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Cell Reports

3D matrix adhesion feedback controls nuclear force
coupling to drive invasive cell migration

Graphical abstract
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e 3D cell-matrix adhesions share key nodes with 2D focal
adhesions but have distinct features

e Cancer cell invasion requires mechanical integration between
adhesion sites and the nucleus

e PBPix and Myo18A are required to establish an NM2 isoform
gradient between adhesions and nucleus

e Actomyosin force engagement displaces Git-BPix-Myo18A,
establishing a feedback loop
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In brief

Newman et al. define 3D cell-matrix
adhesion composition and a pathway
required for invasion in 3D matrix
environments. BPix and Myo18A are
required at cell adhesions to establish a
polarized non-muscle myosin 2 isoform
force-transduction network. This
pathway is essential for nuclear
movement and to drive cell migration
through the matrix.
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SUMMARY

Cell invasion is a multi-step process, initiated by the acquisition of a migratory phenotype and the ability to
move through complex 3D extracellular environments. We determine the composition of cell-matrix adhesion
complexes of invasive breast cancer cells in 3D matrices and identify an interaction complex required for
invasive migration. BPix and myosin18A (Myo18A) drive polarized recruitment of non-muscle myosin 2A
(NM2A) to adhesion complexes at the tips of protrusions. Actomyosin force engagement then displaces
the Git1-BPix complex from paxillin, establishing a feedback loop for adhesion maturation. We observe active
force transmission to the nucleus during invasive migration that is needed to pull the nucleus forward. The
recruitment of NM2A to adhesions creates a non-muscle myosin isoform gradient, which extends from the
protrusion to the nucleus. We postulate that this gradient facilitates coupling of cell-matrix interactions at
the protrusive cell front with nuclear movement, enabling effective invasive migration and front-rear cell

polarity.

INTRODUCTION

Cell migration is fundamental for normal physiology and is dysre-
gulated in many diseases, including cancer. Efficient migration
depends critically on how cells sense and interact with their
surrounding microenvironment and regulate cytoskeletal dy-
namics."? Migrating cells interpret and influence the physical
and biochemical properties of the extracellular matrix (ECM) as
well as interact with neighboring/proximal cells. The mechanical
and compositional properties of the ECM are detected primarily
by membrane spanning integrin-associated adhesion com-
plexes (IACs). IACs act as bidirectional signaling hubs, forming
a mechanical link between the cytoskeleton and the ECM. A
large number of proteins dynamically associate with IACs,
changing over the life cycle of adhesion complexes and in
response to their microenvironment. IACs formed on planar
2-dimensional (2D) substrates have been extensively studied us-
ing numerous techniques, including superresolution and live-cell
microscopy, as well as biochemical isolation techniques.®'°

uuuuu

These studies have provided great insight into the composition
and regulation of IACs in 2D; however, biochemical isolation
techniques such as immunoprecipitation are not readily transfer-
able to cells in 3-dimensional (3D) culture, due to the large
amount of matrix proteins that make sample handling and pro-
tein identification difficult.

There are few situations in vivo in which cells encounter a flat
2D environment. Instead, many non-hematopoietic cells are sur-
rounded and functionally integrated with 3D ECM. A 3D microen-
vironment presents a number of challenges to migrating cells
that are not present on 2D ECM substrates, including physical
and topological cues and barriers. Compared with IACs on 2D
substrates, little is known about the composition, regulation,
and role of IACs in cells embedded in 3D microenvironments,
but initial analyses of IACs in 3D matrix and in vivo suggest
that they exhibit differences in composition, and are smaller in
size in comparison with their 2D counterparts.’'~'® More impor-
tantly, invasive cancer cells have hybrid adhesion structures in
3D, containing both the adhesion marker paxillin and the actin

Cell Reports 42, 113554, December 26, 2023 © 2023 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tzech@liverpool.ac.uk
https://doi.org/10.1016/j.celrep.2023.113554
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113554&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

BiolD2:

BiolD2 | 276 AA

BiolD2-Paxillin:

13x-BiolD2:

Talin-13x-BiolD2:

(9]

13X-BiolD2

Cell Reports

N
a
3 =
@ @
) 3
o £
I
D
2D Only 3D Only
| CA;’M P‘g’i SH;{F! ,_ - ]
[ J L]
TGM1 HSPB1
| | o °
FLG2 SERPINB1
L[] [ ]
| | RACK1 CTSD |
°
[ ] X-DING-CD4 SERPINB6
| CALML5 PALLD KRIB!
Interaction Confidence:
—— High e N 3D VS 2D Enrichment (Log,)
e N e —
vCL D\L/(LZ SGKZZ;TPI\HZ
tow 2 0 2
E BiolD2-13x-Tali
10! -13x-1alin
2D Only 3D Only
| el T k. KA?KZ TNOSJ r - =i
l |
(]
] TuBB3 |
| |
| . — o
F BiolD2-BPIX
2D Only iolD2-B 0 CORO1B-0 CAPN1
r_— — — = =~ 0 PAK2
SELAVLL TRIM25 ONPEPPS @ MRELL ® AHNAK - \ 3D Only
©TGM2 ~®S100A8 ®MYOIC ®TLN1 eAP2AL | \ Pl = &ig
T T 1 0SMCHD1 °GITL e MYOLBR |
STARS  @TNPOL RPN ER I oLmna I
. eMEV eFFC eCTPSL o COPBI. I erpos
' T~ oGIT2 © MTHFD1 R o—i &
S100A9 @ RACK1 ®A2ML1 ®RNH1 ePAP =

® CAND1 ./IQGAPI ®MARS eTUBB3 eHSPBL !
L — -

® SRB

2 Cell Reports 42, 113554, December 26, 2023

(legend on next page)



Cell Reports

polymerization factor N-WASP, often associated with invadopo-
dial structures on 2D substrates.'* To date, technological limita-
tions have prevented the comprehensive analysis of IAC
signaling networks in 3D matrix.

IACs link the ECM to the cytoskeleton. Adaptor proteins such
as talin and vinculin can bind both adhesion receptors and the
actin cytoskeleton.’>' 1ACs are involved in organizing actin
into contractile actin networks containing non-muscle myosin
2 (NM2) bundles.?>?" In addition, IACs have several connec-
tions to actin polymerization factors via the recruitment of
guanine nucleotide exchange factors (GEFs),>> WASP family
members, and formins.?*° The actin arrangement associated
with newly formed—nascent—IACs is not well characterized
and has been described as an actin “cloud” potentially poly-
merized by the transient recruitment of the Arp2/3 complex
through FAK and vinculin.?®?” Mature adhesion complexes
tend to be functionally connected to NM2-rich actomyosin
stress fibers, whereas early/nascent adhesion has less associ-
ated NM2.?" The mechanism of this switch to NM2 association
is currently unknown. Many cells express several NM2 isoforms
with unique motor parameters and distinct functions.?¢=° NM2
isoforms are not uniformly distributed throughout the cell, but
do exhibit a polarized distribution.®’ A gradient of NM2 iso-
forms is established, in which NM2A localizes predominantly
to the cell periphery, whereas NM2B is concentrated more in
the cell interior. Shutova and colleagues proposed a model
whereby the prevalent recruitment of NM2A to the cell periph-
ery is driven by its higher expression level, whereas the
increased concentration of NM2B toward the cell interior is
due to its stronger binding to polymerized actin.®> However,
the function of the NM2 isoform gradient or its impact on inva-
sive cell migration is unclear.

A major barrier to successful 3D migration is the ability of cells
to move their nuclei through geometrically restrictive, densely
cross-linked ECM.**°¢ The outer nuclear membrane is coupled
to the cytoskeletal network through the Linker of Nucleoskeleton
and Cytoskeleton (LINC) complex.®” The LINC complex contains
the nesprin family of proteins, which connect to cytoskeletal
components, and SUN domain proteins, which connect to the in-
ner nuclear lamina.*®*® The complex therefore acts as a me-
chanical conduit bridging the outer cytoskeleton to the inner nu-
cleoskeleton. Consequently, a functional LINC complex is
critical for cell migration,*®*° nuclei movement, positioning and
shape,*'™*° and centrosome function and positioning,** and it
is involved in force sensitive transcriptional pathways.*®

¢ CellP’ress

OPEN ACCESS

Despite the wealth of knowledge about cell migration, it is
unclear how cells are able to couple nuclear movement with
migration, and more important, what role IACs may play in this
process, particularly during 3D migration. To investigate this,
we developed an approach to directly compare IAC composition
and signaling networks in 2D and 3D ECM using BiolD2-based
proximity-labeling coupled with proteomics.*® We identify pro-
teins in breast cancer cells that have not previously been associ-
ated with adhesions, a large number of proteins that are less
abundant in 3D adhesions, and, critically, a defined group that
exhibit enhanced enrichment in 3D adhesions, including BPix
and myosin18A (Myo18A). Downstream analysis revealed that
BPix and Myo18A are essential for efficient invasion without
affecting the ability of the cell to form protrusions or degrade ma-
trix. By contrast, Pix and Myo18A control adhesion maturation
and provide an active mechanism for the generation of the NM2A
and NM2B isoform-gradient via recruitment of NM2A to the lead-
ing edge of protrusions. Failure to establish the membrane-nu-
clear NM2A/B gradient, either via perturbation to adhesions or
the LINC complex, leads to the loss of nuclear force coupling,
front-rear polarity, and 3D invasive migration.

Results identification of cell matrix adhesion networks
in 3D environments

Previous proteomic studies have provided a comprehensive
systematic analysis of IACs, predominantly from fibroblast cells,
plated on 2D matrix substrates.*” These analyses led to the defi-
nition of the “consensus adhesome,” a core set of proteins re-
cruited to IACs, which were subdivided into four distinct
signaling modules.”” However, these proteomic strategies
have not been used to analyze the composition of adhesions in
invasive cancer cells embedded in 3D matrices.

To investigate the composition of IACs in invasive triple-nega-
tive breast cancer cells (MDA-MB-231), we developed an
approach to compare adhesion protein complexes from 2D
versus 3D extracellular matrices. We utilized a promiscuous
biotin ligase-based proximity-dependent labeling approach,
BiolD2, which can label proteins within an approximately 10—
20 nm range of the bait protein.”® We generated two different
BiolD2 bait constructs fused to the consensus adhesome pro-
teins paxillin (BiolD2-paxillin; N-terminally labeled) and talin
(talin-13x-BiolD2; C-terminally labeled) (Figure 1A).*” Paxillin
and talin were chosen because both are known to act as scaf-
folding proteins and are associated with nascent as well as
mature adhesions.®*° More importantly, the respective N and

Figure 1. Comparison of IAC-associated proteins in MDA-MB-231 cells cultured in a 2D versus 3D microenvironment

(A) Schematic of BiolD2 adhesion constructs used in this study.

(B) Immunostaining of MDA-MB-231 cell lines stably expressing BiolD2 and BiolD2-Paxillin on 2D substrates. Scale bars, 20 um (inset: 5 um).
(C) Immunostaining of MDA-MB-231 cells stably expressing 13x-BiolD2 or Talin-13x-BiolD2. Scale bars, 20 um (inset: 5 um).

(D and E) Protein-protein interaction network showing all of the proteins identified as being enriched in BiolD2-Paxillin (D) or Talin-13x-BiolD2 (E) compared with
corresponding BiolD2 control (Fisher exact, p < 0.05, Benjamini-Hochberg corrected) (N = 3). Interaction network obtained from STRING 10.5 (experimentally
identified interactions only, confidence level >0.4). Protein enrichment is shown based on total spectral counts normalized to BiolD2 identification in each
condition. ECM proteins and common contaminants over-represented in CRAPome were removed from figure but are included in supplemental information.
(F) A screen for interaction partners of BPIX conducted using MDA-MB-231 cells transiently transfected with BiolD2-BPIX. Proteins were considered to be
positively enriched if >3 spectra were identified and they were enriched 2-fold versus a BiolD2-only expressing conditional control. Proteins identified in both 2D
and 3D conditions are colored to represent 3D versus 2D total spectral counts normalized to total BPIX spectra for that given condition. Interaction network
obtained from STRING 10.5 based on interaction database and experimental data. Edge weight represents interaction confidence score (high >0.95, medium
0.95-0.9, low 0.9-0.4) (N = 1).
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C termini of the two proteins have been reported to be localized
at different axial strata within 2D adhesion complexes. Paxillin lo-
calizes close to the plasma membrane, whereas the C terminus
of talin is distal from the membrane and positioned proximal to
actin stress fibers.’

MDA-MB-231 cells stably expressing BiolD2, BiolD2-paxillin,
and talin-13x-BiolD2 were generated and verified (Figures 1B,
1C, S1A, and S1B). Cells were cultured either in 2D condi-
tions—plastic dishes coated with fibronectin and collagen—or
in 3D conditions—collagen hydrogels supplemented with
fibronectin.

Following biotin treatment proteins were extracted, the bio-
tinylated proteins enriched, analyzed by liquid chromatog-
raphy-tandem mass spectrometry (MS) and subjected to statis-
tical and network analysis. Within the BiolD2-paxillin dataset, a
total of 74 proteins (2D: 63, 3D: 51) were identified as significantly
enriched across all 3 repeats compared to the BiolD2-only con-
trol (Figures 1D; Data S1A-S1C). A total of 23 proteins were
uniquely identified in 2D and 11 were present only in 3D, leaving
40 proteins that were identified in both conditions. By contrast,
20 proteins were identified in the talin1-13x-BiolD2 dataset
(2D: 18, 3D: 9, Figure 1E; Data S2A-S2C). A total of 11 proteins
were identified in 2D and 2 were present only in 3D, whereas 7
proteins were identified in both conditions.

The biophysical properties of the cellular microenvironment
are known to regulate gene expression. To examine whether
the observed changes in protein detection between 2D and
3D culturing conditions were a result of changes in gene
expression, RNA sequencing (RNA-seq) analysis was conduct-
ed on cells cultured using the same substrate conditions as
those used in the proteomic datasets. Overall, no significant
correlation was found between 3D and 2D gene expression in
RNA-seq analysis and the 3D versus 2D enrichment of the
identified hits in the BiolD2-paxillin or talin1-13x-BiolD2 data-
sets (Figures S1C-S1E). Seven proteins identified in the
BiolD2 datasets were found to have significant expression
changes in the RNA-seq dataset, with only 4 proteins
(RASAL2, HSPB1, SERPINB1, JUP) showing substantial
changes in the same direction in both studies. This suggests
that for the most part, within the BiolD2 datasets, the changes
in enrichment that were observed were largely independent of
gene expression changes.

To estimate the total coverage of adhesion components, we
compared the positively identified proteins within our datasets
against the consensus adhesome, which was based on IAC
enrichment approaches in 2D fibronectin substrates.*” The
BiolD2-paxillin dataset generated here achieved identification
of 80% of the paxillin-FAK axis, as well as 75% of the talin-
tinculin axis (Figure S1F). Two additional consensus adhe-
some proteins were identified in the talin1-13x-BiolD2 dataset
(testin and zyxin) that were not identified in the BiolD2-paxillin
dataset. Both of these proteins form part of the actinin-zyxin
module.

Myosin-18A and Git1/BPix are enriched in 3D adhesion
sites

Having identified proteins exhibiting differential proximity on 2D
or in 3D substrates, we next sought to identify candidate regula-
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tory proteins recruited to adhesions in 3D matrix. To achieve this,
we focused on the BiolD2-paxillin dataset, because paxillin is
located within the adhesion signaling layer of IACs,” and interro-
gated the datasets to identify subnetworks of known interactors,
each exhibiting a similar enrichment profile toward BiolD2-
paxillin in 3D ECM. ARHGEF7 (also known as BPix), Git1, and
Git2 were found to be enriched within 3D matrices in the
BiolD2-paxillin dataset (Figure 1D), whereas their overall expres-
sion was unchanged (Figures S1G and S1H). BPix and the Git
proteins are known to form a complex and are established IAC
components in cells cultured on 2D substrates.>*° BPix is also
upregulated in breast cancer®’; thus, we chose to investigate
the role of BPix in 3D embedded cells. To do so, an initial prelim-
inary BiolD2-BPix screen in MDA-MB-231 cells was conducted
comparing the interactors of BPix in 2D versus 3D environments
(Figure 1F). This screen identified several proteins that BPix is
known to bind: Git1/2, SCRIB, and Myo18A.°%°® Of these, only
Myo18A was found exclusively in the 3D matrices compared to
the 2D substrate (Figure 1F). These data suggested a putative
role for the BPix/Myo18A complex in 3D microenvironments.
Thus, we sought to investigate the potential role of BPix/
Myo18A in 3D invasive cell migration.

Initially, BPix and Myo18A localization in cells plated on 2D
substrates was examined. In these conditions, BPix clearly local-
ized at paxillin-positive adhesion sites, where BPix shows enrich-
ment at the membrane-proximal region of adhesion complexes
(Figures 2A, 2B and S2A). We examined Myo18A localization
through GFP-Myo18A expression with mCherry-Vinculin (Fig-
ure S2B). We observed the accumulation of GFP-Myo18A in ad-
hesions on 2D substrates, yet with a more dispersed pattern
compared with BPix localization. Together, these data suggest
that both BPix and Myo18A can localize at, or in close proximity
to, adhesions in MDA-MB-231 cells plated on 2D matrices, as
previously reported for BPix in other cell types.>>*

Having confirmed BPix and Myo18A localization on 2D sub-
strates, we next examined this in cells embedded in 3D matrices.
Endogenous BPix and Myo18A both showed enrichment at pax-
illin-, VASP-, and vinculin-positive adhesion structures, which
were coincident with collagen fibers (Figures 2C-2F, S3A, and
S3B). Quantification of PPix/Myo18A versus their respective
adhesion partners showed that their enrichment is higher in 3D
matrices versus 2D surfaces (Figures 2C and 2E), confirming
the MS results. These results established that BPix and
Myo18A are both enriched at adhesive sites in 3D embedded
cells. It is known that BPix accumulation is negatively regulated
through actomyosin contractility,® which we confirm here with
an increase in BPix localization at adhesions following blebbista-
tin treatment on 2D surfaces (Figures S2C-S2G). Because
Myo18A binds to BPix as well as NM2,%®®! we proposed that
Myo18A depletion may also have an effect similar to that of
NM2 inhibition. Myo18A-depleted cells revealed an increase in
BPix intensity at adhesions, similar to blebbistatin treatment,
with a reduction in paxillin intensity (Figures S2C-S2I). These re-
sults were observed in both 2D and 3D environments for BPix in-
tensity relative to the adhesion marker (Figures 2G and 2H).
Myo18A depletion also altered BPix distribution from enrichment
at the membrane-proximal region of adhesions to a more even
distribution along the length of adhesions (Figure S2I).
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BPix is thought to reside in a complex with Git1.°° Similar to
BPix, Git1 localization at adhesions increased when we depleted
Myo18A or inhibited NM2 (Figures S2J-S2L). This suggests that
Git1/pPix are removed from adhesions by a force-dependent
mechanism. Git1/pPix recruitment to adhesions is enabled
through Git1 binding to the LD2 and LD4 domains of paxillin.®®
Git1 binds paxillin through its C-terminally located paxillin-bind-
ing region, a structured 4-helix bundle (called here GPBR).*®
Therefore, we examined whether the GPBR alone responds to
Myo18A depletion or NM2 inhibition like full-length Git1/BPix.
GFP-GPBR was expressed in cells depleted of Myo18A or sub-
jected to blebbistatin treatment. GPBR intensity in adhesions
was measured in comparison to paxillin (expressed as mAp-
ple-paxillin). Similar to full-length GIT1, GPBR levels in adhesions
were also increased in Myo18A-depleted or blebbistatin-treated
cells (Figures S2M and S2N). This reveals a previously unknown
force-modulated binding to the paxillin LD2-LD4 domain that
negatively regulates Git1/BPix retention in adhesions.

BPix and Myo18A are required for invasive migration
Having identified that BPix and Myo18A associate with adhe-
sions in 3D matrices, we examined what role they may play in
cellinvasion. The ability of MDA-MB-231 cells to invade extracel-
lular matrices was examined using inverted invasion assays.
Cells were embedded in Matrigel supplemented with fibronectin
and examined for their ability to invade into matrices. Depletion
of either BPix or Myo18A by small interfering RNA (siRNA) (Fig-
ure S3C) resulted in a significant decrease in invasion similar to
the levels achieved with metalloproteinase inhibitor GM6001
treatment (Figures 3A and 3B).

Effective invasive cell migration through restrictive matrices
requires the ability to remodel and degrade the surrounding ma-
trix."*® To measure the ability of MDA-MB-231 cells, depleted of
BPix or Myo18A, to degrade matrices, we examined invadopo-
dial formation and collagen degradation ability. Loss of BPix or
Myo18A caused no decrease in the amount of degradation,
measured by the percentage of cells associated with degrada-
tion spots, as well as degraded patches per cell (Figures S3E-
S3G). Loss of BPix or Myo18A expression did not cause a

Cell Reports

change in 3D collagen matrix degradation, measured by change
in fluorescence of DQ collagen spiked collagen gels (fluores-
cence increases with collagen degradation; Figures S3H and
S3I). Together, these results suggest that while BPix or
Myo18A regulate invasive cell migration, there is no defect in
the ability of BPix- or Myo18A-depleted cells to degrade extra-
cellular matrices.

To examine the effect of siRNA-mediated BPix or Myo18A
suppression on cell migration in 3D matrix, we performed sin-
gle-cell tracking during invasion. Cells depleted of BPix or
Myo18A were reduced in their ability to migrate in the matrix
environment (Figures 3C and 3D; Videos S1, S2, and S3). Wound
healing assays with cells plated on fibronectin/collagen-coated
plastic showed comparable results; depletion of either BPix or
Myo18A led to a reduction in wound closure over 40h by 48%
and 78%, respectively, compared to control cells (Figure S3D).
Effective cell migration requires precise coordination of adhesion
dynamics, and BPix has previously been reported to negatively
regulate adhesion maturation and promote nascent adhesion
turnover.® Therefore, we examined the effect of BPix or
Myo18A depletion on matrix adhesions in MDA-MB-231 cells.
We observed an increase in the number of small adhesions (<
2 um?) on 2D substrates and on pseudopods in 3D matrix, as
well as an increase in the number of adhesions per cell on 2D sur-
faces (Figures S3J-S3L).

Together, these results suggest that pPix and Myo18A are
required for efficient migration. Adhesions are still assembled
in BPix- and Myo18A-depleted cells but differ in size and number
from their wild-type counterparts. In 3D, BPix or Myo18A deple-
tion does not negatively affect matrix degradation, yet it does
inhibit invasive migration, suggesting a direct impact on cell
motility.

BPix and Myo18A regulate nuclear morphology and
internal cell polarity

To further investigate the cause of the migration and invasion de-
fects seen with BPix or Myo18A depletion, we examined further
parameters related to cell migration. MDA-MB-231 cells form
characteristic pseudopodia during 3D cell invasion,'* a process

Figure 2. BPix and Myo18A enrich in 3D adhesive sites

(A) Representative images of MDA-MB-231 cells fixed and stained for phalloidin (blue), Paxillin (magenta), and BPix (green). Boxed region indicates region of
magnified view (bottom). Images are single z slice projections. Scale bar in expanded view, 10 um; in magnified view, 2 um.

(B) Line scan profile of Paxillin and BPix across focal adhesion shown in (A) with dashed line. Magenta line indicates Paxillin intensity; green line indicates BPix
intensity.

(C) Ratio of fluorescence intensity of pPix/Paxillin in MDA-MB-231 cells plated on glass coverslips (2D) or embedded in collagen (supplemented with ~1%-2%
fluorescent collagen [blue] and fibronectin) gel (3D). Two-sample t test was used to estimate p value. **p < 0.001. N = 4 independent experiments; n = 16-18 cells,
n = 283-315 adhesions.

(D) Representative images of MDA-MB-231 cells plated on glass coverslips (2D) or in collagen/fibronectin gel. Cells are stained for Paxillin (magenta), BPix (green),
and collagen (blue) where included. Scale bar in expanded view, 10 um; in magnified view, 5 um. Rotated 90° clockwise in 2D inset.

(E) Ratio of fluorescence intensity of Myo18A/VASPin MDA-MB-231 cells plated on glass coverslips (2D) or embedded in collagen (supplemented with ~1%-2%
fluorescent collagen [blue] and fibronectin) gel (3D). N = 4 independent experiments; n = 14-18 cells, n = 395-414 adhesions. Two-sample t test was used to
estimate p value. **p < 0.001.

(F) Representative images of MDA-MB-231 cells plated on glass coverslips (2D) or collagen/fibronectin gel. Cells are stained for VASP (magenta), Myo18A
(green), and collagen (blue) where included. Scale bar in expanded view, 10 um; in magnified view, 5 um. Rotated 180° in inset.

(G) Ratio of fluorescence intensity of BPix/Paxillin MDA-MB-231 cells treated with siNT or Myo18A-siRNA. Cells embedded in collagen (supplemented with ~1%—
2% fluorescent collagen [blue] and fibronectin) gel, N = 4 independent experiments; n = 35 cells, n = 1700-1800 adhesions. Two-sample t test was used to
estimate p value. **p < 0.001.

(H) Representative images of MDA-MB-231 cells treated with NT or Myo18A-siRNA embedded in collagen/fibronectin gel. Cells are stained for Paxillin (magenta),
BPix (green), and collagen (blue). Scale bar, 5 pm.
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that is highly dependent upon actin dynamics. Therefore, the
ability of BPix- or Myo18A-depleted cells to assemble actin pro-
trusions in 3D matrices was examined. Following BPix or
Myo18A depletion, no defect in actin protrusion length or lifetime
was observed (Figures 3E, S4A, and S4B), suggesting that the in-
vasion defect is not due to a defect in global actin assembly
parameters.

BPix has been reported to exhibit GEF activity for CDC42 and
Rac in vitro®”; however, this activity is not consistently observed
in cells.?*°® We therefore chose to examine the global activity of
the Rho guanosine triphosphatases (GTPases) Rac1 and CDC42
following BPix depletion using 2 separate approaches: Forster
resonance energy transfer (FRET)/fluorescence lifetime imaging
microscopy of live cells expressing Rac1 or Cdc42 FRET biosen-
sors,”®% and PAK-PBD pull-down assays to measure Rac1 and
Cdc42 activity. No change in Rac1 or Cdc42 activity was
observed in BPix-depleted cells in either assay (Figures S4G
and S4H).

A reduction in actomyosin contractility could also be a cause
of defective migra’tion.61 However, the depletion of BPix did not
show a reduction in myosin light chain (MLC) phosphorylation
(Figures S41 and S4J). In addition, RNA-seq and western
blot analysis suggest that the expression levels of NM2A/B
heavy chain are unaltered following BPix/Myo18A depletion
(Figures S5A and S5B). These data, together with the ability to
form pseudopodial protrusions, suggest that the observed
migration defects in response to BPix depletion are not a conse-
quence of disruption to Rac and CDC42 signaling or levels of
active NM2A/B expression.

Established front-rear cell polarity is required for cell migra-
tion.°> We qualitatively observed rounded, well-spread cells
that lacked a clear front and rear following BPix/Myo18A deple-
tion on 2D surfaces and chose to further investigate cell polarity.
Using the centrosome as an indicator of cell polarity,®® we visu-
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alized migrating cells in 3D matrices in long-term time lapses to
measure their polarization, as previously described.®* Cells were
scored as polarized when the centrosome was in front of the nu-
cleus or as unpolarized when the centrosome was to the rear of
the nucleus, relative to the direction of migration (Figure S5C).
Non-Targeting siRNA (siNT)-treated cells showed 74% centro-
some polarity, whereas depletion of either BPix or Myo18A
reduced polarization drastically to 25% and 28%, respectively
(Figures 3F and 3G; Videos S4, S5, and S6).

To verify these results in a controlled environment, we exam-
ined cells plated on crossbow-shaped Cytoo coverslips. Cells
were scored as polarized if the microtubule-organizing center
(MTOC) centrosome was located in the front third of the cell
(from the center of the nucleus; Figure S5D). Using this method,
59% of control cells show polarization, whereas the depletion of
BPix or Myo18A caused a significant reduction in polarization,
with only 40% and 31%, respectively, of cells polarized
(Figures 3H andS5E). Having identified a role for BPix and
Myo18A in internal cell polarity, we postulated that this may be
via the ability of BPix to bind Myo18A. To test this, we undertook
rescue experiments of BPix-depleted cells with either full-length
BPix (GFP-BPix) or a truncated BPix construct, which lacks the
C-terminal PAWDENTL motif that is required for Myo18A binding
(GFP-BPix AMyo18A).°% Although GFP-BPix expression in BPix-
depleted cells was able to rescue cell polarization, the expres-
sion of GFP-BPix AMyo18A did not rescue the polarization
defect (Figures 3H and S5E), demonstrating the requirement
for BPix/Myo18A binding in cell polarization.

Another factor required for efficient migration is correct nu-
clear morphology and positioning®®*%*'+%?; therefore, the nuclei
morphology of cells depleted of BPix or Myo18A was examined
in cells embedded in 3D ECM. Unlike their wild-type counter-
parts, which often contained elongated nuclei, oriented along
the axis of the pseudopods, BPix or Myo18A depletion led to a

Figure 3. BPix and Myo18A localize to 3D adhesive sites and are required for cell invasion and polarity

(A) Inverted transwell invasion assay. MDA-MB-231 cells treated with siNT, BPix-siRNA, or Myo18A-siRNA or GM6001 (MT1-MMP inhibitor). Cells were subjected
to inverted invasion assay in Matrigel/fibronectin gels for 5 days. Cells were fixed and stained with Hoechst. Images were taken every 10 um into gel.

(B) Data represent cell invasion index: fold change in percentage of cells invading > 40 um depth (red solid line)/N = >4 experiments. One-way ANOVA; Dunnett’s
multiple comparison post-test versus siNT to estimate p values. *p < 0.05; ***p < 0.001. Error bars are SDs.

(C-E) Circular invasion assay (CIA). (C) Single-cell migration speed. MDA-MB-231 cells treated with siNT, BPix-siRNA, or Myo18A-siRNA. Cells were examined for
migration speed. One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT to estimate p values. ***p < 0.001. Data represent n = 40-41 cells per
condition, N = 4 independent experiments. (D) Single-cell distance traveled in CIA. One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT to
estimate p values. ***p < 0.001. (E) Single-cell protrusion lifetime in CIA. Data represent n = 33-35 cells per condition, N = 3 independent experiments. Cells were
subjected to CIA for 24-48 h.

(F) Representative images of MDA-MB-231 cells stained with SiR-tubulin embedded in collagen/fibronectin gels, treated with siNT, BPix-siRNA, or Myo18A-
siRNA. Three time-lapse stills shown for each condition. Green arrow indicates centrosome location. Magenta arrow indicates cell migration direction. Scale
bars, 10 pm.

(G) Dot plot shows the percentage of time points that cells were polarized based on centrosome location relative to nucleus during migration (analysis as
illustrated in Figure S5C). Cells were considered to be polarized if the centrosome was located in the front third of the cell and in front of the nucleus during cell
migration. Cells were considered to be unpolarized if the centrosome was in the back two-thirds of the cell. N = 3 independent experiments; n = 27-39 cells. One-
way ANOVA; Dunnett’s multiple comparison posttest versus siNT to estimate p values. ***p < 0.001.

(H) Polarization of cells on CYTOO crossbow chips, as illustrated and outlined in Figures S5D and S5E. N = 3 independent experiments; n = 9-51 cells. Error bars:
SEMs. One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT to estimate p values. **p < 0.01; ***p < 0.001; NS, non-significant.

(I) Nuclear circularity ratio (long/short length) of NT, BPix, or Myo18A siRNA-treated cells. One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT
to calculate p values. **p < 0.01; ***p < 0.001. Data represent n = 33-35 cells per condition, N = 3 independent experiments.

(J) Representative images of MDA-MB-231 cells treated with siNT, BPix-siRNA, or Myo18A-siRNA, stained with SiR-Actin (magenta) and Hoechst (blue). Scale
bars, 20 um. MDA-MB-231 cells were embedded in collagen (supplemented with ~1%-2% fluorescent collagen and fibronectin) gel.

(K) Nuclear circularity ratio (long/short length) of NT- or Myo18A siRNA-treated cells + GFP-Myo18A. MDA-MB-231 cells were embedded in collagen (sup-
plemented with ~1%-2% fluorescent collagen and fibronectin) gel. One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT to estimate p values.
***p < 0.001. Data represent n = 30-41 cells per condition, N = 3 independent experiments.
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Figure 4. BPix and Myo18A are required for nuclear force transmission
(A) Schematic of FRET sensors: low FRET equates to high tension and high FRET indicates low tension. mNs2 and mNs2-dABD. MNs2-dABD lacks actin-binding
calponin homology domain (ABD) domain at the N terminus of protein.

(legend continued on next page)
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higher degree of nuclear roundness, and the nuclei were not ori-
ented in the direction of the associated pseudopod, an effect
that could be rescued by the reexpression of EGFP-Myo18A in
Myo18A-depleted cells (Figures 3I1-3K).

In conclusion, these data show that the reduction in 3D cell
migration following BPix or Myo18A depletion is not due to a
defect in matrix degradation, protrusion formation, or altered
Rho GTPase signaling. Rather, the functional BPix/Myo18A
module is required for invasion/migration, nuclear shape adapta-
tion, and maintenance of front-rear polarity.

BPix and Myo18A are required for nuclear force
transmission

Nesprins are nuclear-associated LINC complex members, which
have been shown to be required for front-rear cell polarity and
cell migration in constricted 3D environments.*®°® The nucleus
is the major obstacle to invasive cell migration in matrices with
pore sizes resembling the in vivo ECM*® and is under actomy-
osin-mediated tension.”®> We therefore hypothesized that
BPix/Myo18A could affect actomyosin-dependent nuclear
force coupling, leading to defective nuclear translocation and
invasion.

We examined whether the nucleus is under a different amount
of tension when found in 3D compared to 2D environments. To
examine this, we used a mini-nesprin-2 FRET-based biosensor
(mNs2).°° Here, a higher FRET readout indicates the nuclear re-
gion is under low tension, whereas a lower FRET readout indi-
cates higher tension (Figure 4A). Using this approach, we found
MDA-MB-231 cells embedded in 3D matrices in concentrations
that are permissive (0.5 mg/ml collagen) and restrictive (2 mg/ml
collagen) to migration were under greater tension, compared to
cells plated on a 2D surface with matrix coating (Figures 4B and
4C). Confirming the role of actomyosin contractility, cells
embedded within the 2 mg/mL matrix were treated with 20 uM
Y-27632 and ML-7 (a Rho kinase inhibitor and an MLC kinase in-
hibitor, respectively). Inhibitor treatment significantly reduced
the tension across the mini-nesprin2 tension sensor, with the
FRET index returning to levels seen in cells in 2D substrates (Fig-
ure 4B and 4C).

Next, we examined nuclear tension during restrictive 3D cell
migration (cells embedded in 2 mg/mL gels). The nuclear tension
of migrating MDA-MB-231 cells expressing the mini-nesprin-2
FRET tension sensor or mini-nesprin-2 FRET tension sensor

Cell Reports

lacking the nesprin2 actin-binding domain (called mNs2-dABD;
Figure 4A) was tracked over 40 min. Under these conditions,
our measurements show that the nucleus is under greater ten-
sion (lower FRET readout) in the front half of the nucleus before
cell and nuclei movement occurs and a substantial decrease in
tension is observed following nuclear translocation through an
ECM pore (Figures 4D and 4E). This was not observed in the
rear of the nucleus or with the nesprin tension sensor lacking
the actin-binding domain (Figure S6). The changes in tension
observed on the FRET sensor were accompanied by a change
in nuclear shape, and the front of the nucleus is narrower in diam-
eter compared to the rear of the nucleus before cell and nucleus
migration; this narrowing is lost at the point following nuclear
translocation (Figure 4F).

Having identified that there is an increase in nuclear tension in
the front half of the nucleus before cell migration and an alter-
ation to nuclear morphology following BPix and Myo18A loss,
we examined whether BPix or Myo18A are required for nuclear
force transmission. BPix- and Myo18A-depleted cells were
transfected with the tension sensor and embedded in 3D envi-
ronments and imaged by live-cell microscopy. Depletion of
either BPix or Myo18A resulted in a significant increase in
FRET index across the nucleus (Figure 4G). A similar increase
in FRET, indicating a decrease in tension, was observed
following the expression of mNs2-dABD) (Figure 4G).°%¢”

Together, these data show that force is actively applied to the
front region of the nucleus during 3D cell migration and that BPix
and Myo18A are required for effective mechanotransduction
from IACs to the nucleus in cells migrating through matrices.

BPix/Myo18A generates a NM2A/B gradient required for
cytoskeletal-nuclear force coupling

Myo18A is known to coassemble with NM2,°® and NM2 isoform
polarization is required for front-rear cell polarity.®'-®® Therefore,
we investigated whether the BPix/Myo18A module at adhesion
sites is required for NM2 isoform-mediated front-rear cell polarity
and migration.

A CRISPR knockin MDA-MB-231 cell line expressing mNeon-
NM2A (called 231-mNeonNM2A hereafter) was created to
ensure endogenous levels of NM2A during live-cell analysis. Pre-
liminary examination of 231-mNeonNM2A cells embedded in 3D
matrices revealed a strong accumulation of NM2A at newly form-
ing adhesion sites preceding paxillin recruitment (Figures 5A and

(B) Confocal imaging of MDA-MB-231 cells expressing the mNs2 tension sensor in 2D (plastic or plastic coated with collagen) and 3D environments (0.5 or 2 mg/
mL). Pseudocolored to represent FRET index (scale on right side).

(C) The average FRET index across a central cross-section of the nuclear envelope (in the horizontal plane) of MDA-MB-231 cells. Drug treatment used 20 pM
Y-27632/ML-7 and was compared to cells treated with an equivalent volume of DMSO. N = 4 experiments, SEM. **p < 0.01; *** p < 0.001.

(D) Trace of FRET index measured for the front and rear halves of the nucleus in 2 mg/mL gel. MDA-MB-231 cells expressing mN2-TS images showing FRET ratio
(pseudocolored) overlaid onto bright-field images. Images correlate to the time point range highlighted (dotted lines). Red arrow on timescale indicates moment of
nuclear translocation. FRET index for the 10 time points before nuclear movement (pink box in C) was shown to be significantly lower than the 10 time points after
the initiation of movement (blue box in C) (p = 0.067, paired t test).

(E) Average FRET index of the front face of the nucleus before (pink box in C) and after translocation (blue box in C) for 7 cells as imaged in (C). p = 0.0133, paired t
test. N = 4 experiments. “*p < 0.01.

(F) Dot plot of nucleus ratio front/rear from MDA-MB231 cells before (pink box in C) and after translocation (blue box in C) in collagen/fibronectin gel. Two-sample t
test was used to estimate p values. **p < 0.01. Data represent n = 14 cells, N = 3 independent experiments.

(G) FRET index of MDA-MB-231 cells embedded in collagen/fibronectin gel. Gel treated with siNT, BPix-, or Myo18A-siRNA or transfected with Nesprin-tension
sensor lacking N-terminal actin-binding domain (mMN2-TS dABD). One-way ANOVA; Dunnett’s multiple comparison posttest versus siNT to estimate p values.
*p < 0.05; **p < 0.01. N = 3 experiments, n = 27 cells.
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S7A; Video S7). We transfected 231-mNeonNM2A cells with
mApple-Paxillin to study live-cell dynamics in 3D matrices.
NM2A is recruited to and enriched in adhesive sites, which
also appear to resemble the sites for new protrusion assembly
(Figure 5A; Video S7). More importantly, this contrasts with the
distribution of NM2A in cells plated on a 2D surface, where we
and others’® have observed less clear enrichment of NM2A at
adhesive sites (Figure S7B).

The effect of BPix and Myo18A depletion on NM2A localization
was examined using the 231-mNeonNM2A in 3D matrices. Cells
were stained with SiR-Actin to mark actin-based protrusions and
imaged by live-cell microscopy. We observed no change in over-
all NM2A or actin intensity in the pseudopodia of BPix-depleted
cells compared to controls (Figures S7C-S7E). However, the
characteristic enrichment of NM2A fluorescence intensity to-
ward the distal tip of actin protrusions (~2 pum along the length
of the protrusion, toward the cell body) was absent in the BPix/
Myo18A-depleted cells (Figures 5B-5D). When examining cells
on a 2D surface, the depletion of BPix or Myo18A reduced the
average intensity of NM2A staining that is in close proximity to
a paxillin-based adhesion mask (Figures S7TF-S7H).

NM2A and NM2B form a gradient within cells plated on 2D sur-
faces and in 3D matrices.*?*® We verified these findings using
MDA-MB-231 cells stained for NM2A and NM2B in 3D matrices,
where NM2B accumulates in the perinuclear region and NM2A is
distributed throughout the cell, with prominent staining in pseu-
dopodial tip regions (Figures 5F, 6A, and S7A). Remarkably,
depletion of either BPix or Myo18A causes a loss of the NM2A/
NM2B polarization within cells, with NM2A being no longer en-
riched at pseudopod tips or in the cell periphery (Figures 5B-
5G) and NM2B being less enriched in the perinuclear region
and distributed throughout the cytoplasm (Figures 6A-6C).
This effect could be rescued by the expression of GFP-
Myo18a in Myo18A-depleted cells (Figures 5F, 5G, S7J,
and S7K).

Having determined that the expression of the mNs2-dABD
tension sensor does not show significant force applied on the
sensor (Figure 4), and knowing nesprin-2 is required for 3D cell
migration,®® we examined the effect of a dominant-negative
KASH domain-only nesprin construct (DN-Nesprin) on NM2B
polarity. DN-Nesprin expression in MDA-MB-231 cells causes
a loss of NM2B polarization (Figures 6D and 6E), similar to
BPix/Myo18A depletion.

Cell Reports

Together, these data show that BPix/Myo18A are required for
the efficient recruitment of NM2A to adhesion sites and essential
for the polarized distribution of NM2A-NM2B needed for cell
migration and invasion (Figure 6F). This demonstrates that
migrating cells establish a connected network of actomyosin-
mediated force coupling from adhesion sites in protrusions to
the nucleus, which underpins successful 3D invasive cell
migration.

DISCUSSION

This study identifies the composition of core components of cell
matrix adhesion sites in cells migrating within 3D matrices. Dif-
ferences in the composition between adhesion complexes on
stiff 2D and soft 3D matrices reveal the establishment of polarity
in the actomyosin network as a function of maturation of adhe-
sion sites in 3D matrices, which is required for invasive migration.
The 3D matrix adhesion sites are relatively enriched in fPix and
Myo18A, two proteins that are needed for initial NM2A recruit-
ment to adhesion sites in protrusions and NM2A/NM2B isoform
gradient formation across the cell. Cells moving through 3D
matrices actively translocate their nucleus. Here, we show dy-
namic nuclear force transduction between adhesion sites and
the LINC complex in the nuclear membrane during 3D invasive
cell migration. Loss of actomyosin connectivity at adhesion sites
or the nucleus leads to a loss of nuclear force coupling and a fail-
ure to establish the NM2 isoform polarity gradient. We propose a
model whereby mechanical coupling between IACs and the nu-
cleus is required for the formation of an NM2A/NM2B gradient;
the gradient in turn is essential to couple nuclear movement to
cell migration (Figure 6F). We show that nuclear actomyosin
force coupling from adhesion sites in 3D matrices is an essential
requirement for invasive cancer cell migration.

To the best of our knowledge, this work represents the first
systemic analysis of the adhesion proteins were identified here
(Figure 1; Data S1-S3), as well as a significant proportion of es-
tablished consensus adhesion components in IACs from both
2D and 3D environments.*”"! Results of the 2D IAC experiments
also compared well with previously published BiolD screens of
paxillin.””"? This suggests that the core adhesion machinery
and architecture remain conserved in a 3D microenvironment.
The compositional changes observed in cells in a 3D matrix,
compared with 2D, are highly reminiscent of those found when

Figure 5. BPix and Myo18A are required for NM2A recruitment to protrusive tips

(A) MDA-MB-231 cells expressing NM2A-mNeon (green) transfected with mApple-Paxillin (magenta) embedded in collagen (supplemented with ~1%-2%
fluorescent collagen [blue] and fibronectin). Gels were imaged by live-cell microscopy. Protrusive structures are indicated with yellow arrowhead.

(B) Representative images of MDA-MB-231 cells expressing NM2A-mNeon (green) treated with siNT, BPix-siRNA, or Myo18A-siRNA embedded in collagen/
fibronectin gels. Cells stained with SiR-Actin (magenta). Images on the left are expanded views, yellow-boxed regions indicate zoom region shown on the right.
Scale bar expanded, 10 um; magnification, 2 pm.

(C) Percentage change in fluorescence signal along actin protrusion, starting at most distal point. Example fluorescence line scans of actin/NM2A from enlarged
images indicated by yellow dashed line shown in (B).

(D) Fluorescence intensity ratio of NM2A/actin signal at 2 pm point from tip of protrusion. n = 16-26 cells, N = 3 independent experiments. One-way ANOVA;
Dunnett’s multiple comparison post-test versus siNT to calculate p values. ***p < 0.001.

(E) Schematic to show quantification method for data shown in (G).

(F) Representative images of MDA-MB-231 cells treated with siNT, BPix-siRNA, or Myo18A-siRNA embedded in collagen/fibronectin gels stained for DAPI (blue),
NM2A (green), and actin (magenta). Scale bars, 20 pm.

(G) Graph shows ratio of cellular NM2A intensity and perinuclear NM2A intensity (quantified as in E). One-way ANOVA; Dunnett’s multiple comparison post-test
versus siNT to estimate p values. **p < 0.001. Data represents n = 23-34 cells per condition, N = 3 independent experiments.
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cellular contractility is inhibited by blebbistatin treatment,
with reduced enrichment of mechanosensitive LIM domain-con-
taining proteins and enhanced recruitment of the Git-BPix
complex.>®

Our study has identified factors required for the invasive
migration of breast cancer cells in 3D environments. Of the pro-
teins enriched in 3D adhesion sites, BPix, Git1/2, and Myo18A
stood out as previously identified IAC components with unknown
roles in cancer cell invasion. We show that fPix and Myo18A are
essential for invasion and 3D migration without affecting the abil-
ity of cells to degrade matrix, form pseudopods, or reduce global
Rac and CDC42 activity. The latter was perhaps unexpected
because BPix has previously been associated with GEF activity
in fibroblasts and contains a Dbl homology (DH) domain.®”"®
However, more recent publications have shown minimal GEF ac-
tivity for BPix,>* and early structural studies revealed that the pPix
DH domain has mutations in key residues that preclude activ-
ity.>® With these previous publications and the data presented
here, we propose that the lack of migration and invasion is not
caused by changes in actin polymerization in BPix- or Myo18A-
depleted cells. We were, however, able to confirm a previously
observed cell shape change following the depletion of BPix/
Myo18A.”* Cells were visibly more circular and spread than their
wild-type counterparts, with an inability of the cells to polarize
their MTOC on defined micropatterns. This phenotype was remi-
niscent of cells having defects in connections of the cytoskeleton
to the nucleus.®®

Actomyosin-mediated tension can be sensed by the nucleus,
in particular in 3D matrix environments.*'"°>" Nuclear force
transduction has been postulated to play an important role in
cell migration,®* but measurements of the forces applied on
the nucleus during 3D invasive cell migration have not previously
been documented. Here, we show that cancer cells invading 3D
collagen gels actively apply forces on the nucleus. When move-
ment of the nucleus is stalled, despite continued protrusion for-
mation—presumably due to the cell encountering an obstacle—
tension at the front of the nucleus increases before nuclear
movement. Following forward translocation, as the nucleus
moves past the obstacle, a noticeable drop in tension at the front
of the nucleus is observed. The results here suggest that the nu-
cleus in 3D matrix is, at least in part, pulled forward by actomy-
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osin forces applied to the nucleus via nesprin. This idea is
strengthened by studies demonstrating the accumulation of spe-
cific nesprins at the leading edge of nuclei when crossing obsta-
cles®**®® and a requirement for actomyosin contractility only at
the front of the nucleus when crossing a transwell pore.”® Intrigu-
ingly, we observed pulsatile fluctuations in FRET at the front of
the nucleus during 3D cell migration, which may be indicative
of an actomyosin-dependent tugging effect.

Actin cytoskeleton networks transmit forces over long
ranges.””’® Our results show that the depletion of BPix or
Myo18A leads to a complete loss of nuclear force coupling, es-
tablishing that force transmission from adhesion to nucleus in 3D
matrix exists, and its loss may lead to an inability for cells to move
in dense 3D matrices.

Why may BPix/Myo18A be required for nuclear force
coupling? The actomyosin networks show a polarized distribu-
tion of NM2 isoforms that are thought to have specialized func-
tions in the migration process®'*%; Myo18A was shown to form
heteromultimers with NM2A in cells.®® Staining of NM2A and
NM2B in invasive MDA-MB231 cells in matrix revealed a pro-
nounced gradient, with NM2B concentrated around the nucleus
and NM2A enriched more toward the protrusive region. Interest-
ingly, NM2A was particularly enriched in the protrusive tips of
pseudopodia in 3D matrices, where novel adhesion sites were
forming. Disruption of the BPix/Myo18A module resulted not
only in the loss of NM2A accumulation in the vicinity of adhe-
sions but also in a redistribution of NM2B throughout the cell.
BPix/Myo18A-dependent recruitment of NM2A to IACs may be
the initial cue that instigates a self-sorting mechanism for NM2
isoforms that results in their polarized distribution previously
described for cells on 2D surfaces.®'*?%° This self-organizing
mechanism is thought to be due to the differences in NM2A/B
biochemical and biophysical properties as well as expression
levels. Comparatively higher NM2A expression is supposed to
lead to preferential NM2A recruitment to new actin filaments
at the leading edge. Because we do not observe any decrease
in NM2A/B mRNA or protein levels following BPix/Myo18A
depletion, the loss of NM2A/B polarity in our system is unlikely
due to differences in expression levels. In addition, we do not
identify any differences in MLC phosphorylation; thus, the mis-
localization of NM2A/B does not seem to be due to a defect in

Figure 6. NM2A/B polarity requires nuclear force transmission mediated through BPix and Myo18A

(A) Representative images of MDA-MB-231 cells treated with siNT, BPix-siRNA, or Myo18A-siRNA embedded in collagen/fibronectin gels (blue) stained for NM2B
(magenta) and actin (green). Scale bars, 20 um.

(B) Dot plot shows average perinuclear NM2B intensity as a ratio of whole-cell NM2B intensity. One-way ANOVA; Dunnett’s multiple comparison post-test versus
siNT to estimate p values. *p < 0.05; **p < 0.001. Data represent n = 38-40 cells per condition, N = 4 independent experiments.

(C) Representative images of MDA-MB-231 cells expressing GFP or GFP-DN-KASH embedded in collagen/fibronectin gels, stained for DAPI (blue) and NM2B
(magenta). GFP shown in green. Scale bars, 10 um.

(D) Dot plot shows average perinuclear NM2B intensity as a ratio of whole-cell NM2B intensity (quantified as in Figure 5E). Two-sample t test was used to estimate
p values. **p < 0.01. Data represent n = 58-60 cells per condition, N = 5 independent experiments.

(E) Model of NM2A/B gradient formation. Git1/pPIX are recruited to nascent adhesion complexes containing paxillin at the protruding front of the cell (“relaxed
nascent”). Myo18A is recruited via BPIX. Myo18A coassembles with NM2A. The tension generated by NM2A results in maturation of associated adhesion
complexes, opening paxillin (“under tension”). The recruitment of NM2A to the leading edge of the invading cell promotes the formation of a front-rear NM2A/B
gradient. Nesprins present on the outer nuclear membrane are able to bind to actin, and via their binding to SUN domain-containing proteins present on the inner
nuclear membrane, they connect the cytoskeleton and nucleoskeleton as part of the LINC complex. An actin crosslinker is required for polarity maintenance and
nuclear positioning. Mechanical integration of perinuclear actin with the nucleoskeleton is essential for the establishment of a front-rear NM2A/NM2B gradient.
We propose that mechanical coupling between the nucleus and the adhesion sites is required for the establishment of this gradient and for the polarization of the
invading cell. Figure created with BioRender.com.
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regulation, although we have not analyzed all of the potential
mechanisms for NM2 activation. Instead, our data argues for a
model in which BPix/Myo18A are required for the recruitment
of NM2A to adhesion sites and give rise to the formation of a
NM2 isoform gradient according to previously postulated rules
of self-organization and nuclear force coupling via the LINC
complex.

NM2A can form heteromultimers with Myo18A in cells.®® The
anterior accumulation of NM2A in 3D embedded cells is known
to stabilize protrusions,®® and NM2A has faster motor activity
than NM2B,?® suggesting that NM2A is more efficient at
creating contractile forces. This leads to directional force inputs
into the connected actomyosin system from the leading edge
of pseudopodia and the possibility of orienting polarity. By
contrast, NM2B is critical for the translocation of nuclei through
restrictive pores in MDA-MB-231 cells.*® The requirement of
NM2B around the nucleus is likely due to its higher duty
ratio and the longer time NM2B spends on actin filaments,
which can help generate and maintain sustained tensile
force.?%3981:82 Recent studies have shown that actin cross-
linkers, such as a-actinin, are required for the coherence and
force connectivity of the whole actin network.”® They are also
required for cell polarity and nuclear positioning.”® This
strengthens the argument for a connected actin network driving
nuclear force coupling.

The directional force inputs from adhesion to the nucleus
through the NM2 isoform gradient need to be proportional.
How adhesion maturation is regulated to limit actomyosin
force coupling through NM2A in unknown. The accumulation
of BPix in adhesions that experience a loss of tension has
been reported.°We wanted to find out whether the PPix/
Myo18A recruitment plays a role in adhesion maturation.
BPix is in a complex with Git1,°° and recruitment of the BPix-
Git1 complex to adhesions is facilitated through binding of a
C-terminal Git1 helix bundle to the LD2 and LD4 domains of
paxillin.®®> Our experiments show that depletion of Myo18A
and loss of actomyosin contractility lead to an accumulation
of BPix and Git1 in adhesions. To establish whether this accu-
mulation is purely caused by the Git1 paxillin-binding domain,
we expressed the isolated Git1-paxillin-binding domain in
cells. The isolated domain mirrored the behaviors of BPix
and Git1 and accumulated in adhesions when actomyosin ten-
sion was lost. This points toward negative regulation of the
paxillin binding of Git1/BPix after force application. The paxillin
LD2 and LD4 domains are separated by 105 residues, and to
simultaneously engage Git1, a loop would need to form that
brings the LD2 and LD4 domains together. Tension, if exerted
on such a loop, would pull it taut and inhibit the LD2-LD4 bind-
ing of Git1.°>%° This fits very well with the localization of BPix
toward the nascent front of adhesions and not the more
force-bearing rear (Figure 2A). It has not been directly reported
that paxillin stretches in response to contractility, but forces
applied by the actin meshwork and through vinculin could
lead to the loss of Git1/BPix binding from paxillin and consti-
tute a self-limiting switch in actomyosin recruitment. Taken
together, our findings present a model of how 3D adhesion
sites tuned nuclear force coupling facilitates invasive cancer
cell migration in complex environments.
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Limitations of study

A limitation of the current comparative MS screens is that they
are unable to identify which physicochemical parameter is
responsible for inducing a given change between the chosen
2D and 3D microenvironmental conditions. Substrate rigidity is
likely to account for a large proportion of the changes observed,
but changes such as dimensionality, ligand density, and confir-
mation, as well as local curvature of the membrane between
the 2D and 3D conditions may also play a role.®* Future work
should seek to deconvolve the contribution of each of these fac-
tors. Once technology has advanced enough to verify the mech-
anistic findings of this study in in vivo models, this should be
investigated to see whether cells use the mechanisms identified
here to migrate through tissues.

A better understanding of the matrix parameters that are
important in regulating IAC composition and signaling would
allow the field to develop in vitro ECM models that better
resemble the microenvironment found in vivo while maintaining
the minimal necessary level of complexity. It also remains to be
seen how the relatively modest enrichment and depletion of
IAC components in 2D versus 3D mass spectrometry samples
will compare with future studies. At this time, we cannot predict
what the maximum enrichment, based on a free pool of total ex-
pressed protein numbers, could be. A further limitation of the
study is the fact that the 2D versus 3D adhesion immunofluores-
cence comparisons of BPIX and Myo18A were not performed
with the same adhesion marker as control staining, paxillin,
and VASP, respectively, due to primary antibody species over-
lap. This makes a comparison of the relative enrichment of
BPIX and Myo18A to each other less certain.
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Antibodies

Mouse monoclonal anti-paxillin
Polyclonal rabbit Anti-BPix
Rabbit polyclonal anti-myosin Heavy Chain 9

Mouse monoclonal anti-myosin
Heavy chain 10 (3H2)

Rabbit Polyclonal anti-pericentrin
Mouse monoclonal YAP antibody
Rat monoclonal anti-a5p1-integrin

Rabbit polyclonal anti-Git1
Alexa-Fluor® 594 anti-mouse

Alexa Fluor®-680 conjugated
streptavidin, 1.8 mg/mL

Monoclonal mouse anti-Myosin18A,

Monoclonal mouse anti-Cdc42
monoclonal antibody,

anti-Rac1

Polyclonal rabbit anti-GAPDH,
Monoclonal mouse anti-phospho-
myosin-light-chain
myosin-light-chain,

Alexa-Fluor® 488 anti-mouse
Alexa-Fluor® 670 anti-mouse
Rabbit anti- VASP (9A2)

BD biosciences

Millipore

Cell Signaling Technology
Abcam

Abcam
Santa Cruz Biotechnology

Gift from Martin Humphries,
University of Manchester

Novus
Thermo
Jackson ImmunoResearch

Santa Cruz
Cytoskeleton

Cytoskeleton
EMD Millipore
Cell Signaling

Cell Signaling

Thermo

Thermo

Cell Signaling Technology

Cat# 610569; RRID:AB_397918
Cat# 07-1450-L

Cat# 3403; RRID:AB_2147297
Cat# ab684; RRID:AB_305661

Cat# ab4448; RRID:AB_304461
Cat# sc101199; RRID:AB_1131430

https://rupress.org/jcb/article-pdf/117/2/
437/1470573/437.pdf

Cat# NBP1-86144; RRID:AB_11022781
Cat# A-11032; RRID:AB_2534091
Cat# 016-620-084; RRID:AB_2337252

Cat# 365328; RRID:AB_10841437
Cat# ACDO03; RRID:AB_10716593

Cat# ARCO03; RRID:AB_10709099
Cat# AB2302; RRID:AB_10615768
Cat# 3675; RRID:AB_2250969

Cat# 8505S; RRID:AB_2728760
Cat# A28175; RRID:AB_2536161
Cat# A-21235; RRID:AB_2535804
Cat# 3132S; RRID:AB_2213393

Chemicals, peptides, and recombinant proteins

para-amino-blebbistatin

CT-1746

Y-27632

ML-7

Fibronectin

Lullaby® transfection reagent
Lipofectamine ® RNAIMAX

EGF

GM6001

HALT protease and phosphatase inhibitor
Atto-647N-NHS-ester
Formaldehyde

Bovine serum albumin

Acti-Stain 670 Phalloidin

Hoechst

Texas Red® conjugated Phalloidin
Porcine trypsin

Acetonitrile

Acetone

Cayman Chemical

UCB CellTech

Tocris

Tocris

Sigma

Oz-Bioscience

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma

Thermo Fisher Scientific
Sigma-Aldrich

Electron Microscopy Services

Sigma Aldrich
Cytoskeleton
Thermo
Thermo
Promega
Sigma-Aldrich
Sigma-Aldrich

ltem No. 22699

N/A

Cat. No. 1254

Cat. No. 4310

FL1141

LL71000

Catalog number: 13778075
E4127

CC1000

Catalog number: 78440
18373

15700

A7906-10G

PHDN1

H21486

T7471

No:V5280

34851

00583
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B-Mercaptoethanol Sigma-Aldrich M3148

Biotin Sigma-Aldrich B4639
DL-Dithiothreitol Sigma-Aldrich D5545
Diaminoethanetetra-acetic acid Fisher D/0700/53
disodium salt dihydrate

Glycine Fisher G/P460/53
lodoacetamide Sigma-Aldrich 11149

HEPES Buffer (1M) Sigma-Aldrich H0887

Lithium Chloride Fisher (Acros Organics) 199881000
Methanol Fisher M/4000/PC17
Normal Donkey Serum Sigma-Aldrich D9663

NP-40 - Nonidet™ P 40 Substitute Sigma-Aldrich 74385

Sodium deoxycholate Sigma-Aldrich 30970

Sodium dodecyl sulfate Fisher S/5200/53
Tris-base Fisher BP152-1

Triton X-100 Sigma-Aldrich X100

Trizma® hydrochloride Sigma-Aldrich T3253

Tween 20 Fisher BP337-500
Pierce™ NeutrAvidin™ agarose beads Thermo Scientific 29200
Dimethyl Sulfoxide Sigma-Aldrich D2650

Critical commercial assays

DQ ™ collagen Invitrogen D12060
SiR-tubulin Spirochrome cat#: SC002
Cdc42 Activation Assay Biochem Kits Cytoskeleton, Inc. SKU: BK034-S
Rac1 Activation Assay Biochem Kits Cytoskeleton, Inc. SKU: BK035-S
Clarity Western ECL Substrate Biorad 1705061
SiR-Actin Spirochrome cat#: SC001
Pierce™ NeutrAvidin™ agarose beads Thermo Catalog number: 29200
BCA Protein assay Thermo 23225
NEBNext® Ultra™ Directional RNA New England Biolab Discontinued
Library Prep Kit for lllumina

LookOut Mycoplasma PCR detection kit Sigma MP0035
Nucleofector™ Il system Kit VV Lonza VCA-1003
TransIT®-2020 Mirus MIR 5400
InstantBlue® Coomassie Protein Stain Abcam ab119211
miRNeasy kit Qiagen ID: 217084
Deposited data

mass spectrometry data This study [PRIDE]:[PXD043063]
Experimental models: Cell lines

Human MDA-MB-231 (HTB-26"™) ATCC https://www.atcc.org/products/htb-26
Human osteosarcoma U20S cells (HTB-96™) ATCC https://www.atcc.org/products/htb-96
MDA-MB-231-mNeonNM2A This study N/A

Oligonucleotides

Table S1 for oligos N/A
Recombinant DNA
pcDNAS.1 mycBiolD Addgene # 35700
myc-BiolD2-MCS Addgene plasmid # 74223
MCS-13X-Linker-BiolD2-HA Addgene 80899
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mApple-Paxillin-22 Addgene #54935

mini nesprin2 tension sensor Woroniuk et al. 2018°° N/A

Raichu-Rac1 gift from Patrick Caswell, N/A
Itoh et al., 2002

Raichi-Cdc42 gift from Patrick Caswell, N/A
original ltoh et al., 2002°°

GFP-Myosin18Aalpha Gift from Martin Humphries, N/A
University of Manchester

mCherry-Talin-1 Gift from David Critchley, N/A
University of Leicester

GFP-Paxillin Gift from Patrick Caswell, N/A
University of Manchester

mCherry-Vinculin Gift from Christoph Ballestrem, N/A
University of Manchester

dominant-negative (tm) Nesprin Lombardi et al. 2011,°° Gift from Akis N/A
Karakesioglou, University of Manchester

GFP-BPIX This study N/A

GFP-BPIX AM18A Hsu et al., 2014°2 N/A

CRISPR plasmids including all-in-one This study N/A

CRISPR-Cas9 vector, MS2-CtIP and

donor vector, PITCh-mNeonGreen-guideMYH9

GFP-Git GPBR This study N/A

myc-BiolD2-Paxillin This study N/A

Talin-13X-Linker-BiolD2-HA This study N/A

PITCh-mNeonGreen-guideMYH9 This study N/A

Software and algorithms

ImageJ/Fiji software ImagedJ https://imagej.net/software/fiji/

SlideBook 6 software

CASAVA version 1.8.2
Mascot Sever v.2.3.2
Scaffold (Version 4)
Cytoscape

CRAPome

STRING V10.5

Intelligent Imaging Innovations, Inc

lllumina

Matrix Science
Proteome Software
Cytoscape Consortium

Mellacheruvu et al. 2013,%° The crapome:

a contaminant repository for affinity
purification-mass spectrometry data.
Nature Methods, 10:730

STRING Consortium

https://www.intelligent-imaging.com/
slidebook

N/A
N/A
N/A
https://cytoscape.org/
N/A

https://string-db.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tobias

Zech (tzech@liverpool.ac.uk).

Materials availability

Plasmids generated in this study have been deposited to Addgene.

Data and code availability

® Mass spectrometry data have been deposited at PRIDE and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Original western blot images and microscopy data reported in this paper will
be shared by the lead contact upon request.
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® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
® This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Human MDA-MB-231 and Human osteosarcoma U20S cells (HTB—96TM) were obtained from ATCC®. MDA-MB-231 cells were
maintained in high glucose, GlutaMAX™, DMEM (Gibco, Thermo Scientific, 31966047) supplemented with 10% Fetal bovine serum
(Sigma-Aldrich) at 37°C and 5% CO2. Cell lines were tested at regular intervals for mycoplasma contamination using LookOut My-
coplasma PCR detection kit (Sigma-Aldrich). All cell lines were used for a maximum of 25 passages.

Generation of stable BiolD2 expressing cell lines:

MDA-MB-231 cells were transfected with BiolD2 using a Nucleofector Il system (Lonza) according to manufacturer’s instructions
(Program X-013, Kit V). After 2 days cells were selected with G418 (2 mg/mL, Sigma-Aldrich). Once visible colonies had formed
(~3-4 weeks) individual colonies were picked and sub-cultured. Individual colonies were then tested for expression of BiolD2-
construct expression via Western blotting.

CRISPR knock-in cell line generation:The CRISPR-knock-in MDA-MB-231 cell line expressing mNeon-NM2A (named “231-
mNeonNM2A”) was made by CRISPR-Cas9. CRISPR plasmids were transfected into MDA-MB-231 cells using TransIT-2020 (Mirus
Bio) transfection reagent in equal amounts. Clones were selected by FACS sorting and single cell cloning, then verified by immuno-
fluorescence and western blotting.

METHOD DETAILS

Isolation of 3D adhesion complexes

Labeling of adhesions complexes: MDA-MB-231 cells expressing BiolD2 constructs were either seeded on to Fibronectin/Collagen
coated 10 cm (plastic tissue culture dishes) or embedded in 1.7 mg/mL collagen hydrogel supplemented with fibronectin. Cells were
allowed to spread for 4 h before the culture medium was supplemented with 50 uM biotin. Cells were then incubated with biotin for
16 h prior to lysate extraction.

Lysate extraction

2D and 3D samples were washed twice in 4°C PBS(—), followed by 4°C 50 mM EDTA PBS(—). 2D and 3D samples were then rocked at
4°Cfor 1 h. Collagen gels were centrifuged for 1 min at 3200 x g at 4°C and the supernatant removed. RIPA lysis buffer (150 mM NaCl,
1% (v/v) NP-40, 0.5% (w/v) Sodium deoxycholate, 0.1% Sodium dodecyl sulfate, 50 mM Tris pH 8.0, supplemented with 1x HALT
protease and phosphatase inhibitor (Thermo Fisher Scientific)) was then added to each sample. Samples for each condition were
pooled before being repeatedly passed through a 20 mL syringe, a 1 mL syringe and a 25-gauge needle to ensure homogenisation.
Samples were transferred to pre-cooled Eppendorfs and centrifuged at 14,000 x g for 15 min at 4°C. The supernatant was retained as
the sample.

Pull-down of biotinylated proteins

An equal amount of protein was used for each pulldown in every condition (diluted to an equal volume in RIPA lysis buffer). 50 mM
Tris pH 7.4 was added to each sample, equal to 50% of the total volume. Pierce NeutrAvidin agarose beads (Thermo Fisher Sci-
entific) were pre-equilibrated with 2:1 RIPA lysis buffer:50 mM Tris pH 7.4. Samples and beads were rotated at 4°C overnight. To
remove each wash, samples were centrifuged at 20 x g at room temperature (RT) for 1 min before removal of the supernatant.
Each sample was washed with BiolD Wash Buffer #1 (2% SDS in dH20) for 8 min on a rotator. Beads for each condition were
then pooled in BiolD Wash Buffer #1 and washed for 8 min. Beads were washed with 1x BiolD Wash Buffer #2 (0.1% (w/v) Sodium
Deoxycholate, 1% (w/v) Triton X-100, 1 mM EDTA, 500 mM NaCl, 50 mM HEPES) and 1x BiolD Wash Buffer #3 (0.5% (w/v) So-
dium Deoxycholate, 0.5% (w/v) NP-40, 1 mM EDTA, 250 mM LiCl, 10 mM Tris pH 7.4.) for 8 min each. Beads were then washed
with 50 mM Tris pH 7.4. Proteins were eluted from the beads by the addition of a volume equal to that of the beads of 2 x reducing
elution buffer. Samples were boiled for 10 min at 96°C before collection of the eluate. This was repeated a further two times. Sam-
ples were diluted 4-fold in —20°C acetone and incubated overnight at —20°C. Samples were subjected to centrifugation at 14,000
x g for 10 min at 4°C. The supernatant was removed and protein pellets were allowed to air dry in a flow hood. Samples were re-
suspended in 2x reducing sample buffer.

Extraction of type | collagen

Approximately 12—-14 frozen rat tails were thawed in 70% ethanol. The skin was removed and individual tendons were extracted,
care was taken to avoid extracting the sheath. Tendons were dissolved in 0.5 M acetic acid at 4°C for 48 h. The tendon extract
was centrifuged at 7500 x g for 30 min to remove debris. 10% (w/v) NaCl was added to the supernatant which was stirred for 1 h
at 4°C. The extract was then centrifuged at 10,000 x g for 30 min. The pellet was dissolved in 0.25 M acetic acid and stirring for
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24 h at 4°C. The collagen solution was dialyzed (VISKING, SERA44120, MWCO 12-14 kDa, regenerated cellulose) against 8
changes (twice daily) of 17.5 mM acetic acid. The dialyzed collagen solution was then centrifuged at 30,000 x g for 1.5 h.
The collagen solution was then stored at 4°C in a sterile container for a minimum of two weeks before use in assays. Protein
concentration of the collagen was verified by both BCA Protein assay (Sigma-Aldrich, cat: BCA1) and drying via vacuum
centrifugation.

Fluorescent labelling of collagen

Rat tail type | collagen was diluted in 4°C PBS(+). Collagen was neutralized using 0.46 M sodium bicarbonate and a final collagen
hydrogel concentration of 3 mg/mL was created. The gel was added to a 10 cm tissue culture dish and allowed to polymerise at
RT for 1 h. The collagen gel was incubated with 50 mM Borate buffer (pH 9.0) for 10 min 2 mg/mL of Atto-647N-NHS-ester
(Sigma-Aldrich Aldrich, cat: 18373) was diluted in 50 mM Borate buffer (pH 9.0) and added to the collagen gel for 1 h at RT, protected
from light. Labeling solution was removed from the gel, and residual ester quenched by the addition of 50 mM Tris pH 7.4 for 10 min.
The gel was washed 8 x 10 min with PBS(+). Labeled collagen was dissolved by incubation in 0.2 M HCI at 4°C for 4 days. Dissolved
collagen was dialyzed against 20 mM acetic acid overnight. When used in assays a small amount of labeled collagen (between 0.5%
and 2% of total volume) was added into the prepared collagen solution, as indicated.

Mass spectrometry sample preparation

Samples were separated by polyacrylamide gel electrophoresis. Polyacrylamide gels were stained with Instant Blue protein dye (Ab-
cam) for 45 min, and then washed with ddH20. Each sample was cut into 15 slices by hand using a clean glass tile and sterile scalpel.
Slices were cut into cubes approximately 1 mm3 in size and transferred into a perforated 96-well plate (Glygen Corp). Gels pieces
were de-stained with repeated 30 min incubations of 50% (v/v) Acetonitrile (ACN)/50% 25 mM NH4HCOS (v/v) at RT. Gel pieces were
dehydrated by 2 x 5 min incubations with ACN followed by vacuum centrifugation. Peptides were then reduced via incubation with
10 mM dithiothreitol (DTT) at 56°C for 1 h. Peptides were then alkylated by incubation with 55 mM iodoacetamide (IA) for 45 min at RT
whilst being protected from light. DTT and IA were removed by two rounds of washing and dehydration: 5 min incubations with 25 mM
NH4HCO3 followed by a 5 min incubation with ACN. ACN was removed by centrifugation, the gel pieces were then dried via vacuum
centrifugation. 1.25 ng/L Porcine trypsin (Promega, Cat No:V5280) in 25 mM NH4HCO3 was added to the gel pieces, which were
incubated at 4°C for 45 min to allow the trypsin to permeate the gel pieces. Samples were then transferred to 37°C to allow digestion
overnight. Trypsinised peptides were collected from gel pieces via centrifugation. Residual peptides were extracted with a 30 min
incubation at RT with 99.8% (v/v) ACN/0.2% (v/v) formic acid and then 50% (v/v) ACN/0.1% formic acid (v/v) which were each sub-
sequently extracted via centrifugation. The collected eluate was dried by vacuum centrifugation. Dried peptides were then stored
at —20°C until resuspension prior to analysis. Dried peptides were re-suspended in 5% (v/v) ACN in 0.1% formic acid. Each sample
was separated on a Nanoacquity (Waters) Ultra Performance Liquid Chromatography column coupled to an LTQ-Orbitrap XL
(Thermo Fisher) equipped with a nanoelectrospray source (Proxeon). MS spectra were acquired at a resolution of 30,000 and
MS/MS was performed on the top 12 most intense ions.

RNA-sequencing analysis
MDA-MB-231 cells were embedded into 1.7 mg/mL collagen supplemented with 50 pg/mL fibronectin, and total miRNA extracted
using a miRNeasy kit (QIAGEN) according to the manufacturer’s protocol. RNA samples were processed and sequenced by the Cen-
ter for Genomic Research (University of Liverpool). 1mg of total RNA was treated for polyA using Next Ultra Directional RNA library
prep kit (New England Biosciences). Enriched RNA was amplified using the ScriptSeq v2 RNA-Seq Library Preparation protocol. After
12 cycles of amplification DNA was purified using Ampure XP beads. Denatured template DNA at a concentration of 300 p.m. was
sequenced using two lanes of an lllumina HiSeq2500 at 2x150 bp paired-end sequencing with v1 chemistry. Basecalling and de-mul-
tiplexing of indexed reads was performed by CASAVA version 1.8.2 (lllumina). Sequences were trimmed to remove lllumina adapter
sequences using Cutadapt version 1.2.1, any reads which matched the adapter sequence over at least 3 bp were trimmed. Low qual-
ity bases were removed using Sickle version 1.200 with a minimum window quality score of 20. Finally, after trimming, all reads
shorter than 10 bp were removed.

Quantification of expression of transcripts from the trimmed datasets was performed using Salmon v0.12.0 (Patro et al., 2017),
transcripts were mapped against Homo Sapiens transcriptome (Version 86, EMBL). Gene level count matrices were generated
and differentially expressed genes were determined using the DESeq2 package (Love et al., 2014; Soneson et al., 2015).

DNA transfections

Cells to be transfected were seeded at 2 x 105 cells per well in a 6-well plate ~16-20 h prior to transfection. MDA-MB-231 cell trans-
fections were performed using Trans|T-2020 transfection reagent or Lullaby transfection reagent (OZ Bioscience); 1 ng of each
plasmid was used for all transfections (2 g total). Cells were transfected for 24 h before imaging. Before imaging, for 2D cell culture,
cells were plated onto glass bottom 35 mm dishes (SPL Confocal 35-mm clear coverglass-bottom Petri dish, #101350) pre-coated
for 1 h (4°) with 50 ng/mL collagen (as prepared below) and 10 pg/mL Fibronectin (Sigma-Aldrich, FL1141). For 3D cell culture, cells
were embedded in matrices 8-18 h before imaging.
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Plasmids used in this study include: pcDNA3.1 mycBiolD (a gift from Kyle Roux (Addgene plasmid # 35700; http://n2t.net/
addgene:35700; RRID:Addgene_35700), myc-BiolD2-MCS (a gift from Kyle Roux (Addgene plasmid # 74223; http://n2t.net/
addgene:74223; RRID:Addgene_74223), MCS-13X-Linker-BiolD2-HA (a gift from Kyle Roux (Addgene plasmid # 80899; http://
n2t.net/addgene:80899; RRID:Addgene_80899), mApple-Paxillin-22 (Addgene, #54935), mN2-TS (Woroniuk et al. 2018°°) Raichu-
Rac1 (gift from Patrick Caswell (Itoh et al., 2002),°° Raichi-Cdc42 (gift from Patrick Caswell, (Itoh et al., 2002),°° GFP-Myosin18Aa
(Gift from Martin Humphries, University of Manchester), mCherry-Talin-1 (Gift from David Critchley, University of Leicester), GFP-
Paxillin (Gift from Patrick Caswell, University of Manchester), mCherry-Vinculin (Gift from Christoph Ballestrem, University of Man-
chester), dominant-negative (tm) Nesprin (Lombardi et al. 2011; 5°Gift from Akis Karakesioglou, University of Manchester), GFP-
BPIX, GFP-BPIX A M18A (Zech Lab, this study; Hsu et al., 2014).52 CRISPR plasmids including all-in-one CRISPR-Cas9 vector,
MS2-CtIP and donor vector, PITCh-mNeonGreen-guideMYH9 were designed according to (Sakuma et al., 2016).

Plasmids designed in this study: GFP-Git GPBR — N-terminal located GFP was linked to GGGS and Git1 amino acids 637-761 (pax-
illin binding region) (designed on VectorBuilder).

Plasmids generated in this study: myc-BiolD2-Paxillin was generated by the amplification of Paxillin via PCR from GFP-Paxillin us-
ing the primers TCATGC GAATTC ATG GAC GAC CTC GAC GCC and TGA GAC AAG CTT CTA GCA GAA GAG CTT GAG. The PCR
product and myc-BiolD2-MCS were digested with EcoR1 and Hindlll, purified and ligated. A start codon and Kozak sequence were
introduced into MCS-13X-Linker-BiolD2-HA via mutagenesis (Forward: CCC GCC TCC ACC GGA TCC CAT GGT GGA AAC ACC
ATG GGA TCC GAA TTC GAA TC, Reverse: GAT TCG AAT TCG GAT CCC ATG GTG TTT CCA CCA TGG GAT CCG GTG GAG
GGC GQG) to produce the ATG-13X-Linker-BiolD2-HA vector. To generate the Talin-13X-Linker-BiolD2-HA, Talin was amplified
from mCherry-Talin-1 (Forward: GAT CCA GAA TTC CAC CAT GGT TGC GCT TTC GCT G, Reverse: TGG ATC GAA TTC GTG
CTC GTC TCG AAG CTC). The PCR product and MCS-13X-Linker-BiolD2-HA were digested with EcoRl, purified and ligated. The
all-in-one CRISPR-Cas9 vector was generated to express Cas9 and MS2-containing sgRNAs for donor cleavage and genome tar-
geting in accordance with the previous report (Nakade et al., 2018). The inserted oligonucleotides for genome targeting were as fol-
lows: sense, CAC CGT GCA GGA GAA GAG GCT TAT T and antisense, AAA CAA TAA GCC TCT TCT CCT GCA C. The PITCh-
mNeonGreen-guideMYH9 was generated by PCR and In-Fusion cloning method (Takara) to insert mNeonGreen at the 3’ end of
MYH9 coding sequence with 40-bp microhomologies in accordance with the previous reports (Sakuma et al., 2016; Nakade
et al., 2018).

3D cell embedding

For 3D cell embedding, gels were prepared fresh on the day of use. All solutions and collagen were kept at 4°C during preparation of
the gel. The required amount of rat tail type | collagen was diluted with sterile ddH20 in order to achieve the desired final gel concen-
tration. 10x DMEM equal to 10% of the final volume was added to the collagen gel. The pH of the gel was neutralised via the addition
of 0.46 M Sodium Bicarbonate equal to 10% of the final volume. Gels were supplemented with Fibronectin (Sigma-Aldrich) to a final
concentration of 10 ng/mL. The desired number of cells were trypsinised and pelleted via centrifugation. Cells were suspended in
collagen/fibronectin gel solution by gentle pipetting. Cell suspensions were quickly transferred either to a cell imaging dish (SPL
35-mm dishes) or 6 well plate depending on the assay. Collagen gels were then transferred to a humidified CO2 incubator at
37°C to allow gel polymerisation. After 1 h, full growth medium was added carefully to the top of the gels and cells were returned
to 5% CO2/37°C until imaging/fixation.

siRNA treatment
MDA-MB-231 cells: 10 nM of each siRNA oligonucleotide was introduced using Lullaby® transfection reagent (Oz Biosciences)
following manufacturer’s instructions. U20S cells: 50 nM of each siRNA oligonucleotide was introduced using Lipofectamine ®
RNAiIMAX (Thermo Fisher Scientific) following manufacturer’s instructions. Oligonucleotides for siRNA included: human BPix (synthe-
sized by Qiagen), human myosin-18A (synthesized by Qiagen):—-

BPix siRNA - #1 - AACAATCAACTGGTAGTAAGA (Qiagen S104239011), #2 CAAGCGCAAACCTGAACGGAA (Qiagen
S104308997)

Myosin-18A siRNA — #1 CACGAACTGGAGATGGATCTA (Qiagen Sl04273668), #2 CAGTCGTGTCAGAAGAAGTTA (Qiagen
S104318034)

For all knockdown experiments, cells were subjected to siRNA treatment at 24, 72 h post-seeding. Where one siRNA treatment is
indicated this is a pooled siRNA mix of the siRNAs listed above. Cells were analyzed 96-120 h post-original transfection. All knock-
down experiments were undertaken at least three independent times unless otherwise stated.

Immunofluorescence staining

For cells plated on 2D surfaces, at appropriate time points following cell plating, cells were fixed by removal of medium and addition
of 4% PFA (Electron Microscopy Sciences, Hatfield, PA) in PBS for 20 min at RT, washed 3x with PBS, permeabilized with 0.25%
Triton X-100 in PBS for 15 min, washed 3x with PBS, and incubated in blocking buffer (10% bovine serum albumin (BS)] Sigma-
Aldrich, A7906 in PBS) for 30 min. For cells embedded in 3D surfaces, cells were fixed by removal of medium and addition of 4%
PFA; in 0.05 M phosphate buffer, pH 7-7.2 for 40 min at RT, washed 3x with PBS, permeabilized with 0.1% Triton X-100 in PBS
for 30 min, washed 3x PBS rapid wash followed by 2 x 5min PBS wash and incubated in blocking buffer for 1 h. All cells were
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incubated with primary antibody (in PBS plus 10% blocking buffer) overnight at 4°C, followed by 3x PBS rapid followed by 2 x 5min
PBS wash and incubation in 1/250 dilution secondary antibody +/— Acti-Stain 670 Phalloidin (Cytoskeleton, Inc.), plus Hoechst
(Thermo Scientific, H3570) in PBS plus 10% blocking buffer for 4h at RT. Cells were washed in 3 x PBS rapid wash followed by
6 x 5min, and imaged immediately by confocal microscopy.

Primary antibodies: Mouse monoclonal anti-Paxillin (1:50, BD biosciences #610569), Polyclonal rabbit Anti-BPix (Millipore 1:200,
07-1450-L), Monoclonal mouse anti-Myosin18A, (1:200 SCBT 365328), Rabbit anti- VASP (9A2) (1:200 Cell Signaling Technology
31328S), Rabbit polyclonal anti-myosin Heavy Chain 9 (1:100 Cell Signaling Solution Technology #3403), Mouse monoclonal anti-
myosin Heavy chain 10 (3H2) (1:200 Abcam ab684), Rabbit Polyclonal anti-pericentrin (1:2000, Abcam ab4448), Mouse monoclonal
YAP antibody (1:1000, Santa Cruz Biotechnology sc-101199), Rat monoclonal anti-a581-integrin (1:200, Mab11, in-house purifica-
tion from hybridoma), Rabbit polyclonal anti-Git1 (1:200, Novus, NBP1-86144).

Secondary antibodies: Alexa-Fluor 488, 594 & 647 anti-mouse, rabbit & rat IgG antibodies (Jackson ImmunoResearch). All second-
ary antibody stock solutions were diluted to a concentration of 1.7 mg/mL and used at a dilution of 1:500 (2D staining) and 1/250
(3D staining). Alexa-Fluor-647 or Texas Red conjugated Phalloidin (Molecular Probes, Invitrogen) was diluted to approximately
6.6 uM in methanol and used at a dilution of 1:400.

Transwell inverted invasion assay

Matrigel (Corning) was diluted to 5 mg/mL with PBS (—) and supplemented with fibronectin to a final concentration of 10 pg/mL. The
Matrigel mixtures were polymerised in transwell inserts (Corning) at 37°C for 1 h. Inserts were then inverted and 8 x 1074 cells were
seeded onto the transwell filter. Cells were allowed to adhere 3-6 h before inversion of the insert. Serum-free culture medium was
added to the wells of the transwell plates while culture medium containing 10% FBS and 20 ng/mL EGF (Sigma) was added to
the top of the matrigel. After 5 days of culture, samples were fixed with 4% PFA for 30 min and then permeabilized by treatment
with 0.1% Triton X-100 in PBS(—) for an additional 30 min. Samples were stained with DAPI and stacks imaged every 10 um. For
negative invasion controls, GM6001 (Sigma) treatment was used at 5 pM. GM6001 was added for the duration of the experiment.

Rac/Cdc42 Pull-down assays

Cdc42 and Rac1 Pull-Down assays were carried out using Cdc42/Rac1 Activation Assay Biochem Kits (Cytoskeleton, Inc.), following
manufacturer’s instructions. Briefly, cells were washed in ice-cold PBS and lysed in ice-cold lysis buffer supplemented with protease
inhibitor cocktail following 96 h of siRNA treatment. Approximately 800 ng protein were loaded onto PAK-PBD beads and subjected
to pull-down assay protocol. Samples were analyzed by SDS-page and Western blot analysis.

Western blot analysis

For detection of siRNA depletion: Cells were extracted 96-120 h post-transfection. Cells were washed 2 x in ice-cold PBS and lysed
in radioimmunoprecipitation assay (RIPA) buffer: 10 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100 (w/v), 0.1% SDS (wt/v), and 1%
sodium deoxycholate (w/v) supplemented with Halt protease and phosphatase inhibitors (Thermo Fisher Scientific) by rocking at 4°C
for 10 min. Just before SDS-PAGE, the protein sample was mixed 1:5 with 5x Sample Buffer (15% SDS, 312.5 mM Tris pH 6.8, 50%
Glycerol, 16% B-Mercaptoethanol). Proteins were separated by 12-20% SDS-PAGE and transferred to a polyvinylidene fluoride
membrane (Millipore, Billerica, MA). The membrane was blocked with TBS-T (20 mM Tris-HCI, pH 7.6, 136 mM NaCl, and 0.1%
Tween 20) containing 3% BSA for 1 h, then incubated with primary antibody at 4°C overnight. After washing with TBS-T, the mem-
brane was incubated with HRP-conjugated secondary antibody (Bio-Rad, Hercules, CA) for 2 h at RT. Protein signal was measured
by fluorescence-based detection or chemiluminescence. For fluorescence-based detection, membranes were imaged using a
LICOR ODYSSEY Sa infrared imaging system. For chemiluminescence based detection, membranes were developed using Clarity
Western ECL Substrate (BioRad, 1705061) according to manufacturer’s instructions and imaged using a ChemiDoc Touch (BioRad)
imaging system.

Primary antibodies: Polyclonal rabbit anti-BPix (Millipore 1:1000, 07-1450-L), Monoclonal mouse anti-Myosin18A (1:200, Santa
Cruz, H-10, 365328), Monoclonal mouse anti-Cdc42 monoclonal antibody (1:250, Cytoskeleton, Cat. # ACDO03), anti-Rac1 (1:250,
Cytoskeleton, Cat. # ACCO03), Rabbit polyclonal anti-Git1 (1:1000, Novus, NBP1-86144), Polyclonal rabbit anti-GAPDH (1:10,000:
AB2302; EMD Millipore), Monoclonal mouse anti-phospho-myosin-light-chain (1:500, Cell Signaling #3675), myosin-light-chain
(1/500, Cell Signaling #8505S).For the detection of biotin, membranes were incubated with Alexa Fluor-680 conjugated streptavidin
(1.8 mg/mL, Jackson ImmunoResearch) diluted 1:2000 in 5% BSA (in TBST).

Membrane blots were incubated with either Alexa Fluor 680 or 790 conjugated (Molecular Probes, Invitrogen) or HRP conjugated
(Pierce) secondary antibodies diluted 1:10000 in blocking buffer.

Chemical treatments

MDA-MB-231 or U20S cells were pre-treated with 20 uM para-amino-blebbistatin (Cayman Chemical, ltem No. 22699) for 1 h before
imaging or fixation. Blebbistatin remained in media during live-cell imaging (with GFP-GPBR constructs). Imaging took no longer than
15 min to limit cell exposure to blebbistatin.
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MDA-MB-231 were treated with 20 uM CT1746 (UCB, CellTech) a broad-spectrum MMP inhibitor. Cells were embedded in
collagen gels and treated with standard culture medium supplemented with 20 uM CT1746 (or equivalent total volume of vehicle con-
trol) 2 h prior to fixation.

MDA-MB-231 were treated with Y-27632/ML-7 combination. Cells were embedded in collagen gels and were treated with stan-
dard culture medium supplemented with 20 uM Y-27632 and 20 uM ML-7 (Tocris) (or equivalent total volume of vehicle control) 2 h
prior to imaging.

DQ ™ collagen assay

100,000 MDA-MB-231 cells treated with the indicated siRNA were plated per well of a 24-well plate. Cells were trypsinised and re-
supsended in DQ collagen (Invitrogen) to manufacturer instructions (1/1000 dilution), with collagen/fibronectin gel mix (as described
in 3D cell embedding). Cells were left to incubate overnight before fixation. Collagen/FITC intensity was measured as a readout of
collagenase activity. For negative invasion controls, CT1746 (general MMP inhibitor) treatment was used at 20 pM 2h prior to fixation.

Wound healing assay

U20S cells were treated with siRNA as indicated. Cells were then cultured in monolayers in 12-well plates (3 x 105 cells per well) with
culture-insert 2 well in u-Dish 35 mm (ibidi) for 24 h before the insert was removed. Phase-contrast images were acquired with a Zeiss
Widefield system equipped with 20xNA lens. Images were acquired every 30 min for a 40 h period. Wound area was determined using
Imaged software.

Circular invasion assay

MDA-MB-231 cells were treated with siRNA as indicated. Cells were then cultured in monolayers in Culture-Insert 2 Well in p-Dish
35 mm (ibidi) before the insert was removed and 500uL of collagen/fibronectin gel mix was added to cover cells. Cells were left for 4 h
before invasion was monitored. Cells were imaged every 1 h for a period of 24-72h.

Internal polarity assay

Coverslips with micropatterned crossbow shapes coated with fluorescent fibronectin (excitation at 650 nm) were obtained from
CYTOO SA (USA). CYTOOchips were placed in a 6-well tissue culture plate and treated with culture medium before addition of cells.
MDA-MB-231 cells treated with siRNA as stated, were trypsinized and diluted to a concentration of 15,000 cells per mL. 1mL cells
were added to each well, and left undisturbed for 15 min, before being moved to the culture incubator for 1 h. Unattached cells were
removed by multiple rounds of careful PBS(—) washing. Cells were then returned to a tissue culture incubator allowed to spread 6 h
prior to fixation.

Centrosome polarisation assay

To examine centrosome polarity in gels, MDA-MB-231 cells treated with siRNA as stated were trypsinized and diluted to a concen-
tration of 100,000 cells per ml and mixed with collagen/fibronectin gel. Cells were left for 8 h before addition of 100nM SiR-tubulin and
10 uM Verapamil (Cytoskeleton, Inc, cat#: SC002) to standard culture medium. Cells were imaged overnight in SiR-tubulin/Verapamil
containing media. Cells were left for 4 h before invasion was monitored. Cells were imaged every 15min for a period of 24-72h.

Imaging details

Unless otherwise stated, images were recorded with a Marianas spinning disk confocal microscope (3i) using a 63x 1.4 NA or 10x
0.45 NA Zeiss Plan Apochromat lens and either an Evolve electron-multiplying charge-coupled device (Photometrics) or FLASH4
sCMOS (Hamamatsu) camera.

TIRF imaging

Imaging of cells was carried out on the Marianas spinning disk confocal microscope with an attached motorised TIRF module (Zeiss)
and oPlan-Apochromat 100x/1.46 oil (Zeiss) TIRF objective was used. Images were acquired using a Hamamatsu ORCA Flash 4.0
CMOS camera with 2x binning. For imaging of fixed samples via TIRF microscopy cells were seeded onto glass-bottomed cell im-
aging dishes (SPL 35-mm dishes). Samples were then prepared according to the protocol described above forimmunofluorescence
staining. With the exception that dishes were left in a final PBS wash (rather than mounting medium) and imaged immediately.

FRET Imaging

Imaging of cells for determination of FRET was carried out on the Marianas spinning disk confocal microscope, for each image, five
channels were captured; one channel detecting a 447-517 nm range under a 445 nm excitement with a 1000 ms exposure (denoted
‘Donor’ channel), another detecting a 515-569 nm range under 514 nm excitement with a 200 ms exposure (denoted ‘Acceptor’
channel), a third detecting a 515-569 nm range under 445 nm excitement with a 1000 ms exposure (denoted ‘Transfer’ channel),
and a further two channels consisting of a brightfield illumination of 100 ms and a far-red channel (652-732 nm range under
647 nm excitement with an exposure of 1000 ms) for imaging fluorescent collagen. For singular images, the laser power was set
to 100%; for time-lapse images, the power was set to 20%. Images were taken once every min for time-lapse images.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data analysis

Obtained spectra were searched against a database containing both manually reviewed (UniProt) and unreviewed (TrEMBL) proteins
(UniProt-Consortium, 2019) using Mascot Sever (version 2.3.2, Matrix Science) (Perkins et al., 1999). Mascot search results were im-
ported into Scaffold (Version 4) for statistical analysis. Results were also searched against X!Tandem to increase confidence of pro-
tein identification. Protein and peptide confidence thresholds were set at 99% and 95%, respectively. Proteins were considered to be
enriched in a given condition if they differed statistically significantly from the appropriate BiolD2 only control (Fisher Exact, p < 0.05,
Benjamini-Hochberg corrected). Individual protein levels in different samples were expressed relative to total BirA (biotin [acetyl-
CoA-carboxylase] ligase) in the respective conditions, prior to further 2D vs. 3D fold-change enrichment analyses.

Proteins assigned to unreviewed UniProt entries within the enriched protein list were manually curated to identify if an appropriate
reviewed entry exists. Proteins were reassigned to a reviewed entry if the sequence of an unreviewed entry was contained wholly
within that of a reviewed entry or if the identified peptides were all contained within a reviewed entry. Entries which were contained
in more than 33% of CRAPome controls were also excluded from the enriched list (Mellacheruvu et al., 2013) in addition endoge-
nously biotinylated enzymes involved in metabolic carboxylation and decarboxylation reactions were removed from protein lists
(Cronan, 1990). Enriched protein lists were manually curated on the basis of their UniProt annotation for subcellular localisation to
remove extracellular matrix/region proteins. Enriched protein lists were also manually curated to ensure that duplicate entries
were not present, for display purposes the total spectral counts were combined for the entries P14923 and B4DE59 (junction plako-
globin, JUP), and the entry for E9PCX8 (tensin-3 fragment) was excluded as 1030 of the 1041 spectra identified across all experi-
ments were shared with Q68CZ2 (tensin-3, TNS3 (1717 total spectra)).

Visualisation of data and protein interaction networks was conducted using Cytoscape (version 3.7.1). Interaction networks were
obtained from the STRING 10.5 database, interactions with a confidence score >0.4 on the basis of experimental and database ev-
idence were included in the interaction network.

Paxillin/Git1/pPix/Myosin18A intensity

To determine intensity of paxillin, Git1, fPix and Myosin18A in MDA-MB-231 and U20S cells (treated as indicated) analysis of immu-
nofluorescence images was conducted using the FlJl image analysis software. The image channel containing paxillin was processed
to generate adhesion ROls. The image was subtracted for background using the rolling ball method with a radius of 50. A Difference
of Gaussians filter (GDSC ImageJ Toolsets) was then applied. The processed image was then used to generate an intensity threshold
binary image, which was then used to define ROIs in the Git1/BPix channels. For object identification, a minimum size threshold of
0.5um2 was used. These ROls were then confirmed by visual observation and used to quantify fluorescence intensity.

Membrane proximal BPix staining

To determine the proximity of BPix in adhesions to cell edge/membrane versus whole adhesion, adhesions at cell periphery where
examined for BPix staining. Using Paxillin as a mask outline for the adhesion, a line scan across the whole adhesion was created. If there
was signal above background levels for fPix across whole paxillin signal this was classed as “whole adhesion” shown in black in bar
graph; if there was signal only in membrane proximal region this was classed as “membrane-proximal” as shown in gray in bar graph.

Invasion assay (Cell Invasion Index)

To determine invasiveness of MDA-MB-231 cells (treated as indicated), first the integrated density of each optical section (Hoechst
stain taken every 10pum) was calculated using ImageJ. To calculate an invasion index score the sum of the integrated density of 40 um
into the gel was divided by the negative sum of all invasive optical slices which was then normalised against the siNT control. N= > 4
independent experiments.

Circular invasion assay

MDA-MB-231 cells were imaged every 45 min for a 24-72h period. Three parameters were examined post image acquisition using
ImagedJ software, manually selected and using the "measure" tool. These parameters were: 1. Randomly selected single cell migra-
tion distance, tracking cells each time-point to the final time-point in focus. Distance traveled was measured using the measure tool.
The total distance traveled was calculated over total time the cell was tracked for. 2. Randomly selected single cell migration speed,
the same cells measured in 1 were used to calculate the speed. The speed was calculated from the distance traveled over the time
measured, and 3. Randomly selected single cell protrusion lifetimes, the same cells were analyzed as in 1 and 2. The protrusion life-
time was the measurement of the total time that a protrusion (extension from cell body in the direction of travel) was present. Each
data point shown are the protrusion lifetimes from individual cells over the time-course measured. N = 33-35 cells per condition, N =3
independent experiments.
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Wound healing analysis

Wound closure of U20S cells (treated as indicated) was examined every 30min for a 40h period. Area of wound closure in every image
acquired over 40h period, using Imaged software. Data shown represents percentage of wound closure compared to time-point zero.
Data represents N = 8-10 wound area per condition, N = 2 independent experiments.

Gelatin degradation

MDA-MB-231 cells (treated as indicated) were incubated for 24 h before fixing and staining with phalloidin and DAPI. Cells were
imaged using spinning disk confocal microscopy. Following image acquisition cells were analyzed using Imaged software. Two pa-
rameters were examined: 1. Percentage of cells in randomly (Roulette) selected ROl associated with one or more gelatin degradation
spots, and 2. Number of degradation spots per cell. Data represents n = 157-217 cells per condition, N = 2 independent experiments.

Collagenase activity

MDA-MB-231 cells were incubated for 24h in DQ collagen/fibronectin gel before fixing and staining with phalloidin and DAPI. Cells
were imaged using spinning disk confocal microscopy. Following image acquisition cells were analyzed using ImagedJ software. Two
parameters were examined: 1. Collagen/FITC intensity in whole ROI, and 2. Cell number through DAPI staining to ensure similar num-
ber of cells in each condition. Data represents n = 7-15 ROI per condition, N = 3 independent experiments.

Centrosome polarisation assay

MDA-MB-231 cells (treated as indicated) stained with SiR-tubulin were imaged overnight in collagen/fibronectin gels using spinning
disk confocal microscopy. Following image acquisition cells were analyzed using Imaged software. Cells were analyzed for migration,
as described previously (Infante et al., 2018). Cells that showed migration were examined for centrosome location relative to nucleus,
as shown in Figure 5C. Centrosomes at front quarter of nucleus were classed as polarised. Centrosomes in back three-quarters were
classed as unpolarised. Data shown represents percentage of time centrosome was polarised during total length of migration in
movie. N = 3 independent experiments; n = 27-39 cells.

Actin protrusion length

MDA-MB-231 cells (treated as indicated) were embedded in 3D matrices before staining with 200nM SiR-Actin (Cytoskeleton, Inc,
cat#: SC001) for 2 h prior to imaging. Cells were imaged using spinning disk confocal microscopy. Following acquisition, length of
actin protrusions were examined using ImagedJ software, measuring the full length of actin protrusions from tip to cell body. n = 35-40
cells per condition, N = 3 independent experiments.

Nuclear circularity

Nuclear circularity of MDA-MB-231 cells (treated as indicated) was calculated using Imaged software measuring the longest versus
shortest axis of the nucleus in the direction of protrusion formation. Data represents n = 33-35 cells per condition, N = 3 independent
experiments.

FRET data analysis

Analysis of raw images was conducted using the SlideBook 6 software (Intelligent Imaging Innovations, Inc) including the FRET module.
Bleedthrough values for mTFP1 were determined using the ‘Compute FRET Bleedthrough’ functionality of the FRET module, imputing
images of the mN2-TFP control construct taken under the same conditions as the mN2-tension sensor images. To analyze FRET read-
ings at the nuclear envelope, and exclude non-specific readings, a mask was manually drawn over the NE signal (as visualised by the
Acceptor channel). All measurements and bleedthrough calculations were then conducted using pixels within the mask, subtracting for
background intensity that was calculated from a region outside of the cell that showed no specific fluorescent signal.

Presence of NM2A in protrusions

231-mNeonNM2A cells (treated as indicated) were embedded in 3D matrices before staining with 200 nm SIR-Actin (Cytoskeleton,
Inc) for 2 h prior to imaging. Cells were imaged using spinning disk confocal microscopy. Following acquisition, NM2A and actin in-
tensity was examined using ImagedJ software following protocol outlined (www.unige.ch/medecine/bioimaging/files/1914/1208/
6000/Quantification.pdf). NM2A in whole actin protrusion intensity was measured for “whole protrusion” quantification. Data shown
represents actin intensity alone, NM2A intensity alone, and NM2A/actin ratio. Data represents N = 23-30 cells, N = 3 independent
experiments. NM2A within 2um of most distal region of protrusion tip.

Cytoplasmic/Perinuclear NM2A and NM2BMDA-MB-231 cells were embedded within 1.7 mg/mL collagen hydrogels supple-
mented with 50 ug/mL fibronectin and cultured for 16 h prior to fixation and staining. Stained collagen gels were imaged on a 3i spin-
ning disk confocal microscope, acquiring 40 slices 0.5um apart. Slices were background subtracted before collapsing as a SUM in-
tensity profile. A nuclear mask was generated from the DAPI stain, while a whole cell mask was generated from the phalloidin stain or
NM2A stain. The perinuclear region was defined as a 5um band around the nucleus. Rest of the cell was identified with phalloidin (for
NM2B intensity) or NM2A (for NM2A intensity). Data represents n = 23-34 cells per condition, N = 3 independent experiments (NM2B
experiments), n = 38-40 cells per condition, N = 4 independent experiments (NM2A experiments).

28 Cell Reports 42, 113554, December 26, 2023


http://www.unige.ch/medecine/bioimaging/files/1914/1208/6000/Quantification.pdf
http://www.unige.ch/medecine/bioimaging/files/1914/1208/6000/Quantification.pdf

Cell Reports, Volume 42

Supplemental information

3D matrix adhesion feedback
controls nuclear force coupling

to drive invasive cell migration

Daniel Newman, Lorna E. Young, Thomas Waring, Louise Brown, Katarzyna I.
Wolanska, Ewan MacDonald, Arthur Charles-Orszag, Benjamin T. Goult, Patrick T.
Caswell, Tetsushi Sakuma, Takashi Yamamoto, Laura M. Machesky, Mark R.
Morgan, and Tobias Zech



Supplementary Figure 1

T g
E g £ E
A BiolD2Clone #2. iotin & Bioib2paxilin Clone 410 Biotin § _iceiolzis Biotin 5 _TaintiscBioloz#
Biotin § __ GoeOneTE Biotin 5 Biolb2Paxliin Clone #10 50UM - 0 1 2 4 8 12 24 Hous 50UM - o0 1 2 4 8 12 24 Hous
50pUM - 0 1 2 4 8 12 24 Hous 50uM - 0 1 2 4 8 12 24 Hours o Talin1-
% = o] { “so] L B 250 ——= y <+—13x-
250} f 1 s} 150 BiolD2
150 e e g ey 10 vt i ot oy ey iy by ) 150 e s e e et Ldadad
100 1 e I = BiolD2- 100 ——1 ] 100 —{ e e -—
o —_——EE 75 o o o o o [ Pl , - p . ==
=] 75| e o B R .
- = 50 z -
50 = — o ———
50 5O o o e o — —
37 37 - PEa .
Bp—— Y 2 37 . IE | -4 -4 4 -
25_] 25 e —— <_BioID2
25 25
IB: Streptavidin IB: Streptavidin 1B: Streptavidin 1B: Streptavidin
1.0 2 — —
R2= 0.071, P = 0.068 R2= 0.258, P =0.245
Jur®
1 . 05 - - -
~ ~ . BiolD2 Enrichment Expression
< ® 2 e Geme  Condition T n\ Hoh (Log2) 3D vs 2D (Log2)
- = °
~ ~ BiolD2-Paxillin
c c
S 2 00 PSME1 2D - 1.08
8 o 2 RASAL2 2D - -1.42
s S HSPB1 3D - 1.20
Lcan 'g -0.5 SERPINB1 3D - 1.00
Y « Jup Both 1.41 1.51
2 2 PEAK1 Both 0.1 -1.63
Q1 3 10 ve? veL Both -0.05 -0.92
BiolD2-13x-Talin
VCL Both -0.12 -0.92
PEAK1
L -1.5
-1 0 1 -0.5 0.0 0.5
3D vs 2D BiolD2-Paxillin Enrichment (Log2) 3D vs 2D Talin1-13x-BiolD2 Enrichment (Log2)
Unconnected
r — — — — —
| HIFX  SPA1 LIMD 1 |
O Q @, . .
3% B DDXIE FLBA- R Identif ed in:
/O O @)
JSNRP  FEN1 PIB ARTO 4 | { ] 2D only
7aRe. @) O O 2D&3D
o q // DIMT1 POLDP3 AYREF FAU| q
Actinin-Zxyin |, : ILK-Parvin
ZA/ O O \ | O None
r — — — — HPIEP3 DNAB1 ‘ — — — 7
| O E AS3 @ | )
Interaction Conf dence:
1 .
] | ngh
O S_calb o e Y —— Medium
| / | Low
| |

| N\ /o PaillinFAK

ITGAS MGB 1 meB3 MGAV

2.5

g
°
1

70~

-
(3
1

35-

Normalised intensity
o -
n =}
1 1
* -
o -

0.0- T
Q0 Q Q
w» N > &)
. N N 4N
T TS S



Supplementary Figure 2

Fkk

> 15000 bzoao—
= D
n
5 -8
— 0000 E 1500
£ o000 ©%0® —
© 3
© c
% D 1000
o
% 5000 U)
0 Q
5 S .
o 000000 LL
SINT siMyo18A Blebbistatin SINT
- ek SINT
5‘ Aok 3‘““0' Ak o .3- o - 1667%
= 5 ""é‘ =3 83.33%
C C 3500 .'
] Q H <
— = ©
30004 —
= o
© sl — 5 Membrane-
o % Z proximal
2000+
8 kDa T
D 15004 2501 - |Myol8A
o .
O 1000
=)
LL 500 28°% o 1 .
37 GAPDH siMyo18A
Blebbistatin SINT siMyo18A Blebbistatin -7
=3 28.26%

siMyo18A Blebbistatin

Membrane-
proximal

K
Gitl (231) - Paxillin (231)
é\ 800+ *k% bsnu-
0 ) *kk
§ o] % kK
£ E
° 1000
O 3
o 400 c
o [¢}]
2 ?
8 8 500
E E
L o
SiNT siMyo18A Blebbistatin SINT siMyo18A Blebbistatin
M kkk
*kk
3.5+ 8 0o0
3.04 o
< . 8%00 °
g 2.5+ ..o . g g g 8 .
& < SiMy018A
0 204 bl :.. °goe°
% geoo
“— 1.5
o 0®oo0
2, e o0fo0o0 Blebbistatin
g e®ee, 8000 g g 9] g
0.5 vev_o [¢) g&oo g o § C:> e
*" e 0% 88603 e
0%0%%ag00

SiNT siMyol18A Blebbistatin



Z# V8TOANIS
T# V8TOANIS
2# Xiddls

T# XidgIs
INIS

0 g

Supplementary Figure 3

|Myo18A

- BPix

- |GAPDH

**%
-- siMyo18A

- SIBPIX
— SINT

| dekk
*

0 4 8 12 16 20 24 28 32 36 40

(=] (=} o o o

250-fr= oo —

75 [

37 { o -

m =3} © ~ I
(zwrl) ease punom uado o,

Time (h)

o

**%
*%k%k

LL

cee ......_— V8TOANIS

o o [ 8.- Idgis
o - -INIS
T & & & o
SIR]a a4 S
1129 Jad ejound
uolrepelbap jo Jaqunu BAay
. f X wn s VSTOANIS

) M& & oo |-xidgis

m* LNIS

1
o
Te]

—
uonepe.bap
U1IM paleloosse s|199 JO %

1501
00+

X
o
@
[

1
o

siMyo18A |

Bl sivyo18A #1
Bl siMyo18A #2

[dsipPix #1
Il siBPix #2

HElsiNT

||99/3UN0J UoIsaype [e1ol

¢ §
e g
N
]
¥
X __ <,
L T L} T T 1
o o o o o o
wn < [} N -
|[82/1UN0J UolIsaype [e204
. _m | 100daoN
9.T1D +
> »#q - LNIS
V8TOANIS
; - i’r - VBTOR
*
xidgis
0 | XId!
gl (oo - foeffP
2
IS
o ol N
o
fas] 7]
[72] A
€
z <3
E N
O )
S
o)
. v
o
I 1 I I I
0
] AOI o [1-] < N
= 1 [[82/1UN0J UoISaype [e204
° ()
3 -
o Z5 _._._ S
a —~ s &,
° 3} E \0*
pd + \%\6
i X _._._ %y
(©) x 7
< 7
3 %
S K
O #
o e
f{oa _._._ -2,
] *y
= G
; e 2
= x < ___ Yo
N Dl «© I 1 1 1 1
5 —
) Q@ o 8 8 8 & R °
" W =t
)



0 J.VO\
(7
o e%*“en % s I T T T 1
*“eg'ee T %, o v o v o
A (Y o -— - o o
& i umop-|indjndu
.aﬁﬁww«? -0, - |, priindanduy - _
@.\9 ° &y %
do ® X y - I T T T
@%.% o < < & 38 T# Xdgis |
onel | 344 2
oo o %o&% 4, g0 T# Xidgis|-§
°s < Aﬁm%hu% 53 - INis| ¥
1 | T AMA AAAAA 3 \m\
B S 3 ° «
= - o Yl w LS, W T# Xidgis
(wird) y3bua| uoisniyoid ¢ .vo\ -
. 3 R 3| T#xddis -
@ o 98 %*ﬁ@w I\\wm« w0 <
— . ) ; -\
: . .@&e T 1N
= fie [, ‘e

siMyo18A

I 1 1 1 1
w2 2 2 2 2 2 %,
oneJ | 344 .m\
%
0 o
,\0
J ) (] £
BV R

A2
o
IS

N
o
IS

Q
S

e [ &% Tt o < &
.a i o\,\oe s umop-|indjandu]
%, %,
T T T T T &, &y =
N o ®© © ¥ o 2 r
° QY YO T, e# x_na_mi 2
o (su) awnay R 4 -
5 o & |1# xidd
k=l o % _
' %+ ©° ° % INIS
X
W ° ®|® _,woO LNIS
) -8 [} ° ol oo |®.\® .WO\ # x_n_m.__m.
3 z * S B e d ¢# xidgis
m ? G 2 B g b g © 2, © £ | T# Xiddis — I # x1dgis
= . (su) swney —
.wA (&) o v w -

0.5
0.0

[
MLC

35| == *=GAPDH

v ==| pMLC =104

am———1 Total

=

25-
25-



Supplementary Figure 5
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Supplementary Figure 1. Comparison of IAC-associated proteins in MDA-MB-
231 cells cultured in a 2D vs 3D microenvironment.

(A, B) Biotinylation time-course with indicated BiolD2-expression constructs. Biotin
incubation 50 uM. (C, D) Expression changes identified in MDA-MB-231 cells
cultured in 2D vs 3D by RNA-Seq. Scatterplots showing 3D vs 2D gene expression
as assessed by RNA-Seq vs. 3D vs 2D protein enrichment in (C) BiolD2-paxillin (D)
talin1-13x-BiolD2 datasets. Red points represent genes with expression changes
that are statistically significant (P < 0.05, Benjamini-Hochberg corrected). (E) Table
showing genes with statistically significant expression changes 3D vs 2D that were
identified in either the BiolD2-paxillin or talin1-13x-BiolD2 datasets. (F) Diagram
showing coverage of the ‘consensus’ adhesome (Horton et al., 2015) by the BiolD2-
paxillin & talin1-13x-BiolD2 datasets. Blue dashed boxes enclose the 4 signalling
axes described by Horton et al. Left to right: actinin-zyxin, talin-vinculin, paxillin-FAK,
ILK-parvin; top: unconnected ‘consensus’ adhesome proteins. Interaction network
obtained from STRING 10.5 (Experimental and Database interactions only,
confidence > 0.4). Figure corresponds to Figure 1. (G) Western blot analysis of cell
lysates generated from 2D vs 3D microenvironments. Western blot probed for BPix,
Git1, Myo18A and GAPDH (loading control). (H) Quantification of BPix, Git1, Myo18A

levels in 2D versus 3D microenvironments, compared with GAPDH loading control.

Supplementary Figure 2. Myo18A and actomyosin contractility are required for
BPix and Git1 localisation

(A) BPix enriches in IACs in U20S cells. Representative image of U20S cells on
fibronectin/collagen-coated coverslips, fixed and stained with phalloidin (blue),
paxillin (magenta), and BPix (green). Boxed region in expanded view indicates
region of magnified view. Images are single Z slice projections. Scale bar in
expanded view = 10 uym, in magnified view = 2 uym. (B) Representative image of
MDA-MB-231 cells transfected with mCherry-Vinculin (magenta) and GFP-Myo18A
(green) plated on fibronectin/collagen-coated coverslips. Boxed region in
expanded view indicates region of magnified view. Images are single Z slice
projections. Scale bar in expanded view = 10 Mm, in
magnified view = 2 Mm.(C) Representative images of MDA-

MB-231 cells on fibronectin/collagen-coated



coverslips treated with NT-siRNA, Myo18A-siRNA or treated with 20 uM blebbistatin
fixed and stained for paxillin (magenta), and BPix (green). Scale bar in expanded
view = 10 ym, in magnified view = 5 ym. (D) Quantification of fluorescence intensity
of BPix in paxillin staining mask in MDA-MB-231 cells treated with NT-siRNA, or
Myo18A-siRNA or treated with 20 uM blebbistatin. N = 3 independent experiments;
n = 1088 - 1216 adhesions. Blue line indicates median value. One-way
ANOVA; Dunnett's multiple comparison post-test versus NT-siRNA. p values: ™
p < 0.001. (E) Quantification of fluorescence intensity of paxillin in MDA-MB-231
cells treated with NT-siRNA or Myo18A-siRNA or treated with 20 yM blebbistatin.
N = 3 independent experiments; n = 230-1241 adhesions. Blue line indicates
median value. One-way ANOVA; Dunnett's multiple comparison post-test versus
NT-siRNA. p values: ™ p < 0.001. (F) Quantification of fluorescence intensity of
BPix in paxillin staining mask in U20S cells treated with NT-siRNA or Myo18A-
siRNA or treated with 20 pM blebbistatin. N = 3 independent experiments; n =
602 - 1032 adhesions. Blue line indicates median value. One-way ANOVA;
Dunnett's multiple comparison post-test versus NT-siRNA. p values: ™ p < 0.001.
(G) Fluorescence intensity of Paxillin in U20S cells treated with NT-siRNA or
Myo18A-siRNA or treated with 20 pM blebbistatin. N = 3 independent
experiments; n = 602 - 1032 adhesions. Blue line indicates median value. One-
way ANOVA; Dunnett's multiple comparison post-test versus NT-siRNA. p values:
™ p < 0.001. (H) Representative Western blot of MDA-MB-231 cells treated with
NT-siRNA or Myo18A-siRNA. Western blot probed for Myo18A and GAPDH
(loading control). (I) Bar chart showing BPix staining in adhesions -
membrane proximal (grey) or across whole adhesion (black) in cells treated with
NT-siRNA or Myo18A-siRNA. Representative images of U20S cells fixed and
stained with Paxillin (magenta), and BPix (green). (J) Representative images of
MDA-MB-231 cells on fibronectin/collagen-coated coverslips treated with non-
targeting- (NT) or Myo18A- siRNA or treated with 20 yM blebbistatin fixed and
stained with Paxillin (magenta), and Git1 (green). Scale bar in expanded view =
10 pm, in magnified view = 5 pm. (K) Fluorescence intensity of Git1 in paxillin
staining mask in MDA-MB-231 cells treated with NT-siRNA, or Myo18A-siRNA or
treated with 20 uM blebbistatin. N = 3 independent experiments; n = 230-1241
adhesions. Blue line indicates median value. One-way ANOVA; Dunnett's multiple
comparison post-test versus NT-siRNA. p values: ™ p < 0.001. (L) Fluorescence
intensity of paxillin in MDA-MB-231 cells treated with NT-siRNA or Myo18A-
siRNA or treated with 20 uM



blebbistatin. N = 3 independent experiments; n = 1088 - 1216 adhesions. Blue line
indicates median value. One-way ANOVA; Dunnett's multiple comparison post-test
versus NT-siRNA. p values: ™ p < 0.001. (M) Fluorescence intensity ratio of Git1
paxillin binding region (GPBR) to Paxillin, in U20S cells treated with NT-siRNA, or
Myo18A-siRNA or treated with 20 uM blebbistatin. n = 15 cells. N = 3 independent
experiments. One-way ANOVA; Dunnett's multiple comparison post-test versus NT-
siRNA. p values: ™ p < 0.001. (N) Representative images of U20S cells on
fibronectin/collagen-coated coverslips treated with NT-siRNA, or Myo18A-siRNA or
treated with 20 uM blebbistatin fixed and stained with mApple-paxillin (magenta) and
GPBR (green). Scale bar = 5 ym. Corresponds to Figure 2.

Supplementary Figure 3. Loss of BPix and Myo18A leads to an increase in

nascent adhesions

(A) Representative image of MDA-MB-231 cells transfected with mCherry-vinculin
(magenta) and GFP-BPix (green) embedded in collagen (supplemented with ~1-2%
fluorescent collagen (blue)) and fibronectin gel. Boxed region in expanded view
indicates region of magnified view, circles in magnified view indicate paxillin/BPix
enrichment. Scale bar in expanded view = 10 ym, in magnified view = 2 ym. (B)
Representative image of MDA-MB-231 cells transfected with mCherry-vinculin
(magenta) and GFP-Myo18A (green) embedded in collagen (supplemented with ~1-
2% fluorescent collagen (blue)) and fibronectin gel. Boxed region in expanded view
indicates region of magnified view. Scale bar in expanded view = 10 ym, in magnified
view = 2 um. (C) Representative Western blot of MDA-MB-231 cells treated with NT-
siRNA, BPix-siRNA, or Myo18A-siRNA. Western blot probed for Myo18A, BPix-, and
GAPDH (loading control). (D) U20S cells treated with NT-siRNA, BPix-siRNA, or
Myo18A-siRNA were plated on 2D surfaces and underwent wound healing. Graph

shows wound area measured 0 h - 40 h post wound. Data represents n = 8-10 wound



area per condition, N = 2 independent experiments. One-way ANOVA; Dunnett's
multiple comparison post-test versus NT-siRNA to estimate p values: p values: ™ p <
0.001. (E) MDA-MB-231 cells treated with NT-siRNA, BPix-siRNA, or Myo18A-siRNA
and plated on FITC-labelled gelatin (green). Cells were fixed and stained for
actin (magenta) and DAPI (blue) 24 h after seeding. Scale bar = 10 ym. (F)
Quantification of percentage of cells associated with one or more degradation
spots under a cell. One-way ANOVA; Dunnett's multiple comparison post-test
versus NT-siRNA to estimate p values: ™ p < 0.001. (G) Quantification of average
number of degradation areas formed per cell. Data represents n = 30-72 cells
per condition, N = 2 independent experiments. One-way ANOVA; Dunnett's
multiple comparison post-test versus NT-siRNA  to estimate p values:
™ p < 0.001. (H) Representative images of MDA-MB-231 cells treated
with NT-siRNA, BPix-siRNA, or Myo18A-siRNA or treated with 20 yM CT1746 (MMP
inhibitor) and embedded in DQ™ collagen/fibronectin gels or gels containing no DQ
™ collagen. Scale bar = 20 um. (I) Dot plot to show collagen intensity of DQ ™
collagen from NT-siRNA, BPix-siRNA, or Myo18A-siRNA, or 20 yM CT1746, or no
DQ ™ collagen treated cells. Data represents n = 7-15 ROI per condition, N = 3
independent experiments. One-way ANOVA; Dunnett's multiple comparison post-
test versus NT-siRNA to estimate p values: ™ p < 0.001. NS — Non-significant. (J)
Histogram showing distribution of adhesion size based on adhesion number.
Bonferroni corrected t-tests conducted within each bin comparing each NT-
siRNA compared to BPix-, or Myo18A- siRNA treated plated on 2D. (K) Total
adhesion count per cell. One-way ANOVA; Dunnett's multiple comparison
post-test versus NT-siRNA to estimate p values: ™ p < 0.001. N = 5
independent experiments, n = 48-50 cells. (L) Distribution of adhesion size based on
adhesion number in cells embedded in 3D, collagen/fibronectin gel mix. NT-siRNA
compared to BPix-siRNA, N = 3 independent experiments, n = 64-88 adhesions n

= 18 cells.

Supplementary Figure 4. BPix or Myo18A depletion does not affect protrusion
assembly, Rho GTPase signalling or MLC phosphorylation

(A) Representative images of MDA-MB-231 cells treated with NT-siRNA, BPix-siRNA,
or Myo18A-siRNA embedded in collagen/fibronectin gels and stained with SiR-Actin.
(B) Dot plot shows protrusion length of NT-, BPix-, or Myo18A siRNA-treated cells.

Data represents N = 35-40 cells per condition, N = 3 independent experiments. (C, D)



MDA-MB-231 cells treated with NT-siRNA or BPix-siRNA and transfected with Rac
(C) or CDC42 FLARE (D) constructs were imaged using FLIM, n = 10 cellsin N = 3.
(E, F) MDA-MB-231 cells treated with NT-siRNA, BPix-siRNA #1 or BPix-siRNA #2,
and transfected with Rac (E) or CDC42 (F) FRET constructs and imaged using FRET
setup, n = 28-35, cells in N = 3. (G) Rac1 and (H) Cdc42 levels in MDA-MB-231 cells
treated with NT-siRNA, BPix-siRNA. Cells were lysed 96 h after first sSiRNA
treatment, and Rac1 or Cdc42 were pulled down with GST-PBD-Sepharose beads.
Equal amounts of protein were subjected to western blot analysis, which were
probed for anti-Rac1 and anti-Cdc42.

(I) Western blot analysis of whole cell lysates from MDA-MB-231 cells treated with
NT-siRNA, BPix-siRNA #1 or BPix-siRNA #2, probed for BPix, pMLC, total MLC, or
GAPDH. (J) Quantification of pMLC/MLC levels from cell lysates as in (I).

Supplementary Figure 5. RNA-Seq analysis and Western blot analysis
following BPix- or Myo18A- depletion

(A) Normalised counts of selected genes from RNA-Sequencing analysis of MDA-
MB-231 cells embedded in 3D Collagen treated with pooled siRNA oligos. N = 3,
Coloured shapes represent individual replicates. ARHGEF7 — BPix protein, MYO18 —
Myo18A protein, MYH9 — NM2A heavy chain protein, MYH10 — NM2B heavy
chain protein, ARHGEF6 - aPIX protein, GIT1 — GIT1 protein, GIT2 — GIT2 protein.
(B) Western blot analysis of MDA-MB-231 cells embedded in 3D Collagen treated
with indicated siRNA oligos. (C) Schematic of scoring system used for migrating
polarisation assessment. Cells were considered to be polarised if the centrosome
(green dot) was located in the front third of the cell, in front of the nucleus. Cells
were considered to be unpolarised if the centrosome was in the back two thirds of
the cell. Magenta arrow indicates direction of
migration. (D) Schematic of scoring system used for polarisation assessment.
Cells were considered to be polarised if the centrosome (green dot) was located in
the front third of the cell, in front of the nucleus. Cells were considered to be
unpolarised if the centrosome was in the back two thirds of the cell. (E)
Representative maximum projections of cells on CYTOO crossbow chip stained
with phalloidin (magenta), pericentrin (green), DAPI (blue), treated with NT-
siRNA, BPix-siRNA, or Myo18A-siRNA, untransfected or transfected with GFP-
BPix or GFP-BPix/Myo18A binding



mutant. Scale bar = 20 uym. Figure corresponds to Figure 3.

Supplementary Figure 6. Control measurements of mini-nesprin-2 tension
sensor and nesprin-tension sensor lacking N-terminal actin binding domain
during migration.

(A) Confocal imaging of MDA-MB-231 cells expressing mNs2 (mini-nesprin2
tension sensor) in 3D environments (2 mg/mL collagen). Average FRET index of the
rear face of the nucleus before and after translocation for 7 cells. N = 4 experiments.
p= 0.741, paired t-test. Figure corresponds to Figure 4. (B and C) Confocal imaging
of MDA-MB-231 cells expressing Nesprin-tension sensor lacking N-terminal actin
binding domain (mNs2-dABD) in 3D environments (2 mg/mL collagen). Average FRET
index of the front (B) rear (C) face of the nucleus of cells expressing mNs2-dABD

before and after translocation for 8 cells. Figure corresponds to Figure 4.

Supplementary Figure 7. NM2A accumulates at adhesive sites in 3D-embedded
cells

(A) CRISPR-generated NM2A-mNeon (green) MDA-MB-231 knock-in cells embedded
in collagen (supplemented with ~1-2% fluorescent collagen, (blue)) and fibronectin)
gels were fixed and stained for paxillin (magenta). Images represent single Z slice
projections at two different positions. Adhesive sites are indicated with yellow
arrowhead. Corresponds to Figure 5. (B) CRISPR-generated NM2A-mNeon (green)
MDA-MB-231 knock-in cells plated on fibronectin/collagen-coated coverslips were
fixed and stained for Paxillin (magenta) and phalloidin (blue). Image on left panel is
expanded view, yellow boxed region indicates zoom region shown on right. Scale bar
expanded = 5 ym, zoom = 2 ym. (C-E) NM2A-mNeon (green) MDA-MB-231 knock-in
cells treated with NT-siRNA, BPix-siRNA, or Myo18A-siRNA. embedded in collagen/
fibronectin gels were stained with SiR-Actin and imaged by confocal microscopy. Dot-
plots show fluorescence intensity of actin (C) and NM2A (D) along the length of the
actin protrusion. (E) Ratio of actin:NM2A intensity calculated from data shown in B,C.
n = 23-30 cells, N = 3 independent experiments. One-way ANOVA; Dunnett's multiple
comparison post-test versus NT-siRNA to estimate p values: NS -



not significant, “p < 0.01, "p < 0.05. Figure corresponds to Figure 5. (F) NM2A staining
on 2D surfaces. Representative TIRF images of MDA-MD-231 cells treated with NT-
siRNA or BPix-siRNA plated on fibronectin/collagen-coated coverslips fixed and
stained for NM2A (green) and paxillin (magenta). Scale bar = 10 um. (G) Average
NM2A intensity within paxillin based adhesion mask. (H) Average NM2A intensity
within cell based mask. One-way ANOVA; Dunnett's multiple comparison post-test
versus NT-siRNA to estimate p values: NS - not significant, “p < 0.01, ™ p < 0.001. N
= 5, cells n=48-50. (I) Representative images of MDA-MB-231 cells treated with NT-
siRNA or Myo18A-siRNA +/- GFP-Myo18A embedded in collagen/fibronectin gels
stained for DAPI (blue), NM2A (green), and NM2B (magenta). Scale Bar = 20 ym. (J)
Perinuclear NM2B intensity as a ratio of whole cell NM2B intensity. One-way ANOVA;
Dunnett's multiple comparison post-test versus NT-siRNA to estimate p values: ™ p <
0.001. Data represents n = 23-34 cells per condition, N = 3 independent experiments.

Figure corresponds to Figure 5 and 6.

Supplementary Movie 1-3:
MDA-MB-231 cells treated with NT-siRNA (Movie 1), BPix-siRNA (Movie 2), or
Myo18A-siRNA (Movie 3) undergoing Circular Invasion Assays for 24-48h. Movies

show examples of cells tracked over-time. Corresponds to Figure 3.

Supplementary Movie 4-6:

MDA-MB-231 cells stained with SiR-tubulin embedded in collagen/fibronectin gels,
treated with NT-siRNA (Movie 4), BPix-siRNA (Movie 5), or Myo18A-siRNA (Movie
6). Magenta arrow indicates cell migration direction. Scale bar 10 um. Corresponds

to Figure 3.

Supplementary Movie 7: NM2A accumulates early in new protrusions
MDA-231-2A cell expressing NM2A-mNeon (green) cells transfected with mApple-
paxillin (magenta) embedded in collagen supplemented with 1-2% fluorescent
collagen (blue) & fibronectin gels. Cells were imaged by live cell microscopy at 2 min
intervals. Scale bar 2 ym. Corresponds to Figure 5.



