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Delineating the role of membrane blebs in a hybrid mode of cancer
cell invasion in three-dimensional environments

Asja Guzman, Rachel C. Avard, Alexander J. Devanny, Oh Sang Kweon* and Laura J. Kaufman#

ABSTRACT

The study of cancer cell invasion in 3D environments in vitro has
revealed a variety of invasive modes, including amoeboid migration,
characterized by primarily round cells that invade in a protease- and
adhesion-independent manner. Here, we delineate a contractility-
dependent migratory mode of primarily round breast cancer cells that
is associated with extensive integrin-mediated extracellular matrix
(ECM) reorganization that occurs at membrane blebs, with bleb necks
sites of integrin clustering and integrin-dependent ECM alignment.
We show that the spatiotemporal distribution of blebs and their
utilization for ECM reorganization is mediated by functional 81 integrin
receptors and other components of focal adhesions. Taken together,
the work presented here characterizes a migratory mode of primarily
round cancer cells in complex 3D environments and reveals a
fundamentally new function for membrane blebs in cancer cell
invasion.
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Cell migration

INTRODUCTION

Aberrant migratory and invasive behavior of cancer cells underlies
metastatic dissemination, and limited understanding of such
behavior represents a critical bottleneck in the effort to reduce
cancer morbidity and mortality. Multiple studies have demonstrated
that invading cancer cells can employ a variety of migratory modes
and exhibit migratory plasticity, which allows for efficient motility
through complex and evolving environments. Two migratory
modes commonly associated with cancer invasion are termed the
mesenchymal and amoeboid migratory modes (Clark and
Vignjevic, 2015). Mesenchymal migration of cancer cells is well
described: highly elongated cells exhibit filopodia and lamellipodia
at the leading edge and display strong integrin adhesion to and
reorganization of surrounding extracellular matrix (ECM) (Friedl
and Wolf, 2010; Gardel et al., 2010). This migratory mode is
reportedly heavily dependent on the Racl signaling pathway as well
as on the activity of proteases that effect local degradation of the
surrounding ECM. When either proteolytic activity is blocked or
Racl signaling is suppressed and RhoA signaling is induced, cancer
cells switch from mesenchymal to amoeboid migration (Wolf et al.,
2003; Sahai and Marshall, 2003; Sanz-Moreno et al., 2008; Bergert
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et al., 2012; Petrie and Yamada, 2012). The amoeboid migratory
mode is so named for the morphological similarities between these
cells and amoeba, with cells displaying primarily round
morphology that is modulated when they squeeze through small
pores in the environment, requiring strong actomyosin contractility
but not requiring ECM adhesion, reorganization or proteolytic
degradation (Yamada and Sixt, 2019). Amoeboid migration is thus
considered path finding in contrast to mesenchymal migration,
which is path generating (Wolf and Friedl, 2011; Friedl and
Alexander, 2011).

Although cancer cell migration has typically been categorized as
mesenchymal or amoeboid, additional and hybrid or mixed modes
of migration have been noted (Lehmann et al., 2017; Diz-Mufioz
et al., 2010; Orgaz et al., 2014; Petrie et al., 2017; Lorentzen et al.,
2011). Moreover, although round cancer cells have typically
demonstrated migration consistent with the amoeboid mode as
described above, it is unclear whether observed round cell cancer
migration constitutes a single mode mechanistically. Indeed,
although migratory modes are commonly classified by the
predominant type of protrusions that the cells demonstrate,
migrating round cells have demonstrated a variety of protrusions
and subcellular distributions thereof, depending on both cell type
and environmental context (Welch, 2015). In particular, round cells
have alternately demonstrated actin-enriched regions, large
hemispherical blebs or highly dynamic, small membrane blebs
(Wyckoff et al., 2006; Lorentzen et al., 2011; Liu et al., 2015;
Ruprecht et al., 2015; Petrie and Yamada, 2012). It is currently
unclear whether such observed migratory modes are distinct and
whether blebs have specific and critical functions in such invasion.
Further clarification of round cancer cell migratory strategies is also
demanded by the fact that intravital imaging studies confirm the
importance of round invading cancer cells in vivo (Sanz-Moreno
etal., 2011; Gligorijevic et al., 2014). Indeed, intravital imaging has
revealed enrichment of round cells at the invasive fronts of breast
cancers (Giampieri et al., 2009; Pinner and Sahai, 2008a) and both
primary and metastatic melanomas (Cantelli et al., 2015; Orgaz
et al., 2014; Sanz-Moreno et al., 2011; Tozluoglu et al., 2013;
Herraiz et al., 2016).

RESULTS

To investigate modes of round cancer cell motility in three-
dimensional (3D) environments and the potential role of blebs in such
migratory modes, we studied migration of MDA-MB-231 and MDA-
MB-468 cells in biochemically and biomechanically distinct 3D
matrices of either fibrillar (collagen I) or fibrillar/non-fibrillar
[collagen I/basement (BME)] composite architecture. Previous
work in our laboratory revealed that, of a set of breast cancer cell
lines, these two triple-negative cell lines showed the highest invasion
efficiency in 3D collagen matrices (Ziperstein et al., 2015). Although
these cell lines belong to different aggregate morphology subclasses
as classified by Kenny et al. (Kenny et al., 2007), here we observed
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that both cell lines display a range of cell morphologies and cell
protrusions, including round bleb-bearing cells (Fig. 1A), and
show comparable degrees of invasiveness in 3D environments
(Fig. Sla,b). These cell lines thus represent a suitable set for
dissecting the role of blebs in cancer cell invasion.

Cell morphology and protrusions were investigated on cells
dispersed in 3D collagen I and composite (collagen I/BME)
matrices. Cell morphology was assessed quantitatively through
analysis of cell circularity performed on confocal images of cells,
with F-actin fluorescently labeled with phalloidin. This analysis
showed that MDA-MB-468 cells in both fibrillar and composite
fibrillar/non-fibrillar matrices are statistically equivalent in terms of
shape and are constitutively round (median circularity, ¢=0.87 in
both matrices; Fig. 1B), whereas the morphology of MDA-MB-231
cells differs between matrices (¢=0.26 versus 0.90 in collagen
and composite matrices, respectively; Fig. 1D). Although
MDA-MB-231 cells in pure collagen I matrices displayed the
most elongation among the tested cell lines and conditions,
MDA-MB-231 cells in composite matrix were significantly less
elongated and comparable to MDA-MB-468 in both matrices.

Cell protrusions were classified as based on either actin
polymerization (lamellipodia, filopodia, brushes) or actomyosin
contractility (blebs), and the occurrence of such protrusions alone or
in combination was determined. This analysis showed that MDA-
MB-468 cells in composite matrix exhibited the highest proportion
of’bleb-bearing cells and lowest proportion of cells with actin-driven
protrusions. MDA-MB-231 cells in collagen I exhibited the lowest
proportion of bleb-bearing cells, although 38% of such cells did
display blebs (Fig. 1C,E). In composite matrix, MDA-MB-231 cells
were more likely to have blebs, consistent with the observed shift
toward round cell morphology under this ECM condition.
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Correlative analysis of protrusion type versus cell circularity
revealed that the majority of cells with a high circularity index
(¢>0.75) displayed blebs across both cell lines and matrix
conditions. In contrast, the proportion of bleb-bearing cells
among the elongated cells (¢<0.75) was found to be a function of
the cell line and matrix condition (Fig. S2a,b). Taken together, the
data suggest that cells with round morphology, dictated by either
their biological properties or by the specific extracellular matrix
conditions, commonly display blebs, often as the predominant cell
protrusion type.

We next inspected whether these different morphologies and
protrusions occur during active 3D invasion. For invasion studies,
multicellular spheroids embedded in 3D collagen I matrices were
used because they resemble solid tumors in their pH, oxygen and
nutrient gradients, in the distribution of proliferating cells and in
their interaction with the surrounding ECM (Kim et al., 2004; Dufau
et al., 2012). Moreover, invasive cells can be straightforwardly
identified through their position relative to the spheroid core. Both
cell lines showed robust invasion in collagen I matrices, with MDA-
MB-468 spheroids displaying a consistently round cell morphology
and MDA-MB-231 spheroids showing a dynamic mixture of round
and elongated cells (Fig. Slc,d shows representative images from
Movies 1,2). Such invading cells demonstrated blebs, as can be
appreciated from both the transmitted light images and higher
resolution images that are introduced and discussed later.

To analyze cell-ECM interactions of round cancer cells during
the dynamic process of spheroid invasion, live cell transmitted light
microscopy and confocal reflectance microscopy of 3D collagen
I-embedded MDA-MB-468 and MDA-MB-231 spheroids and their
surrounding matrix were performed during early time points in
spheroid invasion. These experiments demonstrated dynamic radial
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Fig. 1. Invasive breast cancer cells of different morphological subclasses show membrane blebs in 3D environments. (A) Representative confocal
fluorescence maximum projections of phalloidin-stained MDA-MB-468 and MDA-MB-231 cells embedded in 1 mg/ml 3D collagen | gels (Coll). From left to
right: MDA-MB-468 cell displaying both membrane blebs and actin polymerization-driven protrusions, MDA-MB-468 cell depicting exclusively membrane blebs,
MDA-MB-231 cell with membrane blebs and actin polymerization-driven protrusions, MDA-MB-231 cell displaying predominantly membrane blebs. In all
cases, arrows point to blebs and arrowheads point to actin-driven protrusions. Here, as in all figures, cell line names are presented as MB231 and MB468 for
MDA-MB-231 and MDA-MB-468 cells, respectively. (B) Histogram of cell circularity of MDA-MB-468 cells in 1 mg/ml collagen | (Coll) and in 1 mg/ml collagen |
plus 3 mg/ml BME (Coll-BME) matrices. Differences in distribution of MDA-MB-468 circularity between different matrices were assessed by KS analysis.

(C) Percentage of MDA-MB-468 cells bearing at least one protrusion from each class in Coll and Coll-BME environments. Actin polymerization-driven protrusions
are summarized under ‘filopodia’. Differences in occurrence of each protrusion type were assessed by t-tests. (D) Histogram of cell circularity of MDA-MB-231
cells in pure collagen and composite matrices; differences in distribution were assessed by KS analysis. (E) Percentage of MDA-MB-231 cells bearing at least one
protrusion from each class in Coll and Coll-BME environments, with differences assessed by t-tests. In B-E, data were pooled from three or four statistically
equivalent biological replicates. n=149, 103, 117, 122 for MDA-MB-468 Coll, MDA-MB-468 Coll-BME, MDA-MB-231 Coll, and MDA-MB-231 Coll-BME, respectively.
All images and quantified data are from cells imaged 24 h after embedding in the matrix. *P<0.05, ***P<0.001; 1 indicates insignificance. Scale bar: 10 um.
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alignment of the collagen matrix at the spheroid front during the
onset of invasion, as well as round bleb-bearing cells re-arranging
collagen while emigrating from the spheroid into the surrounding
matrix (Fig. 2 shows representative images from Movies 3,4). The
radial alignment of collagen fibers in front of individual invading
cells suggests that round bleb-bearing cells establish cell-ECM
interactions that result in ECM reorganization.

To visualize the cell-ECM interactions of spheroids invading
collagen I matrices in more detail, confocal fluorescence
microscopy was used on fixed samples of spheroids that had
invaded for 24 h (Fig. S3). Such experiments were performed not
only with MDA-MB-468 and MDA-MB-231 spheroids but also
with an organoid prepared from a primary patient-derived breast
tumor. Round invading cells and extensive collagen reorganization
were apparent in all cases.

The extensive collagen reorganization around round invading
cancer cells suggests that these cells use cellular pathways that are
distinct from those described in classical amoeboid migration,
which is reportedly independent of integrin-mediated adhesion and
protease-mediated ECM degradation. To elucidate the molecular
pathways underlying the 3D invasion of round bleb-bearing cells,
we addressed invasion dependence on Bl integrin (the integrin
subunit common to collagen I binding integrin receptors), ECM
degradation-mediating enzymes and the small GTPases Rac and
Rho. Rac is the key regulator of protrusive actin polymerization, and
Rho acts to regulate the actomyosin contractility required for cell
squeezing and membrane blebbing (Sanz-Moreno et al., 2008;
Lorentzen et al., 2011; Yang et al., 2012). Although Rho-mediated
actomyosin contractility is required for both mesenchymal and
amoeboid migration, the amoeboid mode is reported to require

higher actomyosin contractility levels than the mesenchymal mode
(Sadok et al., 2015; Wilkinson et al., 2005).

Spheroids of both cell lines were embedded in collagen I-based
matrices and allowed to invade over 24 h under inhibition of the
pathways mentioned above. Rac signaling was inhibited through a
small molecule that selectively inhibits Racl activation through the
respective guanine nucleotide exchange factors (Gao et al., 2004).
Inhibition of Rho signaling was achieved by small molecule-
mediated inhibition of'its direct downstream effector, the p160-Rho-
associated coiled-coil kinase (ROCK) (Ishizaki et al., 2000).
Integrin signaling was inhibited by siRNA-mediated knockdown
of Bl integrin. Inhibition of proteases was achieved through an
inhibitor cocktail targeting both matrix metalloproteases (MMPs)
and serine/cysteine proteases. The mean relative invasive distance
(see Materials and Methods and Fig. Sla) of inhibitor-treated
samples normalized to the inhibitor solvent control or non-targeting
RNA-transfected control group was used to measure 3D invasion
efficiency under inhibition (Fig. 3). Although the inhibition of Rac-
mediated actin polymerization did not significantly reduce MDA-
MB-468 invasion, the inhibition of Rho-dependent actomyosin
contractility led to a striking (90%) decrease in invasive distance
(Fig. 3A). This indicates that MDA-MB-468 invasion relies
strongly on Rho/ROCK-mediated cell contractility-governed
mechanisms, among them bleb formation, as reported for classical
amoeboid migration.

Another distinction between mesenchymal and amoeboid
migration is the requirement for ECM degradation. Inhibition of
proteolytic activity reduced MDA-MB-468 spheroid invasion by
31%, demonstrating that the mode of round cell invasion employed
utilizes protease-mediated mechanisms although is not entirely

Fig. 2. Representative images from live-cell imaging. (A,B) MDA-MB-468 and (C,D) MDA-MB-231 cells in a multicellular tumor spheroid were imaged
invading in a 1 mg/ml collagen | matrix in (left panels) transmitted light and (right panels) confocal reflectance. In the initial images (A,C), a round bleb-bearing cell
with apparent collagen attachment (arrow) is shown at =10 h 35 min (A) and =4 h 25 min (C). In the subsequent images taken 5 min later (B,D), extensive
collagen | rearrangement is apparent in the direct vicinity of the point on the cell with the initial attachment (arrows). Locations of apparent lack of collagen | are
caused primarily by out of plane spheroid and invading cells limiting excitation light reaching the imaging plane. Spheroid core is indicated with a white dotted
line in initial transmitted light images. Scale bars: 50 pm. Images are taken from Movies 3,4.
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Fig. 3. Round bleb-bearing cancer cells invade 3D collagen in a cell contractility- and integrin-dependent manner. (A) MDA-MB-468 spheroid invasion in
1 mg/ml 3D collagen gels under pharmacological or genetic inhibition of Rac, Rho/ROCK, 1 integrin and proteases (MMPs). n=9, 7, 12, 10 and 9, 8, 12

and 10 for Rac, ROCK, B1 integrin and protease inhibition and their controls, respectively. (B) MDA-MB-231 spheroid invasion in 1 mg/ml 3D collagen gels under
inhibition of Rac, Rho/ROCK, B1 integrin and proteases. n=5, 6, 13, 5 and 6, 5, 13, and 6 for Rac, ROCK, 1 integrin and protease inhibition and their
controls, respectively. (C) MDA-MB-231 spheroid invasion in composite collagen/BME gels under inhibition of Rac, Rho/ROCK, B1 integrin and proteases. n=11, 7,
14,8 and 11, 8, 13 and 8 for Rac, ROCK, B1 integrin and protease inhibition and their controls, respectively. In all cases, graphs show meants.d. invasion relative to
solvent or non-targeting siRNA controls for each inhibitor at =24 h. Differences were assessed via Wilcoxon Rank-Sum tests; *P<0.05, **P<0.01, ***P<0.001.

dependent on them (Fig. 3A). Finally, we addressed the requirement
for integrin-mediated adhesion, because classical amoeboid
migration is characterized by no or low dependency on integrin
receptors. We found that MDA-MB-468 invasion was reduced by
45% by Bl integrin knockdown and is thus integrin dependent, in
contrast to classical integrin-independent amoeboid migration
(Fig. 3A).

To address whether this mode of round cancer cell invasion is
only observed in cancer cells with constitutively round morphology,
we performed the same series of experiments with MDA-MB-231
cells, which can be induced to switch from predominantly elongated
to predominantly round morphology in response to specific ECM
conditions (Fig. 1). In pure collagen matrix, which supports a
mixture of dynamically interconverting elongated and round
morphologies, MDA-MB-231 spheroid invasion was similarly
mildly, yet significantly, affected by both Rac and Rho inhibition
(28% and 21% reduction in invasive distance, respectively;
Fig. 3B), consistent with the idea that under conditions allowing
for both round and elongated phenotypes, the cells can
interchangeably use Rac-driven and Rho/ROCK-driven invasion
modes. MDA-MB-231 cells were rendered more sensitive to ROCK
inhibition in the composite matrix in which cells shifted toward
round morphology (73% reduction; Fig. 3C). The dependence of
round cell invasion on integrin-mediated signaling and ECM
degradation, as seen in the MDA-MB-468 cells, was confirmed in
the ECM-inducible MDA-MB-231 system.

To confirm the importance of Bl integrin activity in MDA-MB-
468 and MDA-MB-231 cells, spheroid invasion assays and gel
contraction assays were also performed under antibody-mediated
inhibition of Bl integrin. The reduction in collagen invasion
mediated by inhibition of integrin receptor ligand-binding function
was statistically identical to that observed under integrin receptor
knockdown in both cell lines (Fig. S4a,b), indicating that invasion
efficiency is dependent on ligand-induced outside—in signaling of
B1 integrin receptors. Gel contraction assays, which require both
efficient ECM adhesion and actomyosin contractility, confirmed
efficient force generation by both MDA-MB-231 and MDA-MB-
468 cells in collagen I matrices and its dependency on integrin
receptors (Fig. S4c). We noted that MDA-MB-468 cells had lower
B1 integrin expression than MDA-MB-231 cells (Ziperstein et al.,
2015), as confirmed by flow cytometric analysis (Fig. S4d,e). Thus,
the Bl integrin dependency of bleb-mediated cell invasion in

collagen environments is not specific to cells with particularly high
expression levels of these integrins. These findings, together with
the observations captured by the images in Fig. 2, suggest that both
MDA-MB-468 and MDA-MB-231 cells display a mode of round
bleb-bearing cell invasion in 3D environments that differs from
classical amoeboid migration in its strong dependence on integrins.

The findings described above suggested that bleb sites represent
locations of Bl integrin-mediated interactions with the ECM. To
investigate Bl integrin utilization in cells displaying blebs,
subcellular integrin distribution and clustering were analyzed in
individual cells dispersed in collagen environments, as well as in
cells invading from spheroids. To this end, collagen-embedded
dispersed MDA-MB-468 cells, dispersed MDA-MB-231 cells and
MDA-MB-231 cells prepared as spheroids were co-stained with a
total Bl integrin antibody and a general membrane marker,
CellMask (Fig. 4; Fig. S5). For this analysis, only individual
isolated blebs were selected in order to allow clear visualization of
B1 distribution on and around blebs. However, it should be noted
that collagen-embedded cells typically display regions of clustered
blebs accumulated in one region of the cell in addition to individual
blebs. This is apparent upon close inspection of Fig. 4 and is
discussed in further detail later. Intensity profiles of both B1 and
CellMask were obtained for the perimeter of the cell (see Materials
and Methods; Fig. S5d). Membrane sites with intensities higher
than the mean intensity plus two standard deviations (s.d.) were
considered ‘clusters’. Bleb necks were specifically analyzed for the
presence of total Bl integrin clusters and inspected for co-
localization with CellMask clusters. This analysis revealed that in
all cases the percentage of blebs displaying a total B1 integrin cluster
on one or both sides of the bleb neck was markedly and significantly
higher than those displaying a CellMask cluster (Fig. 4D). Thus, the
potentially increased amount of membrane material at the bleb neck
can be ruled out as the sole cause of apparent B1 integrin clustering
at these sites. Statistical analysis of cluster data by a #-test between
percentages revealed that, for both cell lines and conditions, the
measured occurrence of integrin clusters at bleb necks was
significantly higher than that expected if their occurrence were
random (Fig. 4D). In contrast, the incidence of both integrin and
CellMask clusters on the bulk of the cell membrane was found to be
as expected, assuming random and normal distribution (Fig. S5e).

We also addressed the question of whether the occurrence of 1
integrin clusters at bleb necks correlated with bleb size, indicating
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Fig. 4. B1 integrins cluster at bleb necks. (A-C) Representative images of a 1 mg/ml collagen I-embedded MDA-MB-468 cell (A), MDA-MB-231 cell (B) and the
edge of an invading MDA-MB-231 spheroid labeled with a B1 integrin antibody (C). Corresponding images of the general membrane marker CellMask are shown
in Fig. S5a-c for each of the three images. In the insets, arrows mark a position at the bleb neck showing an integrin cluster. Scale bars: 10 ym. (D) Analysis of
fluorescence intensity distribution of B1 integrin receptors and CellMask at bleb necks. Fluorescence values at the bleb neck exceeding the mean+2s.d.
fluorescence of the entire cell were considered clusters. Graph shows the occurrence of blebs (%) with one or two B1 integrin or CellMask clusters at the bleb
necks. n=125 blebs for MDA-MB-468, n=104 for dispersed MDA-MB-231 and n=140 for MDA-MB-231 spheroids. Data was pooled from three statistically
equivalent independent experiments. The occurrence of B1 integrin and CellMask clusters at bleb necks were compared both with each other and with the
expected occurrence using a t-test between percentages. Dashed line indicates the expected incidence of bleb clusters assuming a normal distribution of data.
All images and quantified data are from cells imaged 6 h after embedding in the matrix. **P<0.01, ***P<0.001.

potential preferential occurrence of clusters at a certain stage during  Doyle and Yamada, 2016; Kubow et al., 2013; Fraley et al., 2010),
bleb expansion or retraction. To this end, the Bl fluorescence the occurrence of a subset of other focal adhesion associated
intensity at the bleb neck was normalized to the mean intensity of  proteins (in particular, talin and vinculin) was investigated using the
the cell and plotted against the width of the corresponding bleb neck  same approach as that described for B1 integrins (Fig. 5). This and
and the perimeter of the bleb. No correlation between the size ofthe  subsequent experiments and quantitative analyses were performed
bleb and the incidence of B1 integrin clusters at the bleb neck was  using dispersed MDA-MB-231 cells, because here B1 integrins are
found (Fig. S2c,d). readily visualized as a result of their high expression level (in

Given the fact that B1 integrin clusters have been associated with  contrast to MDA-MB-468 cells) and lack of congestion (in contrast
focal adhesions, not only on 2D substrates but also in 3D collagen I  to spheroid culture). Talin clusters were found to occur at bleb necks
environments (Harunaga and Yamada, 2011; Doyle et al., 2015; in 25% of blebs, well above that expected statistically and similar to
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Fig. 5. Proteins involved in mechanotransduction are present at bleb necks. (A,B) Representative images of a 1 mg/ml collagen I-embedded MDA-MB-231
cell at =6 h co-stained for talin and B1 integrin (talin channel shown) (A) or vinculin and 1 integrin (vinculin channel shown) (B). Scale bars: 10 pm.

(C) Analysis of fluorescence intensity distribution of talin and vinculin at bleb necks as well as their co-clustering with f1 integrin at these sites. n=113 blebs for
talin/g1, n=101 for vinculin/B1. Data were collected and pooled from two independent experiments. Dashed line indicates the expected incidence of blebs with
co-clusters. Differences between measured and expected occurrence of co-clusters were analyzed by a t-test between percentages; **P<0.01, ***P<0.001.
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the rate at which total B1 integrin clusters were found. Notably, 79%
of talin-positive bleb necks were also positive for total B1 clusters.
Vinculin was less likely to be found at bleb necks, with 10% of bleb
necks showing vinculin clusters. However, the majority (70%) of
vinculin cluster-positive bleb necks also displayed total B1 clusters
at the same site. Given the occurrence of talin/vinculin and B1
clusters, the expected number of times a co-cluster of those
proteins would be expected was calculated, assuming the
occurrence of each was independent. The actual occurrence of
co-clusters of both talin and vinculin with Bl was significantly
higher than the expected occurrence (Fig. 5C). Such observations
are consistent with the idea that bleb necks function as sites of
mechanotransduction.

To address in more detail whether bleb necks represent sites of
mechanotransductory signaling, we analyzed the distribution of B1
integrins in the closed inactive conformation and the open active
form at bleb necks using antibodies specific for these forms
(Arjonen et al., 2012). Here, in analyses performed as described for
characterizing total Bl integrins at bleb necks, it was found that
inactive integrins were detected at 40% of bleb necks whereas active
integrins were present in 19% of bleb necks (Fig. 6A-C).
Visualization of dispersed cells in collagen networks showed a
high degree of collagen accumulation and alignment coinciding
with areas of active integrin accumulation in regions with abundant
blebs (Fig. 6D) and, in particular, at bleb necks (Fig. 6A; Fig. S6).
Pearson’s correlation analysis revealed a significantly higher
correlation between active integrins and collagen than between
inactive integrins and collagen (Fig. 6F). This analysis showed that
active B1 integrin coincides with areas of collagen accumulation and
also coincides with areas of clustered bleb formation (Fig. 6D).
Because of technical constraints, clustered blebs were not analyzed
for subcellular protein distribution, which might explain why the
percentage of analyzed bleb necks exhibiting clusters of active 1
was relatively low. In addition to finding evidence of active Bl
integrin clustering in individual cells engaged with collagen,
plentiful active Bl integrin was evident at the front of cells
emigrating from spheroids (Fig. S7). These findings strengthen our
hypothesis that bleb necks represent sites of integrin-mediated ECM
binding and mechanotransduction. Indeed, collagen-embedded
MDA-MB-231 cells under siRNA-mediated integrin knockdown
did not depict readily observable accumulation or alignment of
collagen fibers (Fig. 6E), further indicating that collagen adhesion
and re-organization are mediated by integrin receptors. Moreover,
B1 depletion induced a statistically significant shift from elongated
to round cell morphology and from actin-driven protrusions to blebs
in MDA-MB-231 cells, although the overall percentage of bleb-
bearing cells remained unchanged (Fig. S4f,g). Interestingly, the
subcellular distribution of blebs in a clustered, polarized manner
was heavily compromised upon Bl depletion (Fig. 6H,I). These
results indicate that collagen alignment in regions with plentiful
blebs, as well as cell polarity and the spatial distribution of blebs,
depends on functional integrin receptors.

Having demonstrated the importance of functional 1 integrins
for efficient invasion of round bleb-bearing cells in 3D
environments as well as the presence of active integrins and other
mechanotransductory proteins at bleb necks, we performed live-cell
imaging to address dynamic aspects of integrin—collagen
interactions at bleb sites. Although blebs are highly dynamic
structures with a lifetime of approximately 1 min (Aoki et al., 2016)
and adhesion complexes in 3D have been reported to exist for
several minutes (Kubow et al., 2013; Tolde et al., 2012; Legerstee
etal., 2019; Harunaga and Yamada, 2011), ECM reorganization can

take place over significantly longer periods of time. To interrogate
the dynamics of these processes, live-cell imaging of collagen-
embedded cells was performed. To minimize attachment of
collagen fibers before imaging commenced, videos were recorded
immediately after completion of collagen gelation (=0 min), about
1 h after placing the cells in the collagen solution. This approach
allowed visualization of the initial contact between cells and
collagen fibers. A representative cell is shown in Fig. 7 and
Movies 5,6. In this cell, a collagen fiber becomes attached and
aligned at a bleb neck and remains attached after bleb retraction
(Fig. 7A, Movie 5). Such imaging also revealed that cell-collagen
adhesion loci established in a region with plentiful blebs are
maintained through multiple cycles of bleb formation and retraction
on an hour scale, with collagen attachments remaining at the base of
blebs (Fig. 7B, Movie 6).

In contrast to the initial phase of bleb—collagen attachment
(Fig. 7), when blebs were distributed relatively uniformly, cells
exposed to the 3D ECM for longer periods of time typically
displayed a polarized distribution of blebs, exhibiting regions with
highly clustered blebs and extensive collagen re-arrangement on
one side of the cell (Fig. 6D, Fig. 8A-C; Fig. S8). Live-cell imaging
of cells after exposure to collagen for 6 h was performed to
demonstrate how bleb formation becomes increasingly polarized
over time and to show that formation of recurrent clustered blebs
coincides spatiotemporally with extensive collagen re-organization
(Fig. 8, Movie 7). Time course analysis demonstrated that dynamic
collagen fiber displacement occurred preferentially at the site of
recurrent clustered blebbing but was barely detectable in other cell
regions (Fig. 8C,D, Movie 8).

To quantify collagen reorganization by bleb-bearing cells, we
developed an approach to characterize collagen fiber density and
orientation that does not require isolated blebs. This was done by
segmenting the immediate cell surroundings and measuring
collagen density and dominant angle of orientation per region,
each of which was categorized as regions with plentiful blebs
(‘blebby’) or lacking blebs (‘non-blebby’) (see Materials and
Methods and Fig. S8). To delineate the contribution of B1 integrins,
this analysis was also performed on B1 integrin-depleted cells. The
analysis revealed that the immediate environment near blebby
regions of Bl integrin-positive cells displayed consistently higher
collagen fiber density than non-blebby regions (Fig. 8E). In
contrast, Bl integrin-depleted bleb-bearing cells showed
significantly less collagen accumulation, with collagen density
around cells statistically identical to that in non-blebby regions in
B1 integrin-positive cells, as shown by Tukey HSD test (Fig. 8E).
Moreover, in Bl integrin-positive cells, 73% of blebby regions
contained collagen oriented at an angle corresponding to radial
alignment whereas the incidence of radial alignment was significantly
reduced in B1 integrin-depleted cells, consistent with expectations for
random collagen fiber orientation given the data analysis procedure
(Fig. 8F). The robust occurrence of collagen alignment in blebby
regions, as reported by collagen density and orientation angle, further
implicates blebs as sites of ECM adhesion and re-organization, with
B1 integrins being the primary receptors for collagen binding, thus
revealing a new role for blebs during 3D cancer cell invasion.

DISCUSSION

Our study demonstrates that invasive cancer cells use blebs in
integrin-dependent 3D migration associated with extensive ECM
reorganization. Thus, round bleb-bearing cancer cells are capable
of efficiently invading complex 3D environments by utilizing an
ECM receptor-dependent motility mode that is distinct from
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Fig. 6. Presence of active integrins and integrin-mediated collagen alignment at bleb necks. (A,B) Representative images of 1 mg/ml collagen I-embedded
MDA-MB-231 cells stained for active (A) or inactive (B) p1 integrin show clusters at bleb necks. In A, the cell outline is drawn as assessed through the
inactive 81 channel (see Materials and Methods; Fig. S5d). (C) Occurrence of active and inactive 1 integrin clusters at bleb necks of collagen I-embedded MDA-
MB-231 cells as assessed by fluorescence intensity distribution analysis. Dashed line indicates the statistically expected value assuming a normal distribution of
data. Differences between actual and expected occurrences of clusters were analyzed using a t-test between percentages (n=88 blebs). (D) Representative
image of MDA-MB-231 cell stained for active (red) and inactive (orange) p1 integrins and embedded in fluorescently labeled collagen | (green) reveals
accumulation of active B1 integrin spatially coinciding with collagen fiber alignment in a region with several blebs. The inset shows a magnified image of the active
B1 integrin channel (red). The cell outline was drawn as in A from the inactive 81 channel to visualize the cell perimeter and highlights accumulation of active $1
integrin that spatially coincides with collagen fiber alignment in a region with several blebs. (E) Representative image of a phalloidin-stained MDA-MB-231 cell
(red) under siRNA-mediated B1 integrin knockdown and embedded in fluorescently labeled collagen | gel (green) shows much less collagen accumulation and
alignment. (F) Correlation analysis of stained inactive/active B1 integrins and fluorescently labeled collagen | of collagen-embedded MDA-MB-231 cells. n=10
cells for inactive 1, n=9 cells for active p1. Differences were assessed via Wilcoxon Rank-Sum tests. The data is presented in a box plot depicting the median and
second and third quartiles, with whiskers representing data from 5% to 95%. Squares indicate mean values. (G,H) Occurrence of numerous blebs clustered in a
polarized manner is dependent on B1 integrins. Representative confocal fluorescence maximum projections of phalloidin-stained MDA-MB-231 cells either
untreated (G) or under siRNA-mediated B1 integrin knockdown (H) and embedded in 3D collagen | gels. Arrow marks a site of blebs clustered in a polarized
manner. (I) Occurrence of clustered versus single blebs in collagen-embedded bleb-bearing MDA-MB-231 cells under siRNA-mediated 1 integrin knockdown in
comparison with untreated cells. =50 for untreated controls and n=18 for 31 knockdown. Differences were assessed via t-test between percentages. All images
and quantified data are from cells imaged 6 h after embedding in the matrix. **P<0.01, ***P<0.001. Scale bars: 10 ym.

previously reported bleb-associated motility mechanisms. To the To date, in cancer cell translocation, membrane blebs have been
best of our knowledge, this is the first report of blebs being regarded as either without specified function or associated with
involved in a path-generating mechanism involving ECM outward directed forces, as in ‘pushing and squeezing’ amoeboid
adhesion and alignment. migration or in ‘chimneying’ friction-based migration (Friedl and
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Fig. 7. Blebs are specific sites of collagen fiber adhesion and alignment in cancer cells. (A) Time-lapse images of initial collagen fiber attachment

in an MDA-MB-231 cell labeled with CellMask and embedded in a fluorescently labeled 1 mg/ml collagen matrix. White arrows indicate a collagen fiber that is
initially out of plane and, concurrent with the appearance of a bleb, becomes attached to the membrane at the bleb neck at =200 s (highlighted by a white
circle). (B) Time-lapse images over a 40 min time period of the MDA-MB-231 cell shown in A demonstrate repeated blebbing at other sites of cell-collagen
adhesion. White bracket highlights the cell region with recurrent bleb formation; white arrow indicates persistent collagen fiber attachment. Images in A were
obtained starting at =36 min after embedding, shown in B; relevant portions of the full movie are presented in Movies 5,6. Scale bars: 10 ym.

Wolf, 2010; Yip et al., 2015; Wyckoff et al., 2006; Malawista et al.,
2000; Lorentzen et al., 2011; Petrie et al., 2017). Contribution of
adhesion receptor-mediated cell-ECM interactions, which are
central to actin polymerization-driven motility, has not been
sufficiently characterized in 3D invasion of bleb-bearing cancer
cells. The work presented here reveals that, in 3D environments,
cells with persistent clustered blebs display accumulations of active
Bl coincident with radially aligned collagen fibers (Fig. 6D;
Figs S6-S8), indicative of integrin-mediated adhesion and
reorganization of the matrix. Quantitative analysis of collagen
around bleb-bearing cells revealed a significant increase in both
collagen density and alignment in blebby as compared with non-
blebby cell regions, implying binding and reorganization of collagen
at these sites (Fig. 8E,F). This increase in collagen density and
alignment at bleb sites was shown to be integrin-dependent and active
integrin-dependent (Fig. 6D,E; Fig. 8E,F), underlining the central role
of integrin receptors in the observed ECM reorganization in blebby
regions of cancer cells.

The collagen binding and radial alignment at bleb sites was
specifically detected at bleb necks, regions where the bleb bulges
out from the surrounding plasma membrane (Figs 7.8; Fig. S6),
prompting analysis of the organization of integrin-mediated cell—
ECM interactions at these sites. Previously, it was postulated that
round bleb-bearing cells show diffuse integrin distribution and lack
the focalized integrin accumulations indicative of adhesive
complexes and force generation, with the exception of a rear-
positioned uropod reported in some contexts (Wolf et al., 2003;
Lorentzen et al., 2011; Poincloux et al., 2011). Here, we show that a
significant proportion of isolated blebs exhibited B1 integrin clusters
at one or both sides of the bleb neck (Fig. 4A-D). Similarly, clusters
of active B1 integrin, talin and vinculin were all found at bleb necks
at significantly higher rates than expected for random occurrence,
and nearly all talin- and vinculin-positive clusters at bleb necks were
accompanied by B1 integrin clusters (Figs 5,6). These results
implicate the bleb neck as a locus of integrin clustering involved in
adhesion and mechanotransduction. The occurrence of adhesion-
related protein clusters at bleb necks probably underestimates the

number of blebs carrying integrin, talin and vinculin clusters
because, for technical reasons, the quantitative analysis was limited
to individual, well-isolated blebs and excluded regions of clustered
blebs that commonly exhibit stronger accumulations of the analyzed
proteins and more pronounced collagen alignment.

Interestingly, the persistence of regions with clustered blebs, with
blebs repeatedly expanding and retracting in similar locations,
spanned longer periods of time than the lifetimes of individual
blebs, which range from 30 s to 3 min as observed here and reported
by others (Charras et al., 2008; Aoki et al., 2016). Such polarized
accumulations of blebs appeared to persist for at least an hour
(Fig. 8B,C; Movies 7,8) and were drastically reduced upon integrin
knockdown, suggesting a spatiotemporal coordination and positive
feedback between cell-ECM adhesion and bleb formation. The
hypothesis of a positive feedback loop is further supported by the
observation that blebs appeared uniformly distributed on the plasma
membrane during initial contact between the cell and the ECM but
occurred in an increasingly polarized manner as the adhesion and
reorganization of the surrounding ECM advanced (Fig. 8B-D,
Movie 8). Such sites of clustered blebs were often accompanied by
collagen-devoid regions at the opposite side of the cell (Fig. 6D,
Fig. 8A). These features were found not only on isolated cells but
also on cells invading from spheroids (Fig. S3g) and indicate that
clustered blebs form at the front of migrating cells that leave
microtracks at the rear end (Wolfet al., 2007, 2003). Taken together,
these results suggest a mechanism by which membrane blebs, each
of which is typically short-lived, can contribute to persistent
directional migration. These findings stand in contrast to the
previously reported path-finding, but not path-generating, function
of membrane blebs in cancer cell migration (Wyckoff et al., 2006;
Lorentzen et al., 2011; Wolf et al., 2003) and reveal a new, active
role for plasma membrane blebs during 3D cancer invasion. This
can occur not only in in vitro environments but also at invasive
fronts in vivo where the presence of abundant round, bleb-bearing
cancer cells has been described (Pinner and Sahai, 2008a,b;
Giampieri et al., 2009; Sanz-Moreno et al., 2008, 2011; Orgaz
et al., 2014; Cantelli et al., 2015; Herraiz et al., 2016).
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Fig. 8. Recurrent clustered blebs are sites of integrin-dependent collagen reorganization. Cells were embedded in 1 mg/ml collagen I. All images were
taken starting 6 h after embedding. (A) Representative overlay image of CFM projection of a phalloidin-stained MDA-MB-231 cell displaying extensive radial
alignment of collagen at sites of clustered blebs. (B) Time-lapse images of a CellMask-labeled MDA-MB-231 cell showing clustered and recurrent blebs and
concurrent collagen rearrangement (also shown in Movie 7). (C) Artificially colored representative CFM time-lapse images of a different CellMask-labeled MDA-
MB-231 cell show recurrent blebbing on a portion of the cell over a time period of >40 min, a portion of which is also shown in Movie 8. (D) Atrtificially colored
representative collagen | frames from the same live-cell movie (Movie 7) demonstrate collagen fiber displacement at the blebby region, as evidenced by the
apparent multicolored clusters of collagen fibers (arrow and top left inset). Images also show areas of negligible collagen rearrangement on the opposite side of
the cell, as evidenced by collagen fibers that appear white due to multiple color overlap (arrowhead and top right inset). (E,F) Categorization of involvement of
membrane blebs in collagen reorganization as assessed through collagen fiber density (E) and collagen alignment (F) measured in blebby and non-blebby
regions of wild-type MDA-MB-231 as well as B1-depleted (beta1 KD) cells and a cell-free gel. The data is presented in a box plot depicting the median and second
and third quartiles, with whiskers representing data from 5% to 95%. For collagen density measurements, n=160, 144, 167 and 225 for cell-free, 1 KD, non-
blebby and blebby regions, respectively. For angle alignment, n=20, 18, 50 and 50 for cell-free, 1 KD, non-blebby and blebby regions, respectively. Differences
were assessed using t-tests; *P<0.05, **P<0.01, ***P<0.001. Scale bars: 10 pm.

Conclusion

The results described here show that round cancer cells can
invade 3D environments utilizing a migratory mode that relies
on Rho-mediated actomyosin contractility while being integrin-
dependent and associated with extensive ECM reorganization.
This study reveals that membrane blebs in 3D invading cancer
cells have a previously unreported function in ECM-adhesion
and alignment through clusters of integrin receptors and other
mechanotransductory proteins at bleb necks. Such path-
generating, migration-associated blebs were detected in round
cancer cells with blebs as the predominant protrusion, as well as
in cancer cells of intermediate and elongated morphologies
carrying additional types of protrusions, indicating that blebs
can both underpin a primary bleb-mediated migratory mode and
complement other migratory modes.

MATERIALS AND METHODS

Cell lines and patient-derived tumor tissue

MDA-MB-231 and MDA-MB-468 breast cancer cells were obtained
from the American Type Culture Collection (Manassas, VA). Primary
breast tumor tissue was provided by Columbia University Medical
Center, where it was obtained from a patient undergoing tumor
resection. The research described here was declared Not Human
Subjects Research by the Columbia Institutional Review Board (IRB
Protocol AAAQ8620). The tumor sample used in this study was
characterized as an invasive HER2-negative, PR-positive, ER-negative
breast carcinoma.

Reagents

Accutase was purchased from MP Biomedicals (Solon, OH). Pepsin-treated
(PT) bovine type I collagen was obtained from Advanced BioMatrix (San
Diego, CA) as a 5.9-6.1 mg/ml solution. Acid-solubilized (AS) rat tail type I
collagen was obtained as 10 mg/ml solution from Corning (Corning, NY).
ATTO 647N dye (with N-hydroxysuccimide ester functionality;
Aex=646 nm, A, =664 nm). Dimethyl sulfoxide (DMSO) and acetic acid
(99.7%) were purchased from Sigma Aldrich (St Louis, MO). Growth
factor-reduced, Phenol Red-free BME/Matrigel was obtained as an 8.9-
10 mg/ml solution from BD Biosciences (San Jose, CA). DMEM solution
(10x), NaOH (1 N) and sodium bicarbonate solution (7.5%) were purchased
from Sigma Aldrich and sterile filtered before use. Gibco 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (1 M) and
CellLight Talin-GFP BacMam 2.0 were obtained from Invitrogen
(Carlsbad, CA) and sterile filtered before use. Protease inhibitor cocktail
(P1860) and marimastat (BB-2516) were obtained from Millipore Sigma
(Billerica, MA). NSC23766 and Y27362 inhibitors were obtained from
Selleck Chemicals (Houston, TX). siRNAs, Lipofectamine RNAiMax and
Opti-MEM were obtained from Thermo Fisher Scientific (Waltham, MA).
Buffered formalin phosphate (10%) and bovine serum albumin (BSA) were
obtained from Fisher Scientific (Pittsburgh, PA). Triton-X was obtained
from EMD Millipore Chemicals (Billerica, MA). Unlabeled and FITC-
labeled anti-integrin B1 antibodies (clone 4B4, staining inactive 1) were
obtained from Beckman Coulter (Brea, CA). AlexaFluor488 and
AlexaFluor647-conjugated anti-integrin (1 antibodies (clone P5D2,
staining total B1), AlexaFluor647-conjugated vinculin antibody (clone
EPR8185) and AlexaFluor488-conjugated goat anti-mouse secondary
antibody were obtained from Abcam (Cambridge, MA). AlexaFluor647-
conjugated anti-active Bl integrin antibody (clone 12G10, staining active
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B1) was obtained from Santa Cruz (Dallas, TX) and AlexaFluor-conjugated
phalloidin and CellMask membrane dye were obtained from Molecular
Probes by Thermo Fisher Scientific (Waltham, MA). FluoroBrite media was
obtained from Gibco (Grand Island, NY). Rabbit anti-integrin f1 antibody
for detection of endogenous B1 integrin on SDS-PAGE was obtained from
Cell Signaling (Danvers, MA), rabbit anti-GAPDH was obtained from
Abcam (Cambridge, MA) and peroxidase-conjugated anti-rabbit IgG
antibody was obtained from Sigma Aldrich (St Louis, MO).

Cell culture

Cell lines were cultured in growth medium consisting of 1x high glucose
DMEM containing 10% (v/v) FBS, 1% (v/v) 100x penicillin/streptomycin/
amphotericin solution and 1% (v/v) 100x non-essential amino acids
solution at 37°C under 5% carbon dioxide. Patient-derived breast cancer
cells were isolated from tumor samples and separated from the tumor-
associated fibroblasts using a method based on that of Derose et al. (Derose
et al., 2013), followed by an additional Accutase digestion step to ensure
dissociation of the tissue into a single cell suspension. Isolated cancer cells
were cultured as described (Derose et al., 2013) in modified M87 medium
consisting of 1x DMEM/F12, 2% (v/v) FBS, 1% (v/v) insulin-transferrin-
selenium-ethanolamine 100x supplement solution, 1% (v/v) 100x penicillin-
streptomycin-amphotericin solution, 5 ng/ml human recombinant epidermal
growth factor (EGF), 0.3 pg/ml hydrocortisone, 0.5 ng/ml cholera toxin, 5 nM
3,3",5-triiodo-L-thyronine, 0.5nM B-estradiol, 5uM (+)-isoproterenol
hydrochloride, 50 nM ethanolamine and 50 nM O-phosphorylethanolamine.
Patient-derived cancer cells were subcultured when 80-90% confluent and
used in passage 2-5.

Generation of multicellular tumor spheroids and patient-derived
organoids

Spheroids and patient-derived organoids were formed in appropriate growth
medium supplemented with 0.2575 mg/ml BME using a centrifugation
method described previously (Ivascu and Kubbies, 2006) employing
ultralow attachment 96-well U-bottom Nunclon Sphera plates from Thermo
Fisher Scientific (Waltham, MA). Spheroids and organoids were allowed to
form for 24 h at 37°C under 5% carbon dioxide.

Pharmacological cell treatments

Inhibition of Racl signaling was achieved using NSC23766, a cell-
permeable selective inhibitor of Racl GDP/GTP exchange. Spheroids
embedded in 200 pl collagen gels were overlaid with 50 ul of 200 uM
NSC23766 dissolved in growth medium immediately after gelation (/=1 h)
for the duration of the invasion experiment (/=24 h), resulting in an effective
NSC23766 concentration of 40 pM.

Inhibition of Rho signaling was achieved using Y27632, an inhibitor of
ROCK. Spheroids embedded in 200 pl collagen gels were overlaid with 50 pl
of 50 uM Y27632 immediately after gelation for the duration of the invasion
experiment, resulting in an effective Y27632 concentration of 10 pM.

Inhibition of endogenous proteases was achieved through application of a
protease inhibitor cocktail containing E 64, pepstatin, leupeptin, bestatin,
aprotinin and marimastat. All inhibitors except marimastat were contained in
the P1860 inhibitor cocktail, which was used at 1:200 dilution, and
marimastat was supplemented at 20 uM, as described previously (Wolf
et al., 2003). The inhibitors were added to the collagen gel directly as well as
to the overlaying medium at the same concentration.

For antibody-mediated inhibition of M1 integrin, spheroids were
pretreated for 2.5 h with 5 pg/ml of a function-blocking anti-integrin 1
antibody (clone 4B4) prior to embedding into collagen gels and overlaid
with growth medium containing 10 pg/ml of the same antibody 1 h after
embedding.

siRNA-mediated integrin knockdown

The target sequences used to mediate silencing of Bl integrin expression
were (a) 5'-GGAGGAAUGUUACACGGCULt-3 (sense) and 5'-AGCCG-
UGUAACAUUCCUCCag-3" (antisense) for siRNA #1 and (b) 5'-GCA-
GUUGGUUUUGCGAUUALt-3" (sense) and 5-UAAUCGCAAAACC-
AACUGCtg-3’ (antisense) for siRNA #2. The Silencer Select siRNAs an-
d the non-targeting control siRNA (catalog #4390846) were obtained as

annealed duplexes from Thermo Fisher Scientific (Waltham, MA). MDA-
MB-231 and MDA-MB468 cells were transiently transfected with the Bl
integrin-targeting or the control siRNA using Lipofectamine RNAiMax as
follows: prior to transfection, complete culture medium was removed and
replaced with serum-free Opti-MEM. siRNA and Lipofectamine RNAiMax
(1.5 pl per well in a 24-well plate) were diluted in Opti-MEM according to
the manufacturer’s instructions, added to cells at a final RNA concentration
of 10 nM, and incubated for either 6 h (MDA-MB-468) or 16 h (MDA-MB-
231). Opti-MEM was replaced with DMEM containing 10% FBS after the
initial incubation period. At 72 h post transfection, cells were returned to
complete growth medium containing antibiotics. Depletion of B1 integrin
was confirmed by SDS-PAGE/western blot (Fig. S4b). Assays were
performed 3-5 days post transfection.

Protein extraction and western blotting

Cells grown in 3.5 cm dishes to 60-80% confluency were washed twice with
PBS, detached with Accutase, resuspended in growth medium and pelleted
by centrifugation for 3 min at 1600 rpm. After the medium was discarded,
the pellet was stored at —80°C. Pellets were lysed in RIPA lysis buffer
(20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM, Na,EDTA, 1 mM EGTA,
1% Nonidet P-40, 1% sodium deoxycholate, 1 mM DTT) with the addition
of protease and phosphatase inhibitors. Lysates were cleared by
centrifugation, after which the supernatant was isolated. Subsequently, the
protein concentrations of the lysates were quantitated using Bradford assays
(Bio-Rad, Hercules, CA) and lysates were adjusted to the same protein
concentration. Lysates were mixed with 3% sample buffer containing 5% -
mercaptoethanol, heated to 95°C for 5 min, centrifuged for 3 min at
13,000xg and electrophoresed through a sodium dodecyl sulfate (SDS)-
10% polyacrylamide gel. Protein gels were transferred to polyvinylidene
fluoride membranes (Millipore, Burlington, MA). For B1 integrin detection,
the anti-integrin antibody (Cell Signaling, Danvers, MA) was used at a
1:500 dilution; for GAPDH detection, the anti-GAPDH antibody was used
at a 1:1000 dilution and in both cases a peroxidase-conjugated secondary
antibody was used at 1:5000 dilution. Proteins were visualized with an
enhanced chemiluminescence detection system (Thermo Scientific Pierce
ECL, Thermo Fisher Scientific, Waltham, MA).

Preparation of collagen solutions

Collagen solution (1 mg/ml) was prepared by diluting the high-
concentration PT collagen monomer stock solution. Appropriate amounts
of collagen stock solution were prepared with 10% (v/v) 10x DMEM, 2.5%
(v/v) HEPES buffer, 2.5% (v/v) sodium bicarbonate and distilled deionized
H,O0. To prevent self-assembly of collagen monomers, all solutions were
held and mixed at 4°C. NaOH was added to adjust the pH to 7.4.

To prepare fluorescently labeled collagen matrices, unlabeled PT collagen
was mixed with ATTO 647N-labeled AS collagen in 10:1 (w/w) ratio.
Following this, all steps for collagen gel preparation were as described above.

The AS collagen monomers were conjugated with ATTO 647N
fluorescent dye molecules following a previously reported procedure
(Kalia and Raines, 2010; Stephanopoulos and Francis, 2011). In brief,
ATTO dye stock in DMSO was prepared and added to a 3 mg/ml AS
collagen solution in 0.01 M sodium bicarbonate (pH 9). The conjugation
reaction was carried out at 4°C in the dark for 24 h. For purification, the
product was dialyzed against 0.02 M acetic acid for 72 h (or until the acetic
acid was colorless after purification) at 4°C in the dark using mini-dialysis
tubing, changing the acetic acid solution in the tubing every 12 h. The final
product was stored at 4°C in the dark at pH 2 until use.

To prepare composite collagen/BME solutions, first 10x DMEM, HEPES
buffer and sodium bicarbonate solutions were mixed. Then, the required
amount of BME stock solution was added to achieve the desired final
concentration of 3 mg/ml. The BME replaced a proportion of the H,O that
would be added in the equivalent pure collagen solution. Subsequently, the
PT collagen stock solution was added to achieve final concentration of
1 mg/ml. The resulting solution was brought to pH 7.4 by addition of NaOH.

Preparation of cell-embedded gels

To prepare collagen gels loaded with a single spheroid or organoid, 1 mg/ml
collagen solution was prepared as described above at 4°C to prevent
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gelation. Neutralized collagen solution (200 ul) was added to a chamber
consisting of a 5 mm glass cylinder glued to a coverslip-bottom cell culture
dish. A nylon mesh was placed on the inner circumference of the cylinder to
anchor the collagen gel. The spheroid was added to the liquid collagen in
5 ul growth medium. The chamber was then transferred immediately to a
37°C incubator. The collagen gels were overlaid with 50 pl growth medium
after 1 h and surrounded by additional liquid to prevent drying during
extended incubation periods. To prepare collagen/BME composite matrices
loaded with a single spheroid or organoid, the chambers were first pre-coated
with 40 pul collagen/BME solution to prevent sedimentation of spheroids to
the bottom of the chamber. The coating was gelled for 1 h at 37°C. Following
this, the bulk volume of the matrix solution was added to the chamber and a
single spheroid or organoid was implanted as described above.

To prepare collagen or collagen/BME gels loaded with dispersed cells,
the 1 mg/ml collagen solution was prepared omitting 50% of the water and
neutralized at 4°C. The water volume was substituted with ice-cold growth
medium containing the desired number of cells. Subsequently 150-200 pl of
the cell-loaded collagen or collagen/BME was added to the chamber and
gelled at 37°C as described above for spheroid-loaded collagen gels. After
1 h, gels were overlaid with 50 pl growth medium.

In all cell experiments, time points are described considering time zero
(=0 min) to be the time at which the cells or spheroids were placed into the
collagen or collagen/BME solution.

Immunocytochemistry and labeling
For immunocytochemical staining, dispersed cells or spheroids were
embedded in 80-150 pul collagen gels according to the following procedures.

For staining of total cell surface B1 integrin receptors, gels were incubated
with 100 pl of the fluorescently labeled antibody (clone P5D2) diluted
1:200 per 150 pl gel. Samples were incubated with the antibody at 4°C for
16-20 h in the dark. Following incubation, the antibody solution was
aspirated, gels were washed 3% with 200 ul PBS for 10 min at RT and
subjected to imaging immediately.

For double staining of cell surface total B1 integrin receptors and the
plasma membrane, cells were fixed and washed as described above and each
gel (150 pl) was incubated with 100 pl of the staining solution containing
the fluorescently labeled 1 antibody (clone P5SD2) diluted 1:200 (v/v) and
the CellMask membrane dye diluted 1:500 in PBS (v/v). Samples were
incubated with the staining solution at 4°C for 16-20h in the dark.
Following incubation, samples were treated as described in the procedure for
staining total cell surface Bl integrin receptors..

For triple staining of the active and inactive cell surface Bl integrin
receptors and the plasma membrane (as used for the analysis shown in
Fig. 6C), cells were fixed and washed as described above followed by
15 min quenching with 50 mM NH,Cl at RT, two 10 min washes with PBS
and a 60 min incubation with 1% BSA/PBS (w/v) (blocking solution) at RT.
Subsequently, the blocking solution was replaced with the staining solution
containing fluorescently labeled antibodies against the inactive (clone 4B4,
1:100 dilution) and active (clone 12G10, 1:50 dilution) B1 integrins as well
as the CellMask membrane dye (1:500 dilution) diluted in 1% BSA/PBS.
Samples were incubated at 4°C for 16-20h in the dark. Following
incubation, samples were treated as described in the procedure for staining
total cell surface B1 integrin receptors.

For double staining active and inactive B1 integrin receptors (as shown in
Fig. 6E), cells were fixed and washed as described above followed by
15 min quenching with 50 mM NH,4Cl at RT, two 10 min washes with PBS
and a 60 min incubation with 1% BSA/PBS (blocking solution) at RT.
Subsequently, the blocking solution was replaced with staining solution
containing the fluorescently labeled antibodies against the inactive (clone
4B4, 1:100 dilution) and active (clone 12G10, 1:50 dilution) B1 integrins
diluted in 1% BSA/PBS. Samples were incubated at 4°C for 16-20 h in the
dark. Following incubation, samples were treated as described in the
procedure for staining total cell surface B1 integrin receptors.

For staining the actin cytoskeleton, after fixation cells were permeabilized
with 0.2% TritonX/H,O for 10 min at RT. After removing the
permeabilization solution, samples were washed 4x with 200 ul PBS for
10 min and once for 30 min at RT to remove the detergent completely.
Subsequently, 100 ul of the fluorescently labeled phalloidin dye diluted

1:200 in PBS was applied per 150 pl gel, and the gels were incubated at 4°C
for 16-20 h in the dark. Following incubation, the staining solution was
aspirated, gels were washed as described above and subjected to imaging
immediately.

For double staining of talin and total B1 integrin receptors, cells were
transfected using BacMam 2.0 Talin-GFP prior to seeding in collagen gels.
Transfection involved incubating cells with 25 particles of BacMam 2.0 per
cell for 16 h, after which cells were embedded into collagen gels as
described above. Gels were subsequently fixed with methanol-free 4%
formaldehyde for 20 min followed by three 10 min PBS washes. Gels were
then washed and stained as described in the procedure for staining total cell
surface Bl integrin receptors.

Finally, for double staining of vinculin and total B1 integrin receptors,
cells were fixed and washed as described above and each gel (150 pl) was
incubated with 100 ul of the staining solution containing fluorescently
labeled B1 antibody diluted 1:200 (v/v) and the vinculin antibody diluted
1:200 in PBS (v/v). Samples were incubated with the staining solution at 4°C
for 16-20 h in the dark. Following incubation, samples were treated as
described in the procedure for staining total cell surface B1 integrin receptors.

Fluorescence-activated flow cytometry

Cells were detached from the cell culture plate with Accutase and
resuspended in ice-cold Phenol Red-free HEPES-containing DMEM
supplemented with 10% FBS; samples remained on ice for the remainder
of the procedure. Subsequently, 2x10° cells were washed by centrifugation
for 2 min at 1300 rpm and resuspended in ice-cold 1% FBS/PBS. After
another centrifugation step, the cell pellet was carefully resuspended in 50 pl
1% FBS/PBS containing 1 pg/ml unconjugated B1 integrin antibody (mouse
monoclonal, clone 4B4). Cells were incubated with primary antibody for 1 h
at 4°C and washed twice with 1% FBS/PBS. Subsequently cells were
incubated in 50 ul 1% FBS/PBS containing 20 pg/ml fluorescently labeled
secondary antibody (goat anti-mouse AlexaFluor488-conjugated IgG) for
1 hat4°C and washed with PBS. Finally, cells were resuspended in PBS and
measurements were taken on a flow cytometer (Becton Dickinson
FACSCalibur with BD CellQuest Pro software).

Collagen contraction assay

Collagen solutions of 1 mg/ml PT collagen containing 5x10° cells/ml were
prepared, and 500 pl gels were cast onto the 23 mm coverslip bottom of
FluoroDishes (diameter 35 mm). Gels were polymerized for 60 min at 37°C,
overlaid with 2 ml growth medium and manually released from the glass
bottom. Contraction was allowed for 24 h at normal incubation conditions.
Gel contraction was documented using digital photography. Images were
taken at /=0 h (before gel release) and at /=24 h, and the diameter of the gel
was measured at both time points.

Microscopy
Imaging was performed on an inverted confocal laser-scanning microscope
(Olympus Fluoview 300, Zeiss LSM 700 or Zeiss LSM 800) in scanning
transmittance, confocal reflectance or confocal fluorescence mode with 10x
air (NA 0.4), 60x oil (NA 1.42) or 63x oil (NA 1.4) objectives unless stated
otherwise. For excitation of FITC/AlexaFluor488 fluorophores and confocal
reflectance (used for imaging of unlabeled collagen), a 488 nm laser was
used; for excitation of AlexaFluor568, a 543 nm (Olympus) or 555 nm
(Zeiss) laser was used; and for excitation of ATTO647N, a 633 nm
(Olympus) or 639 nm (Zeiss) laser was used. A photomultiplier tube
detector (PMT) was used for detection on the Olympus and Zeiss LSM 700,
and an Airyscan system was used for detection on the Zeiss LSM 800.
For live cell imaging of both dispersed cells and spheroid invasion, gels
were prepared as described above and further overlaid with FluoroBrite
medium containing a carbonate-independent buffer system; the volume was
equal to the gel volume 1 h after onset of gelation. Live cell spheroid
invasion (Fig. S1) was performed on the Olympus Fluoview 300 with the
60x oil objective in a live cell imaging chamber (Neue Biosciences) with
controlled temperature (37°C) and CO, (5%) during the 12 h imaging
session. The movies of dispersed cells shown in Fig. 7A,B and Fig. 8B were
obtained using a Nikon Ti Eclipse spinning disk confocal microscope using
a 60x water objective (NA 1.2). The microscope was equipped with a stage-
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top incubator obtained from Tokai Hit USA (Bala Cynwyd, PA), ensuring a
controlled temperature and CO, environment (37°C and 5% CO,) during
imaging. The movies of dispersed cells shown in Fig. 8C,D were obtained
using the Zeiss LSM 800 with the 63% oil immersion objective at ambient
temperature and CO, concentration during the 1 h imaging session.

Image analysis

Spheroid invasion

For analysis of invasion distance, spheroids were imaged at 10%
magnification in scanning transmittance mode at 2h and 24 h after
implantation. For each spheroid, we used these magnified images to
determine the invasive distance, defined as the difference between the
periphery of the spheroid at /=2 h and a circle that circumscribes 90% of the
invasive cells at =24 h (Fig. Sla).

Cell morphology and protrusions

For visualization of the actin cytoskeleton and analysis of cell morphology
and protrusions, confocal fluorescence z-stacks (£10-20 pm, step size 1 um)
of fixed cells stained with fluorescently labeled phalloidin were acquired on
a Zeiss LSM 700 using the 10x objective. Cell morphology was determined
in a semi-automated fashion using ImageJ. First, maximum fluorescence
intensity projections were generated from z-stacks, despeckled and
thresholded. Following this processing, the Analyze Particle function was

5
area and P the cell perimeter. Circularity thus ranges from 0 to 1, with ¢=1
for a circle. Cell protrusion classification was performed by eye using the
preprocessed images.

474
used to assess the circularity, ¢, of each cell, with czpl where A4 is cell

Integrin receptor distribution

Analysis of integrin intensity distribution (total, active and inactive) was
performed on individual confocal images of cells with immunolabeled
integrin receptors using a custom written ImageJ macro. Single confocal
slices displaying individual blebs were selected from z-stacks spanning up
to 20 um. Selections of the membrane perimeter of the entire cell including
the bleb(s) of interest were outlined by hand (Fig. S5d). Only blebs that were
fully in focus in the slice of interest were included in the outline associated
with that particular slice. Images were converted to 8 bit and each selection
was fit to a spline curve. The intensity profile along the selection of 2-pixel
width was obtained at spaced intervals of 1 pixel. Following this, the bleb
neck was defined on the image by visual observation as the sites of greatest
membrane bending at both sides of the bleb, and the xy coordinates of the
bleb neck were determined. The intensity values of two adjacent pixels most
closely corresponding to these xy coordinates were used to calculate the
mean intensity value of the fluorescently labeled B1 integrin on either side of
the bleb. The intensity profile along the perimeter of the entire cell was used
to determine the mean value and standard deviation (s.d.) of the integrin
receptors distributed in the bulk of the plasma membrane. Intensity values at
bleb necks exceeding the mean+2s.d. were defined as ‘clusters.” To avoid
intensity peaks caused by overlay of membranes in clustered blebs, only
individual (rather than clustered) blebs were selected for this analysis.

For analysis of integrin receptor distribution relative to the amount of
membrane material, dual-color confocal images of collagen-embedded cells
stained with a general membrane dye (CellMask) and immunolabeled
integrin receptors were acquired on a Zeiss LSM 800 Airyscan using the 63%
objective. Analysis of CellMask clustering was performed as described for
B1 integrins. Analysis of talin and vinculin distributions and determination
of clusters was also conducted as described above.

Colocalization analysis of active B1 integrin and collagen and inactive B1
integrin and collagen was performed by creating a hand-drawn region of
interest (ROI), 20 pixels wide, along the entire cell membrane surface. This
ROI was used in the ImageJ plugin Coloc2 (Schneider et al., 2012;
Schindelin et al., 2012). Pearson’s R values of the non-thresholded images
are reported.

Collagen density and alignment
For analysis of bleb-associated collagen density and alignment, confocal
images of fluorescently labeled F-actin or Bl integrin and the collagen

matrix were acquired on a Zeiss LSM 800 using the 63x objective. Z-stacks
spanning 10-15 pm with step size 1 um were acquired in both channels.

Collagen was characterized using the Orientation) plugin for Fiji
(Puspoki et al., 2016). Orientation] uses a structure tensor-based
approach to measure local orientation of features in an image. Prior to
measuring collagen alignment, images were normalized using a
histogram-matching algorithm to account for differences in intensities
during image acquisition.

To quantify collagen alignment, cell surroundings were segmented into
equally sized regions for analysis. Cell segmentation was performed using a
custom Fiji macro. Cells were segmented into regions corresponding to 45°
slices of a circle. The ROIs started at the edge of the cell membrane and
extended 1.5x the cell radius into the surrounding collagen (Fig. S8). For
cells with blebby regions, cells were segmented into eight regions of equal
size, using Orientation] to minimize the number of regions containing blebs
in only a small part of the region. For each region, a 90° window for collagen
alignment was considered; for example, the region corresponding to 45-90°
in the circle had an angle cutoff window of 22.5-112.5°. Regions in which
the OrientationJ-identified dominant angle fell into this window were
considered ‘aligned’. Classification of cell membrane regions as ‘blebby’ or
‘non-blebby’ was performed by eye. The number of aligned regions is
expressed as a percentage of the total number of regions of a given type
assessed per cell.

Angle alignment is not sufficient to characterize collagen reorganization
by the cell because it is insensitive to the amount of collagen present. As
another metric of collagen reorganization, collagen density per region was
also assessed, with high density indicative of extensive ECM compaction
and remodeling by the cell. The energy value output from Orientation] was
used to characterize density. The energy is a sum of the eigenvalues of the
structure tensor and provides a general measure of how many collagen fibers
are in a given region.

Statistical analysis

All statistical analyses and the software used for these analyses are
summarized in Table S1. All statistical tests were conducted at 0=0.05.
Statistical significance is indicated by *P<0.05, **P<0.01 and ***P<0.001.
Lack of statistical significance (P>0.05) is denoted using a dagger (7).

Circularity distributions between biological replicates were compared
using Kolmogorov—Smirnov (KS) analysis. Comparison of circularity of the
cell lines in various matrices was also conducted using KS analysis. Cell
protrusion classifications were compared between replicates using ANOVA
tests, whereas the cell protrusion classifications of the cell lines in various
matrices were compared using #-tests.

For analysis of spheroid invasion during pharmacological and genetic
inhibition experiments, Wilcoxon Rank-Sum tests were used to compare
spheroid invasion under inhibition to the appropriate control. For the
collagen contraction assays for both cell lines, the percentage contraction of
untreated cells versus cells treated with anti-integrin Bl antibody were
compared using Wilcoxon Rank-Sum tests.

The occurrence of total Bl integrin versus CellMask clusters on MDA-
MB-231 cells was analyzed in a number of ways. First, one outlier bleb was
removed from the data set via Grubb’s test based on its large perimeter. The
average skew and kurtosis were calculated, demonstrating normality of the
distribution as well as equal distribution of data between biological
replicates via ANOVA analysis. To ensure consistency between biological
replicates, the occurrence of total B1 integrin and CellMask cluster-positive
blebs from individual experiments were compared using a #-test between
percentages. The occurrence of total B1 integrin versus CellMask clusters at
bleb necks were similarly compared using a t-test between percentages.
Likewise, the occurrence of total B1 integrin and CellMask clusters at bleb
necks and the entire cell membrane were compared with statistically
expected values using a r-test by percentages. The perimeter of blebs and the
width of bleb necks with total B1 integrin clusters were compared with
cluster negative blebs using #-tests and KS tests. The occurrence of total p1
integrin clusters in untreated cells versus cells treated with anti-integrin total
B1 antibody were compared using f-test between percentages. A t-test
between percentages was also used to compare data between biological
replicates. Results for the occurrence of clustered versus individual blebs in
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untreated versus total Bl integrin-depleted cells were compared by r-test
between percentages.

All other cluster data (including total Bl integrin in MDA-MB-468 cells
and MDA-MB-231 spheroids, active and inactive Bl integrin, talin and
vinculin in MDA-MB-231 dispersed cells) were analyzed in a similar
manner. The skew and kurtosis of each data set were determined in order to
assess normality (Kim, 2013). Statistical consistency between dates was
shown using #-tests between percentages. Comparison of dyes/antibodies to
one another and of experimental results to statistically expected results were
compared using #-tests between percentages.

Comparison of Pearson’s R values for active Bl and collagen versus
inactive Bl and collagen was carried out using Wilcoxon Rank-Sum tests.

For collagen orientation analysis, the obtained values for collagen energy
and orientation angle were subjected to bootstrap resampling to address the
normality of the distribution. The mean values of the resampled data were
found to be normally distributed and the data was therefore regarded as
suitable for parametric statistical analysis. The #-tests were used to compare
mean energy values and angle alignment per cell for each region type
(blebby, non-blebby, Bl knockdown and cell-free).
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Figure S1. (a) Representative transmitted light images of (left) an MDA-MB-468 spheroid and (right) an
MDA-MB-231 spheroid invading in a collagen | gel at 24 h. Red circle represents invasive distance as
described in Materials and Methods. Scale bars = 500 um. (b) MDA-MB-468 and MDA-MB-231
multicellular tumor spheroid invasion in 3D collagen | gels at t = 24 h and t = 48 h. Mean values of invasive
distance + SD are shown; n (MDA-MB-468) = 12, n (MDA-MB-231) = 9. (c, d) Transmitted light time-lapse
images of spheroids invading in 1 mg/ml 3D collagen | with (c) MDA-MB-468 cells showing round cell
invasion and (d) MDA-MB-231 cells showing dynamic interconversion between elongated and round cell
morphology of invading cells. Images are (c) 20 min apart starting at t = 7 h or (d) 30 min apart starting at
t = 10.5 h after collagen embedding of the spheroids. Arrows indicate emigrating bleb-bearing cells. Scale
bars = 50 um. Images in (c, d) are obtained from M1 and M2, respectively.
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Figure S2. (a, b) Correlative analysis of the occurrence of membrane blebs and actin-driven protrusions in
MDA-MB-468 and MDA-MB-231 cells of (a) round cells (c = 0.75) and (b) elongated cells (c < 0.75)
embedded in 3D 1 mg/ml collagen | (Coll) or the composite 1 mg/ml collagen | + 3 mg/ml BME (Coll-BME)
matrices. Totals may be more than 100% since some cells have both at least one bleb and at least one
actin-driven protrusion. Data set is the same as that used for Fig. 1 in the main text. Data was pooled from
3-4 statistically identical biological replicates. n =149, 103, 117, 122 for MDA-MB-468 Coll, MDA-MB-468
Coll-BME, MDA-MB-231 Coll, and MDA-MB-231 Coll-BME, respectively. Differences were assessed by t-
tests between percents. In this and all subsequent figures in which statistical analysis is performed, the
analyses are conducted at o = 0.05, and significant different are marked by * (* p < 0.05, ** p < 0.01, ***
p <0.001) and insignificant by T. (c, d) Mean normalized fluorescence intensity of total B1 integrin staining
at individual bleb necks of the same dispersed MDA-MB-231 cells used in the analysis shown in Fig. 4 of
the main text plotted against (c) perimeter of the bleb or (d) the width of the bleb neck. Blebs bearing
clusters or no clusters are represented by filled and open symbols, respectively. The distributions of bleb
perimeters and bleb neck widths of blebs with and without B1 clusters were compared by KS test and t-
test between percents and were found to be statistically equivalent.
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Figure S3. (3, ¢, e, g) Representative confocal fluorescence microscopy maximum projections over = 50
um of (a, ¢, e) phalloidin-stained (a) MDA-MB-468 (c) MDA-MB-231, and (e) patient-derived breast cancer
organoid and (g) CellMask-stained MDA-MB-231 spheroid at t = 24 h, each in 1 mg/ml collagen I. White
squares indicate regions presented in higher magnification in b, f, and g. (b, d, f) Representative images
of phalloidin-stained (b) MDA-MB-468, (d) MDA-MB-231, and (f) patient-derived breast cancer cells (red)
invading as clusters or individual cells and (green) their immediate collagen environment. (g)
Representative images of (red) CellMask stained MDA-MB-231 cells showing polarized bleb bearing
regions and (green) their immediate collagen environment. White arrows indicate sites of collagen fiber
alignment adjacent to bleb-bearing regions of cells, showing efficient invasion of round bleb-bearing cells
into the collagen | matrix accompanied by extensive collagen re-organization. In (b) and (f), dark regions
that are apparently devoid of collagen are caused by out of plane portions of the spheroid or organoid.
(a, c, e) Scale bar = 200 um; (g) Scale bars = 100 um on large image and 10 um on the small images; (b, f)
Scale bar = 50 um; (d) Scale bar = 10 um.
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Figure S4. (a) Comparison of invasion reduction through function blocking antibody (AB) and siRNA-
mediated integrin knockdown, with two siRNAs used for the MDA-MB-231 cells (siRNA1 and siRNA2).
Mean invasion relative to solvent or non-targeting siRNA controls + SD for MDA-MB-468 and MDA-MB-
231 in pure collagen at t = 24 h is shown. n = 11 (MDA-MB-468 function blocking AB and control), 12
(MDA-MB-468 siRNA1 and control), 10 and 11 (MDA-MB-231 function blocking AB and control), 13 (MDA-
MB-231 siRNA1 and control) and 13 and 12 (MDA-MB-231 siRNA2 and control). t-tests were used to
compare normalized invasion under the function blocking antibody- and siRNA-mediated integrin
inhibition (within one cell line) and the resulting inhibitory effects were found to be statistically equal. (b)
SDS-PAGE and Western Blot of cell lysates from MDA-MB-231 cells transfected with either control,
siRNA1, or siRNA 2 and harvested on either day 3 or day 5. Equal amounts of protein were loaded for each
condition. Western Blot was probed against B1 integrin to show knockdown efficiency, and GAPDH was
used as a control to show equal loading. siRNA1 is used at all other points in this paper. (c) Collagen gel
contraction by MDA-MB-468 and MDA-MB-231 cells under antibody-mediated integrin inhibition
compared to control shown as mean decrease of the gel area £ SD at t = 24 h. Experiment was performed
in biological triplicate. (d, e) B1 integrin expression of (d) MDA-MB-468 and (e) MDA-MB-231 cells were
subjected to fluorescent labeling of cell surface B1 integrin via sequential incubation with 1 integrin
primary antibody and fluorescently labeled secondary antibody and fluorescence was measured by flow
cytometry. Cells treated with secondary antibody only were used as a negative control (left panels). n =
10000 cells for each cell line and condition. (f, g) Analysis of changes in cellular morphology and protrusion
type of MDA-MB-231 cells embedded in collagen | matrices following siRNA-mediated B1 integrin
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knockdown in comparison to control group. (f) Histogram of cell circularity of f1 integrin knockdown cells
to control cells. Differences in distributions were assessed by KS analysis (g) Percentage of both 1 integrin
knockdown and control cells bearing at least one protrusion from each class. Actin polymerization-driven
protrusions are summarized under “filopodia.” Differences in occurrence of each protrusion type were
assessed by t-tests. Data was pooled from 3 statistically identical biological replicates. n =138 and 104 for
the control group and the siRNA knockdown, respectively.

E] MB468

[ MB231 spheroid

e .
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2 |
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beta1 CellMask

Figure S5. (a-c) CellMask images of the 1 mg/ml collagen I-embedded (a) MDA-MB-231 cell (b) MDA-MB-
468 cell and (c) the edge of an MDA-MB-231 spheroid shown for each of the three images also shown in
Fig. 5 in the main text. (c) White dashed lines show the edge of the spheroid. (d) Representative example
of region selection for cluster analysis. Image shows a single confocal slice of a cell with the region of
interest (ROI) shown in red. A more complete explanation of the protocol can be found in Materials and
Methods in the main text. In (a-d), arrows indicate bleb necks. t = 6 h. Scale bar = 10 um. (e) Analysis of
integrin distribution on the cell membrane of collagen I-embedded MDA-MB-231 cells immunostained for
cell surface total B1 integrins and CellMask. The measured occurrences of B1 integrin and CellMask
clusters on the bulk cell membrane was compared to values predicted for normal distributions by t-test
between percents and were found to be statistically equal. Data was pooled from 3 statistically identical
biological replicates. n = 48 (individual, non-overlapping confocal slices were treated as independent
samples).
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Collagen

Figure S6. Representative image of an MDA-MB-231 cell stained with (red) phalloidin in a (green) 1 mg/ml
collagen | matrix. Image shows polarized bleb formation as well as collagen alignment at bleb necks (white

arrows). t =6 h. Scale bar = 10 um.
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region of interest, which is represented at higher magnification below. (b) Higher magnification images
collectively show the accumulation of (left) active B1 integrin, (center) polarized, bleb-bearing cells, and
(right) accumulation of collagen overlapping with both the accumulation of active B1 integrin and the
polarized distribution of blebs. White arrows note round, bleb-bearing cells with active 1 integrin and
collagen accumulation. t = 6 h. (a) Scale bar = 100 um; (b) Scale bar = 10 um.

Figure S8. Representative example of segmentation for collagen orientation analysis. Measurement
regions surrounding a cell for the (a) phalloidin (red) channel and (b) collagen (green) channel. Panel (a)
shows the division of the cell into non-blebby regions (#1 and #8) and blebby regions (#2-7). The red lines
in (c) indicate the 90° angular window corresponding to collagen alignment for region 5.
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Supplementary Table

Table S1. Details of statistical analyses performed.

Data Figure Test For (Test Used) SoLtsv::re Test Details (o = 0.05) Meaning of Results
Cell Morphology
468 Coll I p>0.05 All dates are equal
1b 1. Compare distributions by date (KS Test) XLSTAT 468 Coll-BME p > 0.05 excluding one pair  All dates are equal except for
where p = 0.02 one date pairing
2. Compare distributions by matrix (KS Test) R p>0.05 Equal circularity
231 Coll I p>0.05 All dates are equal
1. Compare distributions by date (KS Test) XLSTAT 231 Coll-BME p > 0.05 excluding two pair  All dates are equal except for
Circularity Parameter 1d where p =0.026 and p < 0.0001 one date pairing
T . 231 Coll-BME is more round
2. Compare distributions by matrix (KS Test) R p<0.0001 than 231 Coll |
231B1KD p>0.05 All dates are equal
1. Compare distributions by date (KS Test) XLSTAT s d q
saf 231 Scrambled p >0.05 All dates are equal
o 3 231 B1 KD is more round than
2. Compare distributions by matrix (KS Test) R p <0.0001 231 Scrambled
1. Compare Occurrence of protrusions by date Excel 468 Coll | p>0.05 All dates are equal
(Single Factor ANOVA) 468 Coll-BME p>0.05 All dates are equal
1c Blebs p <0.0001 468 Coll-BME has more
2. Compare occurrence of protrusions by matrix Excel Actin-Driven p < 0.0001 468 Coll | has more
(Single Factor ANOVA) Both p=0.037 468 Coll | has more
Neither p =0.037 468 Coll | has more
1. Compare Occurrence of protrusions by date Excel 231 Coll | p>0.05 All dates are equal
(Single Factor ANOVA) 231 Coll-BME p>0.05 All dates are equal
le Blebs p <0.0001 231 Coll-BME has more
. 2. Compare occurrence of protrusions by matrix Actin-Driven p < 0.0001 231 Coll I has more
Protrusions X Excel
(Single Factor ANOVA) Both p >0.05 231 Coll I has more
Neither p =0.001 231 Coll-BME has more
1. Compare Occurrence of protrusions by date Excel 231 B1KD p>0.05 All dates are equal
(Single Factor ANOVA) 231 Scrambled p>0.05 All dates are equal
<a Blebs p =0.001 B1 KD has more
g 2. Compare occurrence of protrusions by matrix Excel Actin-Driven p < 0.0001 Scrambled has more
(Single Factor ANOVA) Both p =0.0002 Scrambled has more
Neither p <0.0001 B1 KD has more
6i 1. Comparison of Percents (Two Sample t-test Statistics Clustered Blebs p <0.0001 Control has more
between Percents) Calculator Single Blebs p <0.0001 B1 KD has more
1c i P t of Round Cells Carryi 468 Coll | p <0.0001 Blebs are more common
. ompanst?n ° N ercent o 'oun el Larrying Statistics 468 Coll-BME p <0.0001 Blebs are more common
S2a  Blebs vs. Actin-Driven Protrusions (One Sample t-
Calculator 231 Coll | p =0.0386 Blebs are more common
test between percents)
. . . 231 BME p <0.0001 Blebs are more common
Circularity vs. Protrusions
i 468 Coll | p>0.05 Equal occurrence
1. Comparison of Percent of Elongated Cells -
. ) N ) Statistics 468 Coll-BME p>0.05 Equal occurrence
S2b  Carrying Blebs vs. Actin-Driven Protrusions (One o
Calculator 231 Coll | p <0.0001 Actin-driven are more common
Sample t-test between percents)
231 BME p>0.05 Equal occurrence
Spheroid Invasion and Gel
Contraction
I tof B1 1. Comparison of invasive distance under various  Statistics 468 p>0.05 Invasive distance is identical
mpact o B1 inhibition (Two-Tailed t-test) Calculator 231 p>0.05 Invasive distance is identical
Rac p>0.05 Invasion is not impacted
3a 1. Comparison of invasive distance under various R 268 Coll | ROCK p=0.0014 Invasion is decreased
treatments (Wilcoxon Rank-Sum) B1KD p <0.0001 Invasion is decreased
MMPs p =0.0034 Invasion is decreased
Rac p=0.0413 Invasion is decreased
. . . . . ROCK p =0.0095 Invasion is decreased
1. Comparison of invasive distance under various o
3b . R 231 Colll B1KD#1 p <0.0001 Invasion is decreased
treatments (Wilcoxon Rank-Sum) o
B1KD #2 p =0.0002 Invasion is decreased
Various Inhibitors MMPs p>0.05 InvasmAn |sAnot impacted
Rac p <0.0001 Invasion is decreased
3¢ 1. Comparison of invasive distance under various R 231 Coll- ROCK p <0.0001 Invasion is decreased
treatments (Wilcoxon Rank-Sum) BME B1KD p =0.0002 Invasion is decreased
MMPs p <0.0001 Invasion is decreased
468 siRNA1 >0.05 Invasion is impacted equall
1. Comparison of function blocking B1 antibody  Statistics X e L £ qua’y
. 231 SiRNA1 p>0.05 Invasion is impacted equally
to B1 siRNA knockdown (t test between percents) Calculator X .
S4a 231 SiRNA2 p>0.05 Invasion is impacted equally
. i i i - Statisti
2. Comparison of siRNA #1 to siRNA #2 (t-test atistics 231 p>0.05 Invasion is impacted equally
between percents) Calculator
. 1. Comparison of Gel Contraction under f1 231 p=0.0265 KD decreases contraction
Gel Contraction S4c } o - R ;
antibody inhibition (Wilcoxon Rank-Sum) 468 p=0.0284 KD decreases contraction
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Data Figure Test For (Test Used) Solztsv::re Test Details (a = 0.05) Meaning of Results
Occurrence of B1 Clusters
1. Removal of outlying bleb based on bleb
R | of Outli NA Excel =0.0023 Blebi tli
emoval of Outlier perimeter (Two Tailed Grubb's Test for Outliers) xce P ebis an outlier
B1 Skew 5§=1.223 Distribution is normal
1. Determination of Skew and Kurtosis of Excel Kurtosis k=3.690 Distribution is normal
distributions (Skew and Kurtosis) CellMask Skew s=0.764 Distribution is normal
Kurtosis k=2.301 Distribution is normal
2. Comparison of Occurrence of Clusters by Date ~ Statistics B1 p>0.05 All dates are equal
B1 vs CellMask Clusters at (Two S‘ample t-test between percents) Calculator CellMask p>0.05 All dates are equal
the Bleb Neck - 468 4d 3. Comparison of Occurrence of B1 Clusters vs Statistics
CellMask Clusters (One Sample t-test between Calculator p <0.0001 B1 has more clusters
Percents)
4. Comparison of actual vs expected Occurrence s B1 p <0.0001 There are more B1 Clusters than
Statistics expected
of B1 and CellMask Clusters (One Sample t-test
Calculator There are more CellMask
between Percents) CellMask p=0.023
Clusters than expected
Skew s=0.715 Distribution is normal
1. Determination of Skew and Kurtosis of Excel Kurtosis k=0.814 Distribution is normal
distributions (Skew and Kurtosis) CellMask Skew s=0.207 Distribution is normal
Kurtosis k =-0.001 Distribution is normal
2. Comparison of Occurrence of Clusters by Date  Statistics B1 p>0.05 All dates are equal
(Two Sample t-test between percents) Calculator CellMask p>0.05 All dates are equal
Skew p>0.05 All dates are equal
B1 vs CellMask Clusters at ud 3. Comparison of Distribution by Date (Single Excel Kurtosis p>0.05 All dates are equal
the Bleb Neck - 231 Factor ANOVA) CellMask Skew p>0.05 All dates are equal
Kurtosis p>0.05 All dates are equal
4. Comparison of Occurrence of B1 Clusters vs Statistics
CellMask Clusters (One Sample t-test between p=0.0012 B1 has more clusters
Calculator
Percents)
Th 1 Clusters th
5. Comparison of actual vs expected Occurrence - B1 p=0.028 ere are more B1 Clusters than
Statistics expected
of B1 and CellMask Clusters (One Sample t-test
Calculator There are equal CellMask
between Percents) CellMask p>0.05
Clusters to expected
Th | B1 Clusters t
1. Comparison of actual vs expected Occurrence - B1 p>0.05 ere are equal B1 Clusters to
B1 vs CellMask Clusters on Statistics expected
S5e  of B1 and CellMask Clusters (One Sample t-test
the Bulk Membrane - 231 Calculator There are equal CellMask
between Percents) CellMask p>0.05
Clusters to expected
1. Dependence of bleb perimeter on the 1 Clusters occur independentl
Dependence of Bleb Size | S2c P P . Excel p>0.05 B . P v
Occurrence of B1 clusters (Two-Tailed t-test) of perimeter
on B1 Cluster Occurrence - - .
231 s2d 1. Dependence of bleb neck width on the Excel 50.05 B1 Clusters occur independently
Occurrence of B1 clusters (Two-Tailed t-test) P> of neck width
Skew 5=0.895 Distribution is normal
1
1. Determination of Skew and Kurtosis of Excel g Kurtosis k=1.416 Distribution is normal
distributions (Skew and Kurtosis) o
Skew 5=0.324 Distribution is normal
CellMask =
a Kurtosis k=0.253 Distribution is normal
B1 vs CellMask Clusters at 2. Comparison of Occurrence of Clusters by Date ~ Statistics B1 p>0.05 All dates are equal
the Bleb Neck - 231 4d (Two Sample t-test between percents) Calculator CellMask p>0.05 All dates are equal
Spheroids 3. Comparison of Occurrence of B1 Clusters vs Statistics
CellMask Clusters (One Sample t-test between p <0.0001 B1 has more clusters
Calculator
Percents)
There are more B1 Clusters than
4. Comparison of actual vs expected Occurrence . B1 p <0.0001 re B Clu
Statistics expected
of B1 and CellMask Clusters (One Sample t-test
Calculator There are more CellMask
between Percents) CellMask p=0.0001
Clusters than expected
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Pearson's R Values

Collagen (Wilcoxon Rank-Sum)

Software
Data Figure Test For (Test Used) Used Test Details (a = 0.05) Meaning of Results
B1 Skew 5=0.682 Distribution is normal
1. Determination of Skew and Kurtosis of Excel Kurtosis k=1.003 Distribution is normal
distributions (Skew and Kurtosis) Talin Skew s=0.906 Distribution is normal
Kurtosis k=1.604 Distribution is normal
2. Comparison of Occurrence of Clusters by Date ~ Statistics B1 p>0.05 All dates are equal
(Two Sample t-test between percents) Calculator Talin p>0.05 All dates are equal
3. Comparison of Occurrence of B1 Clusters vs Statistics
B1 vs Talin Clusters at the Talin Clusters (One Sample t-test between p>0.05 B1 has equal clusters to Talin
5c Calculator
Bleb Neck - 231 Percents)
4. Comparison of actual vs expected Occurrence . B1 p <0.0001 There are more p1 Clusters than
) Statistics expected
of B1 and Talin Clusters (One Sample t-test B
Calculator . There are more Talin Clusters
between Percents) Talin p=0.0001
than expected
5. Comparlson‘ of actual vs expected Occurrence Statistics There are more B1 and Talin Co-
of B1 and Talin Co-clusters (One Sample t-test p =0.0025
Calculator clusters than expected
between Percents
Bl Skew s=1.000 Distribution is normal
1. Determination of Skew and Kurtosis of Excel Kurtosis k=1.614 Distribution is normal
distributions (Skew and Kurtosis) Vinculin Skew s=1.107 Distribution is normal
Kurtosis k=2.161 Distribution is normal
2. Comparison of Occurrence of Clusters by Date ~ Statistics B1 p>0.05 All dates are equal
(Two Sample t-test between percents) Calculator Vinculin p>0.05 All dates are equal
3. Comparison of Occurrence of B1 Clusters vs Statistics B1 has more clusters than
B1 vs Vinculin Clusters at 5c Vinculin Clusters (One Sample t-test between Caleulat p <0.0001 Vinculi
the Bleb Neck - 231 Percents) alculator inculin
Th 1 Clusters th
4. Comparison of actual vs expected Occurrence . B1 p <0.0001 ere are more f1 Clusters than
) . Statistics expected
of B1 and Vinculin Clusters (One Sample t-test R .
Calculator N There are equal Vinculin Clusters
between Percents) Vinculin p>0.05
to expected
5. Comparison of actual vs expected Occurrence
P I. . Lalvs exp Y Statistics There are more B1 and Vinculin
of B1 and Vinculin Co-clusters (One Sample t-test p <0.0001
Calculator Co-clusters than expected
between Percents
. Skew 5=0.608 Distribution is normal
Active 1 . = T
Kurtosis k=0.533 Distribution is normal
1. Determination of Skew and Kurtosis of . Skew s=2.697 Distribution is not normal
o . Excel Inactive B1 N = P
distributions (Skew and Kurtosis) Kurtosis k=11.836 Distribution is not normal
CellMask Skew' $=0.217 Distr?but?on is normal
Kurtosis k =-0.096 Distribution is normal
i >0.
2. Comparison of Occurrence of Clusters by Date  Statistics ACtIYe B p>0.05 All dates are equal
(Two Sample t-test between percents) Calculator Inactive p1 p>0.05 All dates are equal
P P CellMask p>0.05 All dates are equal
Active B1 vs Inactive B1 vs 42»CCompa rlson t;f00ccurrence Off| ACtItYe Bll Statistics p=0.001 Active B1 has more clusters than
CellMask Clusters at the Clus.te(r)sn\llzagleslan:sk Cclzlsjtr::(cg:e Sr::rcw I:I:tstest Statistics 5005 Inactive B1 has equal clusters to
Bleb Neck - 231 P Calculator p>0 CellMask
between Percents)
5.C i f O f Acti 1
ompa r|s<')n of Ocurrence of Active B Statistics Active B1 has more clusters than
Clusters vs Inactive B1 Clusters (One Sample t-test p=0.011 )
Calculator Inactive f1
between Percents)
Active p1 p<0.0001 There are more Active 1
. Clusters than expected
6. Comparison of actual vs expected Occurrence L .
Statistics . There are more Inactive f1
of B1 and CellMask Clusters (One Sample t-test Inactive B1 p =0.005
Calculator Clusters than expected
between Percents)
There are more CellMask
CellMask p=0.004
Clusters than expected
Active B1 vs Inactive B1 1. Comparison of Pearson's R Values between Active B1 is more correlated
against Collagen | 6f Active B1 and Collagen and Inactive B1 and R p=0.0016 with collagen accumulation than

inactive 1
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Data Figure Test For (Test Used) So;ts\nel:re Test Details (a = 0.05) Meaning of Results
Collagen Pulling
Cell-Free Gels Distribution is Normal
1. Data resampling to determine normality R B1KD Distribution is Normal
Bootstrap Resamplin,
( P pling) Non-Blebby Region Distribution is Normal
Collagen Density 8e Blebby Region Distribution is Normal
- <0. i i
2. Analysis of Density of Collagen | in Bleb Bearing Blebby to Non-blebby p<0.0001 Blebby Reg!ons have h!gher
. X Blebby to B1 KD p<0.0001 Blebby Regions have higher
Regions of Cells as compared to other regions R Blebby Regions have hisher
(Two Tailed t-test) Blebby to Cell Free p<0.0001 Y Reg X g
collagen density
Cell-Free Gels Distribution is Normal
1. Data resampling to determine normality R B1KD Distribution is Normal
(Bootstrap Resampling) Non-Blebby Region Distribution is Normal
N Blebby Region Distribution is Normal
Collagen Alignment 8f
& '8 . . . . Blebby to Non-blebby p=0.0166 Blebby Regions have more
2. Analysis of Collagen Alignment in Bleb Bearing N
X R Blebby to 1 KD p=0.0023 Blebby Regions have more
Regions of Cells as compared to other regions R N
X Blebby Regions have more
(Two Tailed t-test) Blebby to Cell Free p <0.0001 g
aligned collagen |
468 Refers to MDA-MB-468
231 Refers to MDA-MB-231
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Supplementary Movies

Movie 1. Transmitted light images of an MDA-MB-468 spheroid showing round cell invasion into a 1
mg/ml collagen | gel. Images are taken starting at t = 2.25 h after collagen embedding of the spheroid.
Frames were taken every 5 minutes. Length of movie is 6.25 hours. Movie is played back at 7 frames/s.
Frames from this movie are also shown in Figs. S1c and Fig. 2 in the main text. Scale bar = 25 um.

Movie 2. Transmitted light images of an MDA-MB-231 spheroid showing invasion of cells with dynamically
changing morphology into a 1 mg/ml collagen | gel. Images are taken every 5 minutes starting att = 7.75
h after collagen embedding of the spheroid. Length of movie is 6.25 hours. Movie is played back at 7
frames/s. Frames from this movie are also shown in Fig. S1d and Fig. 2 in the main text. Scale bar = 25 um.
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Movie 3. Confocal reflectance images of the collagen matrix surrounding the MDA-MB-468 spheroid
shown in M1 (at a slightly different location on the spheroid). Locations of apparent lack of collagen | that
develop over the time course of the movie are caused primarily by out of plane spheroid and invading
cells limiting excitation light reaching the imaging plane. Images are taken every 5 minutes starting at t =
2.25 h after collagen embedding of the spheroid. Length of movie is 6.25 hours. Movie is played back at 7
frames/s. Frames from this movie are shown in Fig. 2 in the main text. Scale bar = 25 um.

Movie 4. Confocal reflectance images of the collagen matrix surrounding the MDA-MB-231 spheroid
shown in M2. Locations of apparent lack of collagen | that develop over the time course of the movie are
caused primarily by out of plane spheroid and invading cells limiting excitation light reaching the imaging
plane. Images are taken are taken every 5 minutes starting at t = 7.75 h after collagen embedding of the
spheroid. Length of movie is 6.25 hours. Movie is played back at 7 frames/s. Frames from this movie are
shown in Fig. 2 in the main text. Scale bar = 25 um.
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supp-7 (C rted).mov

10 pm

Movie 5. MDA-MB-231 cell labeled with (red) CellMask and embedded in (green) fluorescently labeled
collagen | imaged shortly after completion of collagen gelation (t = 36 min after collagen embedding). The
cell shows initial attachment to and pulling of a collagen fiber by a single bleb (white arrows). Images were
taken every 10 seconds. Length of movie is 560 seconds. Movie is played back at 7 frames/s. Frames from
this movie are also shown in Fig. 7A in the main text. Scale bar = 10 um.

supp-8 (Converted).mov

10 pm

Movie 6. MDA-MB-231 cell also shown in V4 shown over a longer time period starting immediately after
completion of collagen gelation (t = 81 min after collagen embedding). The cell shows persistent
attachment of collagen fibers at the site of multiple recurrent blebs (bracketed region). Images were taken
every 10 seconds. Length of movie is 28.5 minutes. Movie is played back at 7 frames/s. Frames from this
movie are also shown in Fig. 7B in the main text. Scale bar = 10 um.
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. N N supp-9 (Converted).mov

10 pm

Movie 7. MDA-MB-231 cell labeled with (red) CellMask and embedded in (green) fluorescently labeled
collagen | imaged starting at t = 6 h after cells were embedded in collagen. The cell shows how bleb
formation becomes increasingly confined to a particular cell region over time and how the coincident
collagen reorganization is spatiotemporally coordinated with the recurrent bleb formation. Images were
taken every 10 seconds. Length of movie is 12.5 minutes. Movie is played back at 7 frames/s. Frames from
this movie are also shown in Fig. 8B in the main text (rotated by 180°). Scale bar = 10 um.

B supp-10.mp4
\

-

Movie 8. MDA-MB-231 cell labeled with (red) CellMask and embedded in (green) fluorescently labeled
collagen |l imaged starting at t =5.75 h after cells were embedded in collagen. The cell shows the strongest
collagen reorganization at the site of polarized, recurrent clustered blebs. Images were taken every 9.7
seconds. Length of movie is 30 minutes. Movie is played back at 7 frames/s. Frames from this movie are
also shown in Fig. 8C,D in the main text. Scale bar = 10 um.
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