicated cell lines. n > 34 (3 independent

experiments). Error bars, +SEM. ns > 0.999, ***p < 0.0001 by ANOVA.
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Figure 5. Myosin VI promotes local RAC1 activation by recruiting DOCK?7 to cryptic lamellipodia

(A) IF analysis of GFP-DOCK?7 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 um.

(B) Fluorescence intensity profiles show GFP-DOCK?7 and MYO6 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 > 74 (four independent experi-
ments). Error bars, +SEM. ***p < 0.0001 by Student’s t test.

then used a suboptimal concentration of DOCK?7 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 DOCK?7 localization, myosin VI does not appear to influence
DOCK?7 GEF activity toward RAC1, at least in this simplified
in vitro experiment.
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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,>* and we focused our attention on the myosin VI short isoform
because we have demonstrated previously that this isoform is
selectively required for cancer cell migration and for DOCK? bind-
ing.®" 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 identified DOCK7, a GEF for RAC1, as the critical
and direct myosin VI interactor. Myosin VI is essential to restrict
DOCK?7 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,”®>°® 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

Cell Reports

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.,*®> 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, Cdep was identified as the Rac GEF, 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.?” 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 DOCK?7
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.?>*" Indeed, fully polarized epithelia
selectively express myosin VI long, which is impaired in
DOCK? binding®" and is critical for clathrin-mediated endocy-
tosis at the apical surface.®”

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 mMRNA 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,

Figure 6. Myosin VI specifically and directly interacts with the lobe A of the DHR2 domain of DOCK7
(A) GST pull-down assay using the myosin VI tail and lysates from HEK293T cells transfected with full-length GFP-DOCK? or its DHR2 deleted mutant, GFP-

DOCK7ADHR2 (DOCK7A). IB as indicated. Ponceau shows equal loading.

(B) Pull-down assay using the HisMBP-DHR2 domain of DOCK7 and MyUb-CBD construct of myosin VI produced and purified from bacteria. IB as indicated.

Ponceau shows equal loading.

(C) GST pull-down assay using MyUb-CBD of myosin VI (spanning amino acids 1,080-1,295) and lysate from HEK293T cells transfected with the GFP-DHR2
domain of the indicated DOCK proteins. IB as indicated. Ponceau shows equal loading.
(D) Confidence scores per residue generated by AlphaFold2-Multimer for the predicted fold of domains (top) and the residue-to-residue distance (bottom). LDDT,

local distance difference test.

(E) Ribbon diagram of the top-scoring AlphaFold2-Multimer model of the MYO6:DOCK? interaction obtained by entering protein sequences for the myosin VI tail,
spanning residues G1048-K1262, and DOCK?7 residues of the DHR2 domain spanning P775-P1196.
(F) Representative RAC1 GEF activity assay using 7.5 pM of the DHR2 domain of DOCK?7 and the indicated concentration of the MyUb-CBD myosin VI. Bottom:

Coomassie gel of the samples used.
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Figure 7. MYOG is significantly overexpressed in highly metastatic breast cancers

(A) MYOB 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, x200. Scale bar, 100 um.

(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.

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,®® the interaction surface with
DOCK?7 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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