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SUMMARY

How cancer cells determine their shape in response to three-dimensional (3D) geometric and mechanical
cues is unclear. We develop an approach to quantify the 3D cell shape of over 60,000 melanoma cells in
collagen hydrogels using high-throughput stage-scanning oblique plane microscopy (ssOPM). We identify
stereotypic and environmentally dependent changes in shape and protrusivity depending on whether a
cellis proximal to a flat and rigid surface or is embedded in a soft environment. Environmental sensitivity met-
rics calculated for small molecules and gene knockdowns identify interactions between the environment and
cellular factors that are important for morphogenesis. We show that the Rho guanine nucleotide exchange
factor (RhoGEF) TIAM2 contributes to shape determination in environmentally independent ways but that
non-muscle myosin Il, microtubules, and the RhoGEF FARP1 regulate shape in ways dependent on the
microenvironment. Thus, changes in cancer cell shape in response to 3D geometric and mechanical cues

are modulated in both an environmentally dependent and independent fashion.

INTRODUCTION

The ability of metastatic cancer cells to invade three-dimensional
(38D) structures such as tissues and organs is dependent on
cytoskeletal changes in response to factors such as stiffness
and geometry.'® Collagen is an abundant protein in human tis-
sues, and collagen hydrogels are a common model to study
cancer morphogenesis in 3D. In compliant 3D collagen environ-
ments, cells have been observed to adopt “mesenchymal”
or “ameboid” shapes.7’9 In contrast, cells tend toward the
ameboid form in rigid low-adhesion'®"* or highly confined
environments.”>"%16 Different collagen compositions can drive
alterations in cell shape depending on properties such as elastic
modulus, collagen cross-linking, and pore size.'”2° Importantly,
the ability of some cells to switch between mesenchymal and
ameboid forms likely provides cancer cells with the ability to
invade substrates with different stiffnesses and geome-
tries.”?"?> However, there is little quantitative understanding of
how cells couple shape determination to the forces and geome-
tries of 3D environments and how this process may be dysregu-
lated in cancer cells.

Changes in cytoskeletal, lipid, and adhesion organization
that determine cell shape in response to the cell environment
are regulated by Rho GTPase proteins such as RHOA, RAC1,
and CDC42.%*** Canonically, RHOA activation is associated
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with increased activation of Rho-associated protein kinases
(ROCKs), which upregulate myosin-ll-mediated contractility at
the cell cortex and cell rounding.?>2® In contrast, RAC1 activation
leads to increased WAVE activity, polymerization of branched
actin structures, and protrusive structures such as lamellipo-
dia.?” CDC42 promotes the polymerization of filamentous actin
structures, such as filopodia, and also promotes contractility
through activation of PAK2 in some contexts.?*2#282°
Additional layers of regulation by Rho guanine nucleotide ex-
change factors (RhoGEFs) and Rho GTPase activating proteins
(RhoGAPs) couple the spatiotemporal dynamics of Rho GTPase
activity to environmental flux.>>*" RhoGEFs increase the
signaling activity of GTPases by promoting the release of GDP
and loading of GTP.®> RhoGAPs decrease the activity of Rho
GTPases by catalyzing hydrolysis of GTP to GDP.** RhoGEFs
and RhoGAPs have been shown to confer environmental
responsiveness through recruitment and activation of Rho
GTPases at distinct subcellular locations. For example,
ARHGEF7 and SRGAP1 play important roles in regulating
cell shape in 3D collagen versus fibronectin gels.>* Pioneering
studies have shown that in melanoma cells, RhoGEFs,
RhoGAPs, and Rho GTPases regulate the conversion
between adhesion-based mesenchymal shapes and/or cortical
tension-based ameboid and lobopodial forms.”~*'"*> Despite
this, in many instances, the RhoGEFS/GAPs that allow cancer
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cells to respond to a particular environmental context remain to
be identified.

To better understand the relationship between 3D environ-
ments and cell morphology, as well as to identify the genes
and proteins important for coupling of environment to shape,
we used stage-scanning oblique plane microscopy (ssOPM)*®
to perform 3D imaging of melanoma cells cultured in 3D
collagen hydrogels. In this model, cells are either deeply
embedded in the collagen hydrogel or adjacent to a rigid and
flat surface (Figure 1A). This technique is based on oblique
plane microscopy (OPM), where the same high NA objective de-
livers the light sheet and collects the fluorescence.®” This sys-
tem is built around a standard microscope frame and uses stan-
dard multiwell plates. We retain the advantages of working with
a standard microscope frame but gain fast 3D imaging for hun-
dreds of cells per minute.

To gain mechanistic insight into 3D shape determination of
cancer cells in collagen hydrogels, we performed quantitative
morphological profiling®® of 3D cell shape. We did this in un-
treated cells, in cells exposed to small-molecule inhibitors of
cytoskeleton organization, and cells treated for depletion of
different Rho GTPase regulators. We identified stereotypic
and environmentally dependent changes in shape and protru-
sivity depending on whether a cell is adhered to a flat and
rigid surface or is embedded in a 3D soft environment. By calcu-
lating environmental sensitivity metrics for small molecules and
gene knockdowns, we identified interactions between the
environment and cellular factors that are important to shape
determination. We show that the RhoGEF TIAM2 contributes
to shape determination in environmentally independent ways
but that non-muscle myosin Il (NMII), microtubules (MTs), and
the RhoGEF FARP1 regulate shape in ways dependent on
the microenvironment, especially environmental geometry.
Focusing on cell protrusivity, we found that depletion of the
RhoGEF TIAM2 diminished protrusivity and increased signs
of NMIl-dependent contractility in both flat/rigid and soft
fully 3D environments. In contrast, depletion of the RhoGEF
FARP1 was only required for protrusivity in coverslip-proximal
(flat/rigid) environments. These data demonstrate that signaling
networks are capable of regulating morphology depending on
a cell’s local 3D environment. Taken together, these results
reveal context-specific regulators of protrusivity and highlight
the ability of high-throughput plate-based volumetric imaging
to rapidly assay and identify genes and proteins in control of
cell shape.
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RESULTS

A 3D imaging assay to measure cell shape in distinct
environments

To study 3D morphogenesis in mechanically and geometrically
distinct environments, we developed a pipeline to quantify the
shape of single melanoma cells in collagen hydrogels polymer-
ized on either glass or cyclic olefin polymer (plastic). Glass and
plastic are rigid substrates with a modulus of elasticity on the
order of 60-64 and 1.25-5.49 GPa, respectively. In contrast,
collagen is relatively elastic. Measurements of collagen stiffness
vary due to differences in deformation mode and hydrogel prep-
aration; however, stiffness generally increases with concentra-
tion."® Examples of stiffness measures for collagen concentra-
tions between ~0.5 to 7 mg/mL range from ~60 Pa to more
than 1,500 Pa.*°*° Cells situated on softer substrates, such as
collagen overlayed on a rigid base, are thought to respond to
the properties of both the soft and rigid materials.**~*° In our
model, a subpopulation of collagen-embedded cells is adhered
to or near the flat and rigid surface at the bottom of the hydrogel
(Figures 1A and 1B). This allowed us to use ssOPM to simulta-
neously image the 3D geometry of cells adhered to flat surfaces
and those embedded in the collagen hydrogel (Figures 1C and
1D). We used ssOPM to image CAAX-GFP-expressing
WM266-4 cells with nuclei marked by DRAQ5 (STAR Methods)
in collagen hydrogels on glass (collagen on glass). We inspected
these hydrogels by measuring scattered light intensity and found
relatively uniform intensity across a range of depths (Figure S1).
We scanned volumes in 96-well-plate format, and typically, each
single image volume contained ~150-200 cells, imaged over an
~144 um z range. In this study, we also analyzed a dataset that
we acquired similarly for De Vries et al.*® These data were of
collagen hydrogels on plastic (collagen on plastic), and his-
tone-RFP was used as a nucleus marker in place of DRAQ5. In
total, we imaged and analyzed more than 28,500 single cells in
collagen on glass (Table S3) and also analyzed a further dataset
of more than 37,000 single cells in collagen on plastic®®
(Table S4).

Defining a protrusivity metric

First, we sought to define the shape space explored by mela-
noma cells in different environments. Initially, we generated
over 20 measures of cellular or nuclear shape features
(Tables S1 and S2). As cell protrusion and protrusivity are drivers
of migration””**® and invasion and metastasis,*”**°° we created

Figure 1. Three-dimensional oblique plane microscopy of melanoma cells in distinct physical contexts
Images are from a collagen on glass dataset, and heatmap is from a collagen on plastic dataset from De Vries et al.*® (C), (D), (H), (1), and (J) depict different views

or enlargements of the same control-treated ssOPM image volume.
(A

F) Examples of 3D renderings and protrusivity metric.

(
(
(
(
(
(
(
(

bars: (B, I, and J) 50 um, (C, D, and H) 100 pm, (E) 40 um, and (F) 20 um.

) Schematic of cells in collagen hydrogel, proximal (blue) and distal (yellow) to the coverslip.

B) Three-dimensional rendering of control cells. Membranes are CAAX-GFP (inverted gray scale), and nuclei are DRAQ5 (magenta).

C) Orthogonal maximum-intensity projection (MIP) subvolumes (xy and xz views) from a control well. CAAX-GFP, yellow; nucleus, magenta.

D) xy subvolume section of control cells. CAAX-GFP, green; nucleus, magenta; collagen, gray.

E) Two-dimensional projections of cell segmentation masks (black) and convex hull (blue) over indicated protrusivity ranges (o is standard deviation).

G) Heatmap of shape feature Z scores for untreated cells from three experiments, 15 replicates. Cell count (right); color scale (purple-yellow) is log, cell count.
H) Segmentation masks from 3D collagen on glass; proximal (blue) and distal (orange) cells.
| and J) xy views of cells in 3D collagen in proximal (blue) and distal (yellow) settings. The scale bar for (I) and (J) is shared. (J) is a zoomed region from (D). Scale
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Figure 2. Characteristic shape changes between collagen environments, and interactions between non-muscle myosin I, microtubules, and

the collagen environment
Shape changes in WM266-4 cells in collagen hydrogels are shown. Data from De Vries et al.*®

(A) Hierarchical clustering of shape features based on correlations between features. Selected features are highlighted (dark gray). See Tables S1 and S2 for

feature names and descriptions.
(B) Correlation matrix of four selected shape features.

4 Cell Reports 43, 114016, May 28, 2024

(legend continued on next page)



Cell Reports

a protrusivity metric (Figures 1E, 1F, and S1). Increases in the
protrusivity metric correlated with direct counts of the number
of cell protrusions (Figures S1E and S1F), and linear models pre-
dicting protrusivity from the number of protrusions gave an R? of
~0.448. Combining protrusion number with cell-surface area
(which is sensitive to protrusion length) and orbit (distance be-
tween cell and nucleus centers) gave an improved RZ of
~0.595. Thus, our protrusivity metric is a single measure that
captures information about the number of protrusions, cell-sur-
face area, and relative positions of the cell and nucleus.

To visualize the relation of morphology and distance from the
rigid coverslip, we generated heatmaps of shape measurements
at different depths in collagen on plastic (Figure 1G). We noted
changes in protrusivity and other measures depending on
whether the base of the nucleus was less than 7 um (proximal)
or greater than 7 um (distal) from the coverslip, and we catego-
rized each cell as proximal or distal based on this criterion
(Figures 1G-1J). This cutoff is consistent with previous studies
showing that cells grown on soft layers can undergo shape
changes at between 3 and 10 um distance from an underlying

rigid coverslip or surface (depending on substrate and cell
Iine) 44,46,51-53

Human melanoma cells adopt different shapes in
distinct microenvironments

To understand how cells respond to changes in the geometric
and physical properties of the environment, we first studied un-
perturbed proximal and distal cells from our De Vries et al. data-
set.®® A number of our morphology measures were correlated,
so we used hierarchical clustering based on correlations be-
tween features to generate a reduced set for analysis. Clustering
identified four groups of shape features (Figure 2A), and the
representative features chosen were “cell surface area,” “angle
between cell and nucleus,” “cell protrusivity,” and “nucleus
sphericity.” The highest absolute correlation between these fea-
tures was ~0.53 (Figure 2B). Comparison of the morphology of
unperturbed proximal and distal cells within the same wells re-
vealed stereotypic differences. Distal cells were typically less
protrusive (Figure 2C) and had a smaller surface area (Figure 2C)
compared with proximal cells. In contrast to cell-shape features,
the nuclear sphericity and angle between the cell and the nu-
cleus were not significantly different between proximal and distal
cells. These data reveal that WM266-4 cells make specific and
characteristic morphological changes in response to the geo-
metric and physical properties of the microenvironment.
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Biology of protrusivity in 3D collagen

To understand how molecular control of protrusions changes
between different environments, we used a subset of condi-
tions from De Vries et al.*® to visualize and test how cell
protrusivity is affected by treatment with small-molecule inhib-
itors of the cytoskeleton (Figures 2D-2H). Treatments included
CK666 (Arp2/3 inhibitor), which reduces branched actin poly-
merization°*®%; blebbistatin (NMIl inhibitor)®® and H1152
(ROCK inhibitor), which reduce cell contractility®’>°; and
nocodazole (tubulin binding), which disrupts MT assembly
dynamics.®%¢’

Each drug had a consistent effect on protrusivity in both
proximal and distal contexts. Arp2/3 inhibition (CK666) and
MT inhibition (nocodazole) tended to reduce cell protrusivity
in both distal and proximal environments. In contrast, impairing
NMII-driven contractility (with blebbistatin) increased cell pro-
trusivity (Figures 2D-2F), visually (Figures 2D and 2E) and by
tests of well medians (Figure 2F). We calculated an environ-
mental sensitivity ratio (distal/proximal) of protrusivity for each
treatment and found striking interactions between the inhibitors
of the cytoskeleton and distinct microenvironments. For control
(DMSO)-treated cells, this ratio is ~0.84, indicating an ~16%
reduction in protrusivity due to changes in microenvironment
(Figure 2G). For CK666 treatment, the environmental sensitivity
ratio was similar to control at ~0.86. This contrasts with noco-
dazole, which reduces protrusivity, but with effects that are
strongly amplified in the distal environment (ratio of ~0.58).
Finally, we found that NMII/ROCK inhibitors increased protru-
sivity and that their effect was potentiated by the environment
(blebbistatin ratio ~1.08 and H1152 ratio ~1.01) (Figure 2G).
We extended this test across each shape feature and found
corresponding effects of NMII contractility inhibition on surface
area (Figure 2H) and small but persistent effects of nocodazole
on nucleus sphericity. Notably, untreated WM266-4 melanoma
cells reduce protrusivity between proximal and distal environ-
ments (Figures 1G and 2C), and inhibiting NMIl-based contrac-
tility reversed the relationship between microenvironment and
protrusivity. NMII-inhibited distal cells were more protrusive
than their proximal counterparts. Together these results high-
light that protrusivity in 3D-collagen-embedded cells is espe-
cially dependent on MTs and especially inhibited by myosin
(NMII). The different effects of each inhibitor underscored that
WM266-4 cells actively sense and adapt to their environment,
with specific dependence on subsets of the cytoskeletal
signaling machinery.

(C) Normalized shape features in untreated cells (no treatment) compared between proximal (blue) and distal (orange) cells. Violin plots (gray) are single-cell data.
Points and rhomboids are well and plate medians, respectively. Boxplots are from well-level data. Tests are paired Wilcoxon tests, with Benjamini-Hochberg (BH)
adjustment at well level. n = 15 pairs per feature.

(D) Heatmaps of shape feature Z scores for indicated depths and treatments. Data represent >28,000 cells from three experiments.

(E) Stacked maximume-intensity projections of cell segmentation masks (from a single experimental repeat) that are closest to the median normalized protrusivity
for the indicated conditions. Images are log transformed to visualize the range of values. Scale bar: 20 um.

(F) Normalized cell protrusivity in control and inhibitor treatments. Points and boxplots are well-level data, values are group medians. Rhomboids are from plate medians.
G) Ratio of distal/proximal protrusivity of each well for the data from (F). Treatments are indicated. Boxplots and points are from well-level data. For (D), (F), and
G), abbreviated treatments are Blebbistatin (Bleb) and Nocodazole (Noc).

H) Heatmap of environmental sensitivity ratios (distal/proximal) from normalized shape features, with heatmap values and color scale relative to the control
DMSO). Significant differences in environmental sensitivity ratios are indicated. For (C), (F), and (G), point and rhomboid colors indicate plate (experimental
repeat). For (F), (G), and (H), tests are Kruskal-Wallis followed by Dunn’s post hoc compared with control (DMSO), with BH adjustment. n = 15 wells per treatment.
Significance levels: ns (no asterisk) p > 0.05; *p < 0.05; ** p < 0.01; **p < 0.001.
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RhoGEF/GAP/GTPases contribute to cell

morphogenesis in environmentally independent and
dependent ways

Our data indicated that cells in fully collagen-embedded (distal)
microenvironments reduce their protrusivity, and this effect is
modulated in opposing ways by contractility and MT polymeriza-
tion. To extend this understanding of molecular control of
protrusivity, we analyzed RhoGEF, RhoGAP, Rho GTPase, and
Rho-GTPase-related genes (RhoGEF/GAP/GTPases) and used
genetics to determine whether they control shape differences
between microenvironments.

We selected genes for study based on data from our previous
quantitative morphological screens depleting the majority of hu-
man RhoGEFs and RhoGAPs, and a range of associated genes,
on top of collagen matrices or plastic (Figure $2).5>%° Notably,
our measures for already known melanoma shape regulators
were consistent with previous screens in derivatives of the
A375 cell line.®?® In particular, ARHGAP22 and DOCK10
depletion increased elongation of cells cultured on top of 3D
collagen, whereas DOCK3 depletion increased cell roundness
(Figure S2). We selected the following nine genes for further char-
acterization: ARHGEF35, ARHGEF9, PREX2, FARP1, TIAM2,
SRGAP1, DOCK5, RND3, and ECT2.

We depleted these nine RhoGEF/GAP/GTPases (Figure S3)
and imaged them in collagen hydrogels on glass via ssOPM (Fig-
ure 3A). ECT2 siRNA functioned as a positive control for trans-
fection efficiency,®*°® as ECT2-depleted cells frequently display
a visible multinucleate phenotype due to failed cytokinesis.®®
Penetrance of more than 80% (Figures S3A-S3C) indicated
high rates of functional depletion. RT-qPCR for eight of nine of
our genes showed on average ~92.9% reduction in transcript
with a standard deviation of ~5.8 (Figure S3D). Taken together
these data indicate potent target depletion throughout our
experiments.

We measured cell morphology and performed dimensionality
reduction, which isolated similar representative features (as
from the dataset in Figure 2A) except that “nucleus sphericity”
clustered differently and was substituted with “nucleus minor
axis” (Figures 3C and S4). The general stability of our feature
reduction suggested we were tracking bona fide structures in
the cell geometry feature space. The difference in nuclear
feature clustering may relate to differences in nucleus signal
and segmentation between DRAQS5 (collagen hydrogel on
glass) and Histone-iRFP670 (collagen hydrogel on plastic).
Consistent with our results for collagen hydrogels on plastic
(Figure 2), control-treated cells had reduced protrusivity and
cell-surface area in distal versus proximal environments
(Figure S4).
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To quantify how RhoGEF/GAP/GTPases affect cell shape in
proximal versus distal cells, we projected feature measures (Fig-
ure 3B) in principal-component (PC) space (Figure 3C). Protru-
sivity made a large contribution to PC1, while nucleus minor
axis and the angle between the cell and the nucleus made large
contributions to PC2. Interestingly, depletion of some RhoGEF/
GAP/GTPase genes (for example, FARP1) generated overlap be-
tween proximal and distal cells in PC space (Figure 3B). We visu-
alized this shape convergence between proximal and distal cells
by generating stacked maximume-intensity projections (MIPs) of
cell masks (Figure 3D). These data indicated that depletion of
FARP1 uncouples environmental changes from shape control
(Figures 3B-3D). In contrast, TIAM2-depleted cells appeared
increased in PC1 (reduced protrusivity), irrespective of proximal
or distal context. This suggests that TIAM2 regulates shape in
environmentally independent ways.

To determine whether the effects of gene depletion on
morphology were more potent in proximal or distal environ-
ments, we compared the distributions of treatments in PC space
for different environments (Figure 3E). RhoGEF/GAP/GTPase-
depleted cells in proximal environments were visually separated
from control-treated cells (Figure 3E), but in the distal context
they were more widely distributed in PC space and overlapped
with control (Figure 3E). This indicated that the depletion of
RhoGEF/GAP/GTPases has more stereotyped effects on cell
shape in proximal (flat) compared with distal (embedded) envi-
ronments. To understand the source of increased variation in
the distal context, we inspected the coefficient of variation (CV)
for the control treatment shape features. We noted increased
variation in protrusivity for distal cells (Figure S3E), and Fligner
tests for homogeneity of variance found that this difference
was significant in two of our three replicates (Figure S3F).
Fisher’s test for combining p values supported the overall signif-
icance of the results that the variance in protrusivity increases in
distal environments.

Labeling data points by experimental repeats in PC space
revealed that a further component of variation (PC1) was
batch related (Figure S3G). Interestingly, this batch variation
appeared greater in distal cells. One likely source of this varia-
tion is differences in the physicochemical properties of collagen
between experiments. These data on variability also suggest
that the statistical power to differentiate cell phenotypes
following gene depletion is greater when cells are proximal
versus distal to the coverslip surfaces. Together, these data
indicate that greater variability in morphology in distal environ-
ments is driven by increased variation in protrusivity and
increased sensitivity to the varying properties of the collagen
microenvironment.

Figure 3. RhoGEF/GAP/GTPase-related gene depletion disrupts cell shape differences between collagen environments
Treatments are control (CONTROL/Control) or siRNA treatment targeting the indicated gene.
(A) Cropped xy/xz MIPs for nine Rho-regulator siRNA treatments. Cells are marked by CAAX-GFP (yellow) and nuclei by DRAQ5 (magenta). CONTROL example is

from the same volume as Figure 1C. Scale bar: 100 um.

(B) Principal-component analysis (PCA) plots of well medians, based on normalized measures. Proximal (blue) and distal (orange) conditions are indicated. Wells
per condition: CONTROL, 12; ARHGEF35, 14; ARHGEF9, 14; PREX2, 13; FARP1, 13; TIAM2, 13; SRGAP1, 13; DOCK5, 12; RND3, 13.

(C) Biplot of shape features in PC space (left) and feature correlation matrix (right).

(D) Stacked MIPs of segmentation masks of proximal or distal cells for treatment targeting the indicated gene. n = 250 each. Scale bar: 25um.

(E) PCA of data from (B), highlighting the effects of distal or proximal collagen environments.
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The effect of RhoGTPase regulators on cell shape is
environmentally constrained

PC analysis and visualization had indicated that some RhoGEF/
GAP/GTPases disrupt environmentally dependent morpholog-
ical changes. Next, we specifically tested their effect on shape
features, with a focus on cell protrusivity. We visualized single-
cell protrusivity (Figure 4A) and compared the protrusivity of con-
trol and RhoGEF/GAP/GTPase-depleted WM266-4 melanoma
cells separately for proximal and distal cells (Figures 4B and
4C). In proximal cells, depletion of FARP1, TIAM2, DOCKS,
and RND3 each decreased protrusivity (Figure 4B). In the distal
context, only cells depleted for TITAM2 and DOCK5 had reduced
protrusivity (Figure 4B). We also leveraged the large number of
siRNA treatments to look at effects on protrusivity without refer-
ence to a control treatment (Figure 4C). We used a W statistic for
common language effect size analysis of siRNA treatments on
protrusivity and found the same set of genes and patterns of
environmental dependence (Figure 4C). Previous screens in mel-
anoma have focused on ameboid (round) to mesenchymal (elon-
gated) shape transitions,®?® and we found that gene depletions
reducing protrusivity tended to increase sphericity (3D round-
ness) (Figure S5). We plotted elongation (termed "cell secondEc-
centricity"), protrusivity, and sphericity (roundness) on ternary
plots (Figures S5C-S5E), which highlighted that the round versus
elongated dichotomy may not capture differences in cytoskeletal
signaling between cells that are elongated and smooth versus
elongated and protrusive (Figure S5). These data indicate that
depletion of some RhoGEFs (such as TIAM2 and DOCKS5) re-
duces protrusivity in environmentally independent ways. In
contrast, depletion of others (such as FARP1 or RND3) does
so only in proximal (stiff and flat 3D) environments.

RND3 and DOCK5 depletion appeared to be associated with a
reduction in cell number, suggesting that decreased viability may
explain the quantitative decrease in protrusivity (Figure 4A). We
therefore focused our analysis on FARP1 and TIAM2 and also
checked for an influence of apoptotic pathways on shape by
measuring cleaved caspase-3 levels in cells depleted for FARP1
or TIAM2 (Figure S6). A majority of cells (~96%) had low levels
of cleaved caspase-3 (Figures S6A and S6B). For a minority of
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cells with high cleaved caspase-3, there was no effect on round-
ness for FARP1 depletion and some increase in roundness (a 2D
surrogate measure for protrusivity) for TIAM2 depletion (p < 0.05).
Together these results suggest that in a majority of cells FARP1
and TIAM2 control shape independent of changes in cleaved
caspase-3.

We visualized protrusivity in FARP1-depleted and TIAM2-
depleted cells (Figures 4D and 4E), and this corroborated that
FARP1-depleted cells are less protrusive in proximal environ-
ments but similar to controls in the distal context. In contrast,
TIAM2-depleted cells were round in both environmental con-
texts (Figures 4D and 4E). This was reflected in the environ-
mental sensitivity ratio for protrusivity, which showed significant
change for FARP1 but not TIAM2 (Figure 4F). Taken together,
these results indicate that control of protrusivity by FARP1 de-
pends on the physical properties of the 3D microenvironment.

Finally, we analyzed median values for all features and
compared between proximal and distal environments following
the depletion of eight RhoGEF/GAP/GTPases, which highlighted
DOCK5 and TIAM2 as controlling shape features in both prox-
imal and distal contexts (Figures 4G—-4l). In contrast, FARP1,
SRGAP1, ARHGEF35, and RND3 affected multiple shape fea-
tures, but only in the proximal context (Figures 4G—4l).

Scale of regulation of protrusivity and influence of
collagen stiffness

Next, we examined the relationship between depth in collagen
versus protrusivity and the range over which FARP1 and
TIAM2 control protrusivity. We binned cells into 3.5 pm intervals
and plotted the mean cell protrusivity for up to ~21 pm from the
coverslip (Figure 5A). Compared with control, FARP1 and TIAM2
were each required for cell protrusivity in cells with nuclei posi-
tioned up to 7 um from the glass coverslip, but for distances
beyond this, only TIAM2 is required for protrusivity (Figures 5A
and 5B). We visualized protrusions at a range of distances
from the coverslip in cells depleted for FARP1 or TIAMZ2
(Figures 5C and 5D) and noted that FARP1-depleted cells ap-
peared to form hyper-elongated protrusions beginning at ~8-
11 um. FARPT-depleted cells also appeared equally as or

Figure 4. Effects of RhoGEF/GAP/GTPase-related gene depletion on protrusivity in different collagen contexts
Treatments are control (CONTROL/Control) or siRNA treatment targeting the indicated gene.

(A) Normalized protrusivity versus nucleus distance from coverslip in single cells for the indicated treatments. Heatmap depicts density. Lines indicate median of
control.

(B) Normalized protrusivity for proximal and distal cells under siRNA targeting the indicated genes. Well (points) and plate (rhomboids) medians are indicated.
Boxplots are based on well-level data.

(C) Clustering siRNA treatments by common language effect size on protrusivity (based on Wilcoxon rank-sum test between protrusivity) in proximal (left) and
distal (right) contexts (STAR Methods).

(D) xz MIPs for the indicated treatments. Pseudocolor indicates proximal (blue hues) and distal (orange hues) cells. Example images are cropped from different
regions of the same ssOPM volumes for the corresponding treatments shown in Figure 3A. Scale bar: 50 um.

(E) Stacked projections of segmentation masks for proximal or distal cells within £0.5 median absolute deviation (MAD) of median protrusivity for the indicated
treatments. n = 60 each. Scale bar: 25 um.

(F) Log transformed environmental sensitivity ratios (distal/proximal) for the indicated treatments, based on data in (B). Boxplots and points are from well-level
data.

(G and H) Heatmaps display ratio (log,) of shape measures for indicated treatment versus control in proximal (G) or distal (H) contexts. Significance is denoted as
“+” where p < 0.05 compared with control.

(I) Logical combination of significant changes from (A) and (B). For (B), (F), (G), and (H), tests are Kruskal-Wallis with Dunn’s post hoc compared with CONTROL,
with BH adjustment. Samples are wells, and n are as follows: CONTROL, 12; ARHGEF35, 14; ARHGEF9, 14; PREX2, 13; FARP1, 13; TIAM2, 13; SRGAP1, 13;
DOCKS5, 12; RND3, 13. Significance in (B) and (F): ns (no asterisk) p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. Plots and tests use normalized shape
measures.

Cell Reports 43, 114016, May 28, 2024 9



¢? CellPress

10

OPEN ACCESS

Cell Reports

A CONTROL |[ ARHGEF35 || ARHGEF9 |[  PREX2 || FARP1I | B Proximal Distal
s — . g .
~ , H C ; —gimER
© ~g it ; A : - £ ! 5 I = 12
SO A e 9 ! il o ) ©
Do 4 ) L : : oL
2 b . i X t 8 ~
g3 - I sZ"
EG TiaM2 || smGAPt || pocks || ARND3 | mean g=
S 2 . : normalised = g 08 — CONTROL
Z3 g £ protrusivity (cell) g 5 — FARP1
P T : : o
o L 1 o i = —
i J HEPRER =gl ® Q TiAMe
. n-w . Ioa
X R R ] o8
0 5 10 15 20 o0 5 'wo 15 20 o0 5 10 15 ) 20 0 5 m. 15 20 04 0 5 10 15 20
Nucleus distance from coverslip (3.5 um intervals) Nucleus distance from coverslip
(3.5 pym intervals)
Cc 0-2 um 4-6 um 8-11 um 12-20 pm
s D Relative transcript abundance
=
§ r 9 E 2 ‘ ‘ *% *
25um
-
~ = N =
Q o °
5 & 510 5,; 510
g 5 5
g S rs - . 8 S
& o S
2B s 3
T 005 T 605
~ Max g > x >
23
B - - ® .
® 0.0
Min N N 0.0 - -
siNT siFARP1 siNT siTIAM2
XZ view n = 25 each
F
E Collagen on a range of substrate stiffness Collagen on
: glass
2D substrate stiffness range _oe0 '
N 2 |
a N .
— 075 :
[ :
w
0 .1 25 0] H
1Y Ew § 070 :
P :
= Ty 4 2 [=siFArP1#6 )
e » T 0651 = |siFARPI#7 :
= 2 ,4}’;5 o] [~ siFarP1#8 H
‘» . S SIFARP1 pool ; o
- “‘ . : SINT [ b
' L]
1 aa k
= ) 0.1 T o 100 100.0 glass
o a
E 7 | (logarithmic scale)
4
¢ G
wi-s & n=54 n=46 n=70 n=70 n=65 n=68 n=72 n=73 n=74 n=68 n=49 n=102 SINT
‘© L - A= « I el [P
5 . p lue —Z N=18 n=20 n=19 n=19 n=21 n=19 n=18 n=17 n=28 n=21 n=22 n=34 siF6
5 -valus K
) LT 1 28 o ey | v - o -
v " £ n=18 n=20 n=18 n=17 n=18 =20 n=21 n=19 n=17 n=17 n=19 n=34 GjF7
05 TN
Q-
™~ " Ewv | w wkx owex | Wk ek | k| dwx wwx www | e
Q L] 5 % 0 8§ n=21 n=20 n=18 n=17 n=19 n=20 n=20 n=21 n=18 n=18 n=17 n=3 gjFg
x| 2%
< D5 Ta | wax wwk mwn awk mkk Aek kwk ek kwk akr kak
w - & N F D n=3 n=2 n=41 n=3 n=3 n=39 n=38 n=40 n=38 n=41 n=40 n=68 SiFP
— o5
n @ - o 0 - « < © ~ I o o o
~ - L_,.; o I=1 o L o w =1 E
S < " e @
* 4 ; . )
= - hy A Ny H  siFarpi#e  siFaRP1#7  siFARP1#8 SIFARP1
°
m % 08 08 08 08
< o
w &
= c
£ & 07 07 07 07
(9]
H 5
=
E = 06 06
& g o8 \ = S—— ’ \,
h 3
a 05 * KK 05 kokox 05 kKK 05 *¥kk
SIFARP1  siNT SIFARP1  SINT SIFARP1  siNT SIFARP1  SINT
#6 #7 #8 pool

Cell Reports 43, 114016, May 28, 2024

(legend on next page)



Cell Reports

more protrusive than control cells at distances beyond 12 um
from the coverslip (Figure 5C). The elongated phenotype sug-
gested that FARP1 may ordinarily contribute to contractility
and rounding in 3D and/or soft (distal) environments. In contrast,
TIAM2 is required for protrusions in both flat/rigid and collagen-
embedded/soft environments.

The effect of FARP1 depletion changed between environ-
ments (Figures 4B and 4C), so we tested whether FARP1 re-
sponds to changes in geometry (flat versus fully 3D) and/or stiff-
ness. We examined FARP7-depleted cells cultured on 2D
collagen-coated substrates across a range of stiffnesses
(approximately 0.1-100 kPa) and also collagen-coated glass
(Figures 5E-5H). We used pooled siRNAs and three separate
siRNAs targeting FARP1. In this 2D setting, we measured cell
roundness as a surrogate for protrusivity (STAR Methods)
(Figures 2A and S4A). Consistent with 3D proximal cells
(Figures 5A-5C), FARP1 depletion on 2D collagen increased
cell roundness. We did not find a clear modulating effect of stiff-
ness in FARP1-depleted cells (Figure 5F), suggesting that the
phenotype of FARP1 depletion incorporates some response to
geometry (2D versus 3D).

We also tested the function of FARP1 and TIAMZ2 in the A375
melanoma cells (Figure S6). Consistent with our results in
WM266-4 melanoma, both depletions increased roundness
and the related width-to-length ratio (W/L) on 2D surfaces.
Notably, the increased W/L ratio between siNT and siFARP treat-
ments was amplified by coating tissue-culture plastic with a thin
layer of collagen (5-10 pg/cm?) (Figure S6H).

Interaction of FARP1 and TIAM2 with cell contractility
signaling

Depletion of TIAM2 or FARP1 in proximal cells, and TIAM2 in
distal cells, leads to reduced protrusivity and increased rounding
(Figures 4B and 4D), which is characteristic of ameboid cells.
Ameboid migration is largely driven by the formation of blebs,
whereby the cell membrane separates from the actin cortex to
form a hydrostatic bubble. Blebbing is driven by RHOA-ROCK-
NMIl-based contractility.’” To determine whether rounding in
TIAM2-depleted and FARP1-depleted cells was due to NMIl up-
regulation, we assayed blebs in control-, siFARP1-, and si-
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TIAM2-treated cells (Figures 6A and 6C). We examined raw
(non-downsampled) ssOPM images and calculated the propor-
tion of cells with blebs by blinded scoring. At baseline, ~2.3%
of control cells were blebbing, whereas TIAM2 depletion
increased the frequency of blebbing (~5.5%) (Figures 6A and
6C). FARP1-depleted cells did not have increased blebbing.
This suggests that TIAM2 depletion, but not FARP1 depletion,
leads to round cells because of an upregulation of NMII-depen-
dent contractility and/or suppression of protrusions.

Because a subpopulation of FARP1-depleted cells showed
elongated protrusions in the distal context (Figure 5C), we
scored the presence of highly elongated cells with rear polarized
nuclei. These were ~10% in FARP1-depleted cells and ~1% or
less in control and siTIAM2-treated cells (Figure 6B). This sug-
gested that FARP1 regulates protrusion and contractility inde-
pendent of NMIl and in a non-redundant fashion to TIAM2.

To investigate the hypothesis that depletion of TIAM2, but
not FARP1, upregulates NMII contractility, we plated siNT-,
SiFARP1-, and siTIAM2-treated WM266-4 in 2D on collagen-
coated plastic and treated with control (DMSO) or NMII inhibitor
(25uM blebbistatin) (Figures 6D and 6E). Consistent with reduced
protrusivity in 3D proximal cells, FARP1-depleted, and TIAM2-
depleted cells increased roundness compared with siNT controls
(Figure 6D). In both cases, blebbistatin treatment reduced the
extent of roundness (Figure 6D) and the W/L ratio (Figure 6E).
TIAM2-depleted cells had the strongest response to blebbistatin
and the greatest decrease in rounding (Figure 6D). Visually, bleb-
bistatin-treated siNT cells had elongated protrusions, whereas
blebbistatin-treated TIAM2-depleted cells resembled the con-
trols (Figures 6F and 6G). These data are consistent with a model
where TIAM2 depletion leads to increased levels of RHOA and
NMII activation, such that NMII inhibition by blebbistatin treat-
ment can rescue the siTIAM2 rounded phenotype.

Environmental interaction of TIAM2 expression with cell
shape

To understand the role of TIAM2 and FARP1 in cell morphogen-
esis we expressed mCitrine-YFP (YFP)-tagged versions of
these proteins in 2D tissue culture and measured the effect of
transgene expression on cell “shape parameter” on different

Figure 5. Length scale for environmental effect on protrusivity, and influence of stiffness on shape

Genetic treatments are control (CONTROL or siNT) or siRNA treatment targeting the indicated gene.

(A) Normalized protrusivity versus nucleus distance from coverslip for each treatment. Points are well medians. Ribbon extent indicates 90% confidence interval,
and color indicates mean. Observation number at each interval is indicated by number of points.

(B) Overlay of indicated treatments from Figure 1A. Lines indicate means of well medians, and ribbon extent indicates 90% confidence interval.

(C) Stacked xz MIPs of segmentation masks at indicated distances from coverslip for cells within +1 median absolute deviation (MAD) of median protrusivity.
Scale bar: 25 pm.

(D) RT-gPCR measures for indicated treatments. Boxplots and paired points are shown. Tests are paired t tests, n = 3 pairs each. n is the mean of replicates from
different cDNA concentrations, following a single knockdown and RNA extraction.

(E) Confocal images of WM266-4 cells on varied stiffnesses (indicated as kPa or glass) of 2D collagen surfaces with specified treatments. Actin, inverted gray
scale; DNA, blue. Scale bar: 100 um.

(F and G) Plotting and tests of difference in cell roundness from the same experiment as in (E). For cell numbers see STAR Methods. (F) Semi-log plot (left facet) of
cell roundness versus stiffness (kPa, in log-10 scale). Points are mean cell roundness, connected by lines. Ribbon widths indicate standard error of the mean
(+SEM). The x-axis scale is discontinuous for the last stiffness condition (collagen-coated glass). (G) Tests of roundness differences (from data in F) versus control
at the indicated stiffnesses. Kruskal-Wallis tests followed by Dunn tests with BH adjustment were conducted at the field-of-view (FOV) level from one experiment,
and n values represent FOVs. FARP1 depletion is indicated as pooled (siFP) or deconvoluted siRNA (“siF” followed by an ID number).

(H) Comparison of mean roundness for stiffness-matched pairs for each treatment versus the same siNT control. Point values are mean roundness for the
indicated condition, and boxplots are based on these. Tests are Wilcoxon tests on paired samples, with BH adjustment. Sample numbers are n = 12 pairs.
Significances in (D), (G), and (H): ns (no asterisk) p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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substrates (Figures 7A-7D). Shape parameter is a commonly
used metric with a lower limit defined by circular shapes and in-
creases with higher surface-to-area ratio (Figure 7B).°*"° We
used a Z score fluorescence intensity threshold to define trans-
gene-expressing cells (labeled as “on”) and compared their
shape parameter with non-expressing counterparts in the
same well (labeled as “off”) (Figure 7C) (STAR Methods). We
also compared the effects on both tissue-culture plastic (“tc”
in Figure 7D) and collagen-coated plates (“Col1” in Figure 7D).
These experiments were in two biological repeats comparing a
combined total of >400,000 expressing and non-expressing
cells (see STAR Methods).

Expression of a GFP control, or YFP-FARP1, had either minimal
or no detectable effects on cell shape parameter (Figure 7C).
However, YFP-TIAM2 (mouse sequence) expression had some
notable effects. First, YFP-TIAM2-expressing cells had reduced
shape parameter (Figure 7C). Second, the effect of YFP-TIAM2
was context dependent and stronger on collagen versus plastic
substrates (Figure 7D). Third, we saw a specific perinuclear local-
ization of YFP-TIAM2 (Figures 7A, 7E, and 7F) in line with the local-
ization reported by others with independent TIAM2 transgenes.””
We scored the phenotype of all YFP-TIAM2-expressing cells (n =
62) for predominance of filaments (~56%), ruffles (~32%), or
blebs (~11%) (Figure 7F). We noted higher proportions of blebs
and ruffles compared with a survey of GFP-expressing cells (n =
46), which bore mostly filaments (~91%) and fewer ruffles
(~7%) or blebs (~2%). The frequent presence of ruffling in YFP-
TIAM2-expressing cells was consistent with Rac1 activation.

A model of environmental shape modulation

Taken together, the results of this study begin to delineate a
model of broad-acting and context-specific regulators of 3D
cell protrusivity (Figure 7G). Regarding the cytoskeleton, we
find environmental potentiation of the roles of NMII activation
and MTs versus Arp2/3-dependent branched actin. For
RhoGEF/GAP/GTPase proteins we find two RhoGEFs that are
examples of broad (TIAM2) and context-specific (FARP1) regula-
tion of protrusivity (Figure 7G).

DISCUSSION

Cell response to physical properties of the
microenvironment

Our 3D ssOPM analysis used cells seeded into collagen hydro-
gels on top of glass or plastic. We interpret this setup as creating
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an effective “stiffness gradient,” where the elastic properties of
the collagen proximal (near) to the glass or plastic are influenced
by the rigidity of the underlying substrate, whereas cells distal
(far) from this substrate experience the greater elasticity of the
collagen. Effective stiffness gradients in hydrogels of uniform
physical composition have been studied in the context of soft
materials placed on rigid substrates.’®*®> A key finding is that
material displacement in soft gels is affected by distance from
an underlying rigid material and that this influence decreases
rapidly with distance.®® In line with this, many studies have
shown that the spreading behavior of cells increases on stiff
versus soft materials and that cells grown on nominally soft
gels are influenced by the presence of an underlying rigid sub-
Strate.44,46,51—53,72

The literature suggests that the mechanical influence of an un-
derlying substrate begins to decay after a few micrometers
(smaller than the scale of a cell) but can extend beyond 100 pm
(larger than the scale of many cell types). The range of influence
depends on the composition of the gel, cell type, and readout
of physical sensing. For this study we used rat tail collagen 1'7;
however, collagen hydrogels from different sources vary in phys-
ical properties.'®'® For example, rat tail is considered minimally
cross-linked compared with bovine, in practice having shorter fi-
bers and smaller pores than other collagen sources. '%?°

We tracked multiple cell morphology features and found de-
creases in protrusivity and cell-surface area when nuclei were
about 7 um from the coverslip, indicating diminished influence
of the rigid substrate over this distance. The average nuclear
diameter in our 3D glass well dataset was close to 16 um, mean-
ing that cells respond to changes in the physical environment
over scales that are smaller than the dimensions of the nucleus.
The nucleus is known to have mechanosensing properties’>"*
and is a major mechanosensing compartment of the cell. It will
be interesting to determine whether it is the cell or the nucleus
that is sensing and responding to the physical environment at
different distances from a rigid substrate.**

Environmentally dependent control of cell protrusivity
by TIAM2, FARP1, and the cytoskeleton

Rho GTPases are central to cell shape regulation and are
modulated by RhoGEFs and RhoGAPs. We hypothesize that
identifying RhoGEFs/GAPS that control 3D morphology remains
challenging because, compared with the ~20 Rho GTPases,
many of the ~145 human RhoGEFs/GAPs may have subtle or
context-dependent effects on cell morphology. Focusing on

Figure 6. Effects of FARP1 and TIAM2 depletion on morphological motifs, and interaction with contractility signaling
Genetic treatments are control (CONTROL/Control or siNT) or siRNA treatment targeting the indicated gene.

(A and B) Proportion of blebbing (A) and long protrusive cells (B) per treatment. Points are well proportions, and bars are mean + standard error. Tests are Kruskal-
Wallis and post hoc Dunn’s test with BH adjustment. Sample sizes: (A) CONTROL, 12; FARP1, 8; TIAM2, 12; (B) CONTROL, 4; FARP1, 4; TIAM2, 3.

(C) Cropped images of bleb motifs for each treatment (top row). Comparison of control (Control) protrusive versus siFARP1 long protrusive (bottom two rows).
Image intensity is scaled separately for each image. Scale bar: 25 pm.

(D) Points represent wells, and are median cell roundness for the indicated siRNA and blebbistatin (Bleb; 25 uM) treatments. Boxplots are based on well-level
data. Tests are Wilcoxon tests, with BH adjustment. Sample numbers: n = 9 wells for each condition.

(E) Width-to-length (W/L) ratio for indicated treatments from the same experiment as in (D). Line is the mean of well means, and ribbon indicates +standard
deviation. Sample numbers: n = 9 wells per condition.

(F and G) Cropped confocal images of WM266-4 melanoma under the indicated treatments from the experiment in (D) and (E). Tubulin, gray; DNA, magenta; and
phosphorylated myosin regulatory light chain (pMyosin), viridis palette. Intensity palette applies to (F) and (G). Scale bars: (F and G) 50 um. For (A), (B), and (D),
significance levels are ns p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

Cell Reports 43, 114016, May 28, 2024 13



¢? CelPress Cell Reports

OPEN ACCESS

A
max
%)
&
= z
o] "
c ]
(@) +~
o S
Q
YFP-FARP1 YFP-TIAM2 .
B Shape parameter = \TZ c 2D no collagen 2D collagen coated D Collagen sensitivity
Kk ns KoKk K ns ns kKK ns ns > K k
crp | [Faret ][ mam2 | [ erp | [ Faret ][ Tiamz2 | o GFp
O 5 =
=1 ®
3.55 4 D 651 ) ] i
€ $ ’ 8 c
g Ee K RIS
56 E s
Q s o X © 3 o
4.75 @ 554 : B4 os
[a el N - @ s mmmmmf mmmm . = - [0} .
¥ 2 FY ¥ &é 28 °
v 5.01 © & 08
&
5.8 7.35 ael " > ° .
55 55 §5 55 §5 %5 £z 2z 2z
. @ experiment 1 = = =
Construct expression Substrate
experiment 2
E 2D conditions
F

Filaments ~56% Ruffles ~32% Blebs ~11%

2D conditions

YFP-TIAM2 YFP-TIAM2 YFP-TIAM2

G Schematic of molecular and environmental control of 3D protrusivity
Media Decreased and
Modia/ 4 3D more varariable

Collagen Soft protrusions

Flat High protrusivity

Coverslip Rigid and surface area

crotubules
TIAM2

FARP1

(legend on next page)

14  Cell Reports 43, 114016, May 28, 2024



Cell Reports

protrusivity and depth in collagen, we highlighted FARP1 as hav-
ing context-dependent effects versus TIAM2.

TIAM2 is a Rac1 GEF,**">7% and the reduced 3D protrusivity
following TIAMZ2 depletion was similar to the Arp2/3 inhibitor
CK666. This is consistent with a model where TIAM2 activates
RAC1 to promote Arp2/3-dependent actin protrusions.”” TIAM2-
depleted cells also had increased rounding in 2D that depends
(at least in part) on NMIl and increased 3D blebbing compared
with control cells (Figures 6A, 6C, and 6D). These phenotypes
are consistent with RHOA activation. There is a known antagonism
between RAC1 and RHOA activation’®®'; thus, a TIAM2-RACT
axis might deactivate RHOA either directly or indirectly.

TIAM2 overexpression in 2D reduced the shape parameter
(Figure 7B) and often appeared associated with membrane
ruffling (Figure 7F). TIAM2 has been shown to activate RAC1;
aid in the formation of perinuclear actin caps,’" actin-rich mem-
brane ruffles,”® and actin-mediated trans-endocytosis®’; and
promote focal adhesion disassembly.?®> We reason that the
reduced shape complexity when TIAM2 is overexpressed could
result from RAC1-mediated lamella formation,®* or focal adhe-
sion disassembly,®® versus the blebbing and NMIl-dependent
rounding from TIAM2 depletion.

FARP1 promotes dendritic growth and arborization,?>®” syn-
apse morphogenesis,®” actin-rich tunneling nanotubes,®® and sta-
bilization of the endothelial barrier.° In different cell types FARP1
appears to act upstream of both RAC17>%” and CDC42.55°° We
observed that FARP1 depletion resulted in context-dependent
morphologies and, in particular, microenvironmental geometry
(flat versus fully 3D embedded). As with TIAMZ2, depletion of
FARP1 resulted in cell rounding in 2D, but is unlikely to be associ-
ated with increased actomyosin contractility, as FARP1 did not
change rates of blebbing. Given that FARP1 is a CDC42 activator,
a possible cause of context dependence is that FARP7-depleted
cells near to the coverslip cannot extend filopodia to make adhe-
sion-dependent protrusions, whereas protrusions distal to the
coverslip may be independent of filopodia. Finally, our study re-
vealed potentiating interactions between the 3D microenviron-
ment and ROCK-NMII and between the microenvironment and
MTs. This raises the possibility that crosstalk and antagonism be-
tween ROCK-NMII and MTs®"°? have a greater influence on cell
contractility and protrusion formation in soft/fully 3D environments
versus stiff/flat environments.
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Limitations of the study

Our exploration focused on the WM266-4 cell line with some 2D
validation in A375 melanoma cells. It will be useful to determine
the generality of these findings in other models, such as
lung adenocarcinoma and endothelial cells, where TIAM2 and
FARP1 regulate motility and barrier function.®** Our imaging
method revealed regulators of morphology via a static view.
However, multiple-time-point live imaging will be required to
determine how cytoskeleton inhibition and RhoGEF/GAP/
GTPase depletion affect migration between environments and
how this correlates with morphology.
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Figure 7. Phenotypes and environmental modulation of FARP1 and TIAM2 expression
(A) Cropped images of cells on 2D collagen expressing the indicated transgene-encoded proteins. Perinuclear YFP-TIAM2 (yellow arrowhead) and membrane
ruffles (pink arrowhead) are indicated. Scale bar: 20 pm. Inferno color scale is used throughout.

(B) Schematic depicting shape parameter metric.

(C) Points represent shape parameter medians for each well. Gene expression treatments are GFP (GFP), YFP-FARP1 (FARP1), and YFP-TIAM2 (TIAM2).
Transgene expressing (on) and non-expressing (off) conditions, and also collagen conditions are indicated. Boxplots are based on well data.

(D) Points represent wells and are shape parameter ratios between expressing and non-expressing cells for data in (C). Tests compare the ratios for cells on 2D
plastic (tc) versus 2D collagen (Col1). Boxplots are based on well data. For (C) and (D), colors (purple and orange) indicate experimental repeats, and statistics are
Wilcoxon tests, with BH adjustment. Sample numbers for each condition in (C) and (D) are GFP (GFP) treatments, n = 24; YFP-FARP1 (FARP1), n = 36; YFP-TIAM2
(TIAM2), n = 36. For (C) and (D), significance levels are ns p > 0.05; **p < 0.01; *** p < 0.001; ***p < 0.0001.

(E) Cropped image of YFP-TIAM2-expressing cell. Top: YFP-TIAM2 (inferno palette) and DNA (blue). Bottom: YFP-TIAM2 (gray). Perinuclear YFP-TIAM2 (yellow
arrowhead), membrane ruffling (pink arrowheads), and saturated pixels (red) are indicated. Scale bar: 20 pm.

(F) Cropped images of YFP-TIAM2-expressing cells and proportions of indicated phenotypes (n = 62). F-actin, inverted gray scale, and YFP-TIAM2, inferno
palette. Scale bar: 20 um.

(G) Schematic summarizing molecular and environmental influences on protrusivity. Lower (gray) and higher (purple) influence is indicated. Non-muscle myosin Il
(NM myosin II).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Tubulin Alpha antibody | YOL1/34 (Rat) Bio-Rad Cat# MCA78G; RRID: AB_325005
Cleaved Caspase-3 (Asp175) Antibody (Rabbit) Cell Signalling Cat# 9661; RRID: AB_2341188
Phospho-Myosin Light Chain 2 Antibody (Rabbit) Cell Signalling Cat# 3671; RRID: AB_330248
Goat anti-Rat IgM Secondary Antibody, Alexa Invitrogen Cat# A-21248; RRID: AB_2535816
Fluor™ 647

Goat anti-Rabbit IgG Secondary Antibody, Alexa Invitrogen Cat# A-11034; RRID: AB_2576217
Fluor™ 488

Goat anti-Rabbit IgG Secondary Antibody, Alexa Invitrogen Cat# A-11011; RRID: AB_143157
Fluor™ 568

Chemicals, peptides, and recombinant proteins

Alexa Fluor™ 568 Phalloidin Invitrogen A12380

Alexa Fluor™ 488 Phalloidin Invitrogen A12379

Rat Tail Type-1 collagen Corning 354236

Penicillin-Streptomycin Gibco Cat# 15140122

Blebbistatin Sigma-Aldrich Cat# B0560

Lipofectamine™ RNAIMAX Transfection Reagent Invitrogen Cat# 13778075

Formaldehyde (w/v), Methanol-free Thermo Scientific Cat# 28908

Critical commercial assays

96 well plate with range stiffness (Softwell 96
Glass HTS)

Rneasy mini Kit
ABI High-capacity RNA-to-cDNA
SYBR™ Green PCR Master Mix

Matrigen

QIAGEN
Applied Biosystems
Applied Biosystems

SW96G-HTS-COL

Cat# 74104
Cat# 4387406
4309155

Experimental models: Cell lines

WM266-4 human melanoma

A375 human melanoma

Marshall Laboratory, Institute of
Cancer Research

Harrington Laboratory, Intsitute of
Cancer Research

RRID: CVCL_2765

RRID: CVCL_0132

WM266-4 EGFP-CAAX Marshall Laboratory, Institute of N/A
Cancer Research
Oligonucleotides
Oligonucleotide information including siRNA and See Table S6 N/A
RT-qPCR primer pairs.
Recombinant DNA
YFP-TIAM2 (Species: Mouse) Miiller et al.*° Citrine ID: V4583
YFP-FARP1 (Species: Human) Miiller et al.*° Citrine ID: JB132

pcDNAS.1-eGFP

Niedzwiedz Laboratory, ICR

N/A

Software and algorithms

Fiji image processing package
MATLAB
Python 3

R: A Language and Environment for Statistical
Computing
Harmony

https://imagej.net/software/fiji/
mathworks
http://www.python.org
https://www.R-project.org/

PerkinElmer / Revvity

N/A
N/A
N/A
N/A

Harmony 5.1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

ViewPlate-96 Black, Glass Bottom, Tissue Culture Revvity 6005430
Treated, Sterile

PhenoPlate 96-well, black, optically clear flat-bottom, Revvity 6055300
tissue-culture treated

PhenoPlate 384-well, black, optically clear flat-bottom, Revvity 6057302

tissue-culture treated

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chris Bakal
(chris.bakal@icr.ac.uk).

Materials availability
This study did not generate new unique reagents. The constructs introduced into cell lines are detailed in the Key resources table.

Data and code availability
e Dataset of cells in collagen on plastic substrate, are related to De Vries et al.”®, and data of shape measurements from prelim-
inary genetic screens are related to Bousgouni et al.®? ssOPM and other data reported in this paper will be shared by the lead
contact upon request.
® This paper does not report original code.
o Additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

I.SB

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

WM226-4 (RRID:CVCL_2765) and A375 (RRID:CVCL_0132) cell lines are each derived from female patients. Cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM), with 1 percent penicillin-streptomycin (Thermo Fisher) and 10 percent Fetal Bovine
Serum (FBS) (ThermoFischer). Cells in culture were maintained at 5 percent CO2 in a humidified incubator at 37° Celsius. Cells
were passaged using 0.25 percent Trypsin-EDTA (Thermo Fisher). Cell lines were confirmed to be mycoplasma negative (e-Myco
plus Mycoplasma PCR detection kit, INTRON Biotechnology, and MycoStrip™ - Mycoplasma Detection Kit, InvivoGen).

METHOD DETAILS

Cell culture

WM266-4 melanoma cells expressing CAAX-GFP (donated by the Marshall lab) and A375 cells, were grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-inactivated bovine serum (FBS) and 1% penicillin/streptomycin in T75 flasks.
Cells were cultured at 37°C and supplemented with 5% CO, in humidified incubators. WM266-4 and A375 melanoma cells tested
negative for mycoplasma (e-Myco plus Mycoplasma PCR detection kit, INTRON Biotechnology, and Myco-Strip -Mycoplasma
Detection Kit, InvivoGen).

Cell preparation for imaging, siRNA and inhibitor treatments

WM266-4 cells imaged in collagen hydrogels in glass 96 well plates were prepared as follows. WM266-4 melanoma cells expressing
CAAX-GFP were reverse transfected with OnTARGETplus SMARTpool (Table S6), at stock concentration 20 uM in 6 well plates. For
ssOPM siRNA experiments the CONTROL treatment is mock transfection with transfection reagents but no siRNA. Transfections
were carried out using Lipofectamine RNAimax (Invitrogen) according to the manufacturer’s instructions. On the second day after
transfection, 10° cells/ml were re-suspended in 500 pl of 2.3 mg/mL collagen rat tail (Gibco). A 100 ul volume of the collagen and
cell mixture was dispensed in quadruplicate wells onto poly-D-Lysine (0.1mg/ml) coated glass bottom view 96 well plates
(PerkinElmer). Plates were centrifuged @1200 rpm for 5 minutes at 4°'C and incubated overnight in a tissue culture incubator. After
incubation, cells were fixed with 4% methanol free PFA for 30 mins at RT. Wells were stained with DRAQS5 at a concentration of 5 uM,
to label nuclei. siRNA treatments for WM266-4 or A375 for 2D confocal imaging or g°PCR were prepared in 6 well plates following the
same siRNA protocol, and either transferred to imaging plates or prepared for gPCR on the second day after transfection. All small
molecule inhibitor treatments were 6 hours, unless indicated otherwise. Blebbistatin treatments in experiments with siRNA against
FARP1 or TIAM2 were 25 uM unless indicated otherwise. Treatments for collagen hydrogels on plastic are from the De Vries et al.
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dataset and were prepared in similar collagen conditions to those described above with a target final collagen concentration of
~2 mg/mL, and are detailed in De Vries et al.®® Treatments for this dataset were: Blebbistatin (10 uM), H1152 (10 uM), CK666
(100 uM), Nocodazole (1 uM), and DMSO 1 in 1000. These concentrations were calculated including the 100 pl volume of the collagen
hydrogel.

Stage-scanning oblique plane microscopy (ssOPM) setup

Oblique plane microscopy was performed using a setup reported previously®® and a schematic is shown (Figure S7A). For collagen
hydrogels on glass 96 well plates (i.e., excluding ssOPM data for Figures 1G and 2, which are collagen on plastic), the imaging system
including, microscope setup, acquisition, reslicing and segmentation and shape measurements are described below. For data from
collagen hydrogels on plastic coverslips (e.g., Figures 1G and 2) a similar but modified version of the imaging system was used. A key
change in the imaging system in the collagen on plastic dataset, was that each colour channel was detected sequentially and no im-
age registration was required. This is because the system returned to the same location rapidly enough to avoid drift. A full description
of modifications are detailed in De Vries et al. ®

Five excitation sources at different wavelengths (457, 488, 515, 561, 642 nm) are combined onto a common optical path using
dichroic mirrors. An acousto-optic tunable filter — allowing switching and power control - is used to selectively couple the beams
into a single-mode polarisation-maintaining fibre.

Light exiting the fibre is collimated (L1) then focused in the horizontal direction by a cylindrical lens (C1) onto the back focal plane of
spherical lens L2. This results in a vertically orientated light sheet at 55 degrees to the optical axis of O2. The microscope formed by
02 and TL2 relays the light sheet to the image plane of the camera port of a commercially available microscope frame (Olympus IX71).
The commercial microscope (comprising TL1 and O1) relays the light sheet to the image plane of O1. O1 is a 60X/1.2NA water im-
mersion objective (Olympus UPLSAPOB60XW). The microscope objective was fitted with a collar to provide a continuous supply of
water immersion liquid.

The overall magnification between the image planes of O1 and O2 is set to be equal to the ratio of the refractive indices for the
images formed at O1 (water) and O2 (air) to ensure that the lateral and axial magnification between the focal planes of O1 and 02
are equal.”® The excitation light sheet produced across the focal plane of O1 excites fluorescence from the sample. The resulting
fluorescence image is relayed back to the focal plane of O2. O3 is positioned at 35 degrees to the optical axes of O1 and 02,
such that the fluorescence image of the region illuminated by the light sheet in the sample is perpendicular to its optical axis, and
conjugate with the focal plane of O3. Together with tube lenses TL3a and TL3b, this system relays an image of the fluorescence
emitted within the light sheet to the two sCMOS cameras. A dichroic beam splitter (DC) and emission filters (EM1, EM2) separate
emitted fluorescence for two-colour imaging.

ssOPM image acquisition

Stage-scanning OPM was implemented in a similar way to Maioli et al.®® In, brief a motorised stage (SCAN-IM 120 x 80, Marzhauser)
controlled by a driver unit (Tango 2 fitted with AUX 1/0 option, Marzhauser) outputs a TTL trigger each time it has travelled a prede-
fined distance (1.4 um for the results presented here). The TTL output is connected to a digital acquisition box (DAQ) (National In-
struments NI USB-6229) configured to output a pattern of signals each time a TTL signal is received from the x-y stage. The signals
control the laser power and illumination duration, and trigger the start of camera exposures. The stage scans in the y direction, as
shown (Figure S7A). During acquisition a scan speed of 0.1 pum ms™' was used. A speed of 10 um ms ™' was used to move between
wells.

The two sCMOS cameras (PCO.edge, PCO) were both operated in Global Reset acquisition mode with 1280x1000 pixels. The
exposure time was defined by the 2 ms laser exposure time. The two spectral channels were interleaved temporally to prevent
cross-talk between channels. Per field of view, the x-y stage was scanned 4200 um in the y direction (corresponding to 3000 frames
per camera). Each field of view corresponded to 7.32 GB of data per channel and took 42 s to acquire. Image acquisition was
controlled by a HP z840 PC with 128 GB of RAM and a 4x1 TB SSD configured in RAID 0. Saving and moving to the next well
took a further 66 s (for a total of 108 seconds per well).

Volumetric imaging in 3 spectral channels (2 x fluorescence and 1 x scatter) was performed in two stages. The first stage acquired
the two fluorescence spectral channels (CAAX-GFP and DRAQS) for the entire plate. In the second stage, the image acquisition was
repeated but now with scattered light from collagen imaged on camera 1 with 488 nm excitation and in the absence of an emission
filter. Camera 2 was used to image the DRAQ5 channel for a second time. As images of DRAQS5 were acquired in both stages, they
could then be used to measure any drift between image sets and thus enable the two sets to be co-registered.

ssOPM image reslicing and registration
The average background level was measured for each camera by taking the average pixel value over a field of view acquired with no
laser on. This was subtracted from the data prior to reslicing.

The 2D transform to co-register camera 1 and camera 2 was measured based on a 2-channel fluorescence image acquisition of a
sample of 100 nm four-colour fluorescent beads (TetraSpeck, Thermofisher) in 10% agarose. The x-y shift, magnification and rotation
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needed to co-register the data acquired on camera 2 to that of camera 1 was measured manually using a custom script in MATLAB
(imtranslate, imrotate, imscale and fliplr: Image Processing Toolbox, MATLAB). This transform was applied to all raw image data ac-
quired on camera 2 prior to reslicing.

Raw ssOPM images are a set of image planes at 55 degrees to the optical axis of O1. The data was transformed into conventional
coordinates (z parallel to the optical axis, x&y&z perpendicular). Reslicing was performed using a bi-linear interpolation algorithm.%*
Toincrease speed, a custom-written Java implementation of the algorithm was used. For all image segmentation and cell shape anal-
ysis, raw camera images were binned by factor of 4 - prior to reslicing - to reduce data volume and analysis times. Images presented
in figures in this paper were resliced with factor 2 binning. After reslicing voxel sizes were 1x1x1 m* (for analysis) and 0.5x0.5x0.5 m®
(for display).

The collagen channel was coregistered in 3D with the fluorescence channels using the imregtform (Image Processing Toolbox,
MATLAB) using the default optimizer parameters. The transform was measured on the DRAQ5 channel, which was common to
both acquisitions, and applied to the collagen channel using the ‘imwarp’ function in MATLAB.

ssOPM image segmentation
Prior to segmentation, the collagen channel was viewed manually. Any volumes where the collagen was not present throughout the
entire volume were rejected from analysis.

To verify the robustness of the 3D segmentation used in this paper, two methods were tested. An intensity-threshold-based
approach using an Otsu threshold and an active contour method, which uses energy minimisation (Figure S7B). Both methods
generate a mask with minimal user input so can be applied to large datasets. For both methods, cells and nuclei were segmented
in 3D.

Prior to segmentation, the tips of the parallelepiped-shaped volume imaged by the ssOPM image acquisition were removed by
cropping in the y direction. This removed any parts of the volume which were not imaged over its full axial extent due to the light-sheet
angle.

In the intensity-based method, thresholds were measured automatically for each field of view. The nucleus threshold was selected
using Otsu’s method with a single level (multithresh, Image Processing Toolbox, MATLAB). The cell body was masked using a similar
method. In this case there were 3 intensity levels in the image, background, brightly fluorescent cell membrane and dim fluorescent
protrusions. To include all parts of the cell in the final mask, the lowest threshold found by a two-level Otsu method was used.

In the active contour method, an initial guess of the mask was generated using a threshold of 5 digital numbers (just above the
background). The final mask was formed after 500 iterations (nuclei) or 1000 iterations (cell) of the active contour method (Image Pro-
cessing Toolbox, MATLAB).

The final nucleus mask was generated for both methods by separating touching nuclei. To achieve this, the Euclidean distance
transform (bwdist, Image Processing Toolbox, MATLAB) was used on the inverse of the mask to determine the distance of each voxel
to the edge of the 3D mask. A watershed (Image Processing Toolbox, MATLAB) was used on the negative of the distance transformed
image to separate nuclei based on regions where the mask narrows. Nuclei with volume less than 250 um?® were rejected at this stage.

As the nuclei are part of the cell, an OR operation is applied to the cell mask and the nucleus mask to generate a combined mask.
Any connected components in the cell binary mask which do not contain a nucleus were rejected. Touching cells are separated using
a marker-based watershed approach. Nuclei are set as the low points (digital value 0), the cell body (digital value 1) as intermediate
points and the background as high points (digital value infinity). The watershed finds the halfway point between touching nuclei. The
watershed then underwent an AND operation with the original cell mask to generate a final mask. Following segmentation, cells
touching the edges of the image volume are removed. Cells with volume below 512 um?® were rejected. Nuclei of rejected cells
were removed from the nucleus mask.

ssOPM image measures
Cell and nucleus shape measures were read out using the regionprops3 (Image Processing Toolbox, MATLAB). Further statistics
were derived from the outputs of this function as described in (Table S1 and Table S2).

Confirmation that shape changes between environments are robust to segmentation method and ssOPM light sheet
PSF shape

Segmentation method

We test two methods for unsupervised segmentation of a full 3D dataset of cells. We tested, on control cells, a method which seg-
ments based on an Otsu threshold set for each field of view and an active contour method (both segmentation modes are described
in detail in the STAR Methods section). We show the features measured using both segmentation methods (Figure S7B). They are
separated into coverslip proximal and distal groups based upon nucleus position with respect to the coverslip (as outlined in the pre-
vious section). For most of the features the Otsu and active contours methods give similar values. Changes between coverslip prox-
imal and distal cells appeared consistent between threshold and active contour based segmentation. Overall this suggests that re-
sults are repeatable between segmentation methods. As either segmentation method is viable for this dataset, the Otsu threshold
approach was chosen due to the shorter computation time.
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Anisotropic PSF shape

In light-sheet microscopy, the point spread function (PSF) is usually not spherical. The FWHM spatial resolution of this ssOPM system
has been previously reported as 0.5 um in the plane of the light sheet, with a light sheet thickness of 3.8 um at the waist. The light
thickness increases to 5.4 pm over a distance of 50 pm from the centre of the field of view.?® We set out to establish whether the
anisotropic PSF might affect coverslip proximal cells - that are more likely to be flatter - differently to coverslip distal cells. We there-
fore eroded the cell and nucleus masks from all segmented data by an object approximating a worst-case PSF. This was performed
using MATLAB’s ‘imerode’ function with a morphological structuring element consisting of a 1x1x5 pixel kernel angled at 45° to the
coverslip plane (closest possible approximation to a 55° light sheet angle). The voxel size in the image data was 1 pm?, so this cor-
responds to a 1x1x5 pm?® PSF.

Figure S7C shows pair plots of cell features for the thresholded mask (normal) and the eroded (imerode) version. Coverslip proximal
and distal cells have similar normalised distributions for normal and eroded masks. This suggests that, for the selected features, the
anisotropy of the mask has limited impact on the comparison between coverslip proximal and distal cells.

Spatially varying light sheet thickness

The ssOPM microscope uses an illumination light sheet with a confocal parameter of 100 um. Therefore, the thickness of the light
sheet varies as a function of the z range and is thinner at the centre of the z-range than the edges. Coverslip distal cells tend to
be closer to the centre of the z range than coverslip proximal cells. Therefore cells on the coverslip experience a different PSF, which
may affect the features measured.

To quantify this effect a reference sample of cells plated on the coverslip (no collagen) was used (referred to as the test plate). The
same cells were imaged at three different z positions corresponding to the top, middle and bottom of the axial range. Example images
are shown in Figure S7D. Cells from the test plate and collagen assay were grouped into bins (bottom, middle and top) based on their
z coordinate (0-48, 48-96, 96-144 um). Values were then normalised to the mean value for that feature in the lowest (first) bin.

Figure S7E shows side by side plots of the features from the test plate and control cells from the collagen plates. Feature values
were normalised by dividing by the average value in the bottom bin. On the test plate, cell surface area and the angle between cell and
nucleus are both within one standard deviation of one at all heights, suggesting they are not significantly changed by the spatially
varying PSF. Cell protrusivity increases in the middle bin of the test plate but a decrease in protrusivity is observed in the same
bin on the collagen plate. This suggests that the decrease in protrusivity observed in coverslip distal cells is due to the change in
physical environment and not due to the light sheet thickness. Nucleus minor axis shows a decrease below 1 in both the middle
and top bins, however this decrease is not seen in the collagen plate. Cell and nucleus volume were also tested for the test plate,
but this metric was found to be affected by the spatially varying light sheet thickness. This is expected for the thin flat cells used
in the test plate, which represent a deliberate worst case, as these cells are generally thinner than the light-sheet thickness. The
cell volume metric was therefore not used in the analysis in this paper. We concluded that the behaviours of ‘cell surface area’, ‘angle
between’, ‘protrusivity’ and ‘nucleus minor axis’ in the collagen plate are not explainable by the PSF shape alone and are dominated
by other factors.

Measuring 3D collagen environment by scattered light intensity

We considered the possibility of compaction of collagen by centrifugation, deposition or by cells. We use scattered light intensity
from collagen to look at whether there were gradients or differences in the local density and structure of collagen, between cell-dense
proximal regions and less cellularized distal regions (Figure S1).

ssOPM data processing

Segmentation quality control

For data from collagen hydrogels on glass coverslip, we aimed to remove cells and nuclei that could not be segmented accurately
due to low levels of CAAX-GFP signal, as well as cells with surface areas that are conspicuously large due to under-segmentation. To
remove cells that were improperly segmented due to low expression of the CAAX-GFP transgene, we removed cells that had both:
(i) low CAAX-GFP intensity (an average intensity of less than 1000 in camera digital numbers); and (ji) a nuclear-to-cell volume ratio of
greater than 0.95. These cells were removed from subsequent analysis as they represent nuclei with cells that cannot be appropri-
ately measured due to low CAAX-GFP signal intensity. We also aimed to remove incorrectly segmented cells with aberrant surface
area (more than ~7.3 standard deviations above the mean). Applying these criteria removed approximately 350 cells (~ 1.2 % of the
original total).

To remove improperly segmented cells from the collagen on plastic dataset, we processed all treatments of interest uniformly by
eliminating cells that were too dim for shape analysis due to having a measurement of less than 70 mean CAAX-GFP intensity, or a
measurement of less than 5 mean nucleus intensity (~ 10.21 % of the original total). We also aimed to remove incorrectly segmented
cells by eliminating cells with nuclear-to-cell volume ratio greater than 0.95 (additional 0.27 %), and with aberrant surface area
(approximately 1.4 standard deviations below or 5.2 standard deviations above the mean), or nucleus volume (approximately 5.6
standard deviations above the mean), which removed a further ~ 0.67 % of cells. In total, quality control for treatments of interest
in the collagen on plastic dataset reduced the original ~41,955 observations to 37,276.
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Coverslip localisation

The position of the coverslip was estimated using the fluorescence in the nucleus channel. To account for spatial variations in the axial
position of the coverslip over the field of view, the nucleus channel was divided into 16 segments in the y direction and the average
signal in each x-y plane was found for each z position in each segment. For each segment, the coverslip location was defined as the
point when the signal first reaches 45% of its maximum value when moving in the positive z direction. A full 2D map of coverslip height
was then produced from the 16 measurements using bilinear interpolation, giving a smooth change of coverslip height across the
field of view. This map of coverslip height reflects the spatial variation across the field of view. However, this broad method does
not account for variations in nuclear intensity between knockdowns and between plates, therefore there is a remaining global offset
in coverslip position for each well that is accounted for in the next step.

Nucleus height determination

Following coverslip position estimation, we calculated the lower boundary of the mask for each nucleus above the coverslip (the bot-
tom of the nucleus). To remove the remaining global offset in the coverslip position, we found the nucleus with the lowest calculated
height in each ssOPM subvolume (one subvolume per well in collagen on glass, and three subvolumes per well in collagen on plastic
dataset) and subtracted this value from the height of every nucleus so that the lowest nucleus in each subvolume had a distance
above the coverslip of zero. Finally, for collagen on glass we corrected for wells where microscopic detachment of collagen (less
than 6 microns) from the well bottom had occurred after fixation but before imaging. These wells were identifiable by discontinuities
in nuclear height distributions between cells at the lowest position (attached to the coverslip) and a larger number of cells in the lowest
extent of the collagen gel. In these cases, the lowest positioned cell in the collagen was also registered to the height of the coverslip.
The median position adjustment was 1.17 micrometres.

Feature reduction and feature normalisation

For each ssOPM dataset we originally computed more than 20 measurements of cell and nuclear shape features, and subsequently
reduced this set to a set of four features. For the indicated features in each ssOPM dataset, we used clustering to remove the most
highly correlated features as follows. First, we used single-cell data to calculate Pearson correlation values between each feature
using the "cor()’ function in R. For clustering, we transformed these coefficients into a distance metric by subtracting absolute Pear-
son correlation values from 1 and using the as.dist() function in the R package "stats." Absolute values were used so that features with
similar magnitude of positive or negative correlation are both regarded as having similar distances, and the subtraction from 1 is in-
tended so that a higher correlation translates to a smaller distance. The features were then hierarchically clustered using this metric
with the ‘hclust()’ function in R, and the 'complete’ linkage method. The resulting clusters were partitioned into four groups, and a
single cell or nuclear feature was chosen as a representative feature for each group. Feature reduction was performed using the
shape measures from cells that remained in a dataset after segmentation quality control.

To allow for comparison between plates that were prepared and imaged on different days, we normalised single-cell measure-
ments for cell and nuclear features within each plate. We performed normalisation by dividing feature measurements for a single
cell, by the plate median across all conditions for cells in that feature. Tables S3 and S4 indicate the number of cells for ssOPM treat-
ment conditions.

Where indicated we performed alternative normalisation using Z score or min-max normalisation. Z scores were used for heatmap
visualisation of ssOPM data, and for statistical tests and visualisation of 3D sphericity. For ternary plot visualisation using single cell
data we performed additional outlier removal, where outliers were defined as values more than 1.5 x IQR (Inter Quartile Range) above
the third quartile (Q3) or below the first quartile (Q1), followed by min-max normalisation.

ssOPM maximum intensity projections for example visualisation
Maximum intensity projections in xy, xz, and yz dimensions are used to visualise ssOPM volumes of collagen embedded cells. For the
collagen on glass dataset, cells used for stacked maximum intensity protrusivity projections were pseudo-randomly selected. The
projected cells were the first ‘n’ cells in our dataset that matched the protrusivity or other criteria. For the collagen on plastic dataset
projections, images were log-transformed in Python with numpy.log, to better visualise a wide range of values.

3D renders are displayed as a 3D projection with trilinear interpolation using the Volume Viewer 2.01 Fiji plugin®®. 3D surface ren-
ders were generated using the 3D viewer in Fiji. The same defined ssOPM datasets are analysed across multiple figures (Tables S3
and S4). Accordingly, images in different figures that are taken from subregions of the same ssOPM volumes are highlighted in figure
legends where possible, and not represented as depicting separate experiments.

Bleb and elongation assay from raw ssOPM data

Non-resliced, full resolution ssOPM images of cells for control, siFARP1, and siTIAM2 conditions were scored by eye for blebs or
elongated protrusions with rear polarised nuclei. Scoring was blinded via a Python script to generate random filenames for each
ssOPM volume. Estimates of the frequency of phenotype in a well were calculated from the number of cells with the observed pheno-
type, divided by the number of segmented cells in that well.

ssOPM data visualisations, stacked maximum intensity projections, heatmaps and general plotting

Heatmap visualisations were prepared using the Complex Heatmap package in R, or heatmap in base R. Heatmap colouring of scat-
ter plots are with geom_pointdensity(), from the ggpointdensity package in R, values in Density legend range from 0 to approximately
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1600. Boxplots and violin plots were generated in R using the ggplot2 package geom_boxplot(), and geom_violin(). For charts pre-
senting individual data points and boxplot representations of the same data, we do not depict boxplot outliers as these are already
indicated by the observations. Boxplot whisker lengths are generated using the default of 1.5 x the IQR. Contour lines in estimates of
density for elongation versus roundness are generated from geom_density_2D(), from ggplot2, and density estimates for ternary plots
used stat_density_tern() from ggtern package, with the n and bdl parameters: n = 100, and bdl = 0.01.

Plotting of preliminary screens of shape regulation

Plotting and heatmap summaries of preliminary screens are provided to describe the process of selecting genes for further study by
ssOPM. The gene symbol matching for heatmaps/plotting was performed in an automated fashion. Gene names from the siOTP and
siGenome libraries were matched to HGNC symbols using the multi symbol checker online application. Matching approved symbols
were selected, and where no approved symbol was found, matching alias symbols that were RhoGEF/GAP/GTPases or related
genes were selected. For the siOTP library where cell number information was available, siRNA treatments with cell numbers
more than 1.5 standard deviations below the mean were removed from consideration so as to focus on direct effects of shape sepa-
rately from effects on viability. Genetic treatments from the siGenome library were considered if they were also present in the siOTP
library. For gene symbols in the siGenome library beginning with “LOC”, the gene IDs were queried and assigned.

2D imaging, measurements, and assays

Confocal imaging in 2D used the Opera Phenix Plus High-Content Screening System. Imaging for morphology analysis used 20x wa-
ter objective NA 1.0, and imaging to visualise subcellular localisation of GFP and YFP-tagged proteins used 63x water objective NA
1.15. Imaging plates were PerkinElmer PhenoPlates or Softwell Hydrogels. Cell shape measurements from 2D confocal images for
this study were made using Harmony 5.1 software (Perkin Elmer). Cell measurements were made based on segmentation from
tubulin staining. Measurements in the analysis of preliminary screens (eg. Figure S2) were generated as part of Bousgouni et al.®?,
and used Columbus software (Perkin Elmer). For 2D experiments with thin collagen coating of tissue culture plates, the indicated
amount of collagen was prepared in PBS and deposited on 96 well plates for 2 hours at room temperature before washing with
PBS. For 2D assays, unless indicated otherwise, the thin collagen coating concentration was 10 pg/cm?. In 2D assays measuring
cell roundness, the roundness feature was selected as a 2D surrogate of 3D protrusivity because 3D sphericity was a cell shape
feature that has high correlation with protrusivity. For 2D blebbistatin treatment assay, the experiment was in a 384 well plate format
with collagen coating, and the combined number of single cells per treatment condition was at least 2100 for treatments involving the
DMSO control, and at least 1200 for treatments involving blebbistatin. Assays of anti-Cleaved-Caspase-3 were in 384 well format.
Target seeding densit in 384 well plate assays was 5 X 102 cells per well. For A375 experiments, the combined number of single cells
per combination of siRNA and collagen condition was at least 3800.

Measurements for 2D substrates at a range of stiffness

For 2D experiments on collagen at a range of stiffness, siRNA treated cells were transferred to 96 well plate Softwell Hydrogels,
coated with collagen I. The targeted seeding density was 2 x 10° cells per well. Cells were fixed in 4% PFA after 24 hours, stained
with phalloidin and anti-Tubulin. Roundness measurements were made using the Perkin EImer Harmony5.1 software. Due to the un-
even surface of collagen coated wells, a pre-scan of the plate and Harmony analysis script was used to detect the correct imaging
plane in the z-axis before final imaging. Prior to analysis quality control aimed to removed incorrectly optically sectioned and imaged
wells. This removed one well out of 96, with an aberrant average cell area more than 8 standard deviations above the mean. Final data
are from more than 67,000 single cells as indicated in Table S5.

FARP1 and TIAM2, 2D expression assay

Plasmids with cDNA encoding FARP1 (Human) and TIAM2 (Mouse) or GFP were transfected into WM266-4 using effectene
transfection reagent. On the second day after transfection, approximately 2 x 10° cells per well were transferred to 96 well plates
(Phenoplate, Perkin Elmer) for 24 hours before fixation and staining in 4 % PFA for 20 minutes at room temperature. This seeding
density was selected in order to assay the shape of subconfluent cells. Thin collagen coating on tissue culture plastic was
10 ug/cm?. Cells expressing transgenes were selected by calculating z-scores for GFP or YFP signal within each transgene treat-
ment, then classifying cells with a z-score greater than 1.5 as expressing. For quality control of automated fluorescence-based
cell detection, a fraction of observations (~ 0.52 percent) were removed in order to exclude small fluorescent particles and cell frag-
ments that were not genuine cells. These particles were defined as objects where the area of signal in the nucleus and cell fluores-
cence channel were identical, as well as objects with fluorescence in the nuclear channel that had an area ~2.5 standard deviations
below the average nucleus area. In all treatments, cells with fluorescence expression z-score greater than 10 were excluded as out-
liers, to avoid measuring the deleterious effects of super-physiological transgene expression. For statistical tests in expression as-
says comparing shape parameter at the well level, data for each condition are from between 49,143, and 102,962 non-expressing
cells, and between 687 to 1230 transgene expressing cells. Scoring the predominance of filaments, ruffles and blebs in GFP and
YFP-TIAM2 expressing cells was performed manually.
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Real time quantitative PCR

For real time quantitative PCR (also gPCR) experiments involving siRNA, WM266-4 cells were seeded into 6 well tissue culture plates
and two wells per condition were transfected with siRNA, using the same protocol and siRNA reagents as described for 3D ssOPM
experiments. Cells were harvested and RNA was extracted using RNeasy Plus Mini Kit (QIAGEN #74134). cDNA conversion was us-
ing the High-Capacity RNA-to-cDNA Kit (Catalogue Number 4387406). For the experiments described in Figures S2 and S3, gPCR
reactions were measured from replicate samples (with either 3 or 4 replicates for each gene of interest), and compared to the average
of GAPDH measurements. For the experiments measuring only FARP1 or TIAM2, separate gPCR reactions were performed using
10 ng, 20 ng and 100 ng cDNA templates. gPCR reactions were each with 3 replicates for gene of interest, and for GAPDH. PCR
reactions were performed on an Applied Biosystems® QuantStudio™ n6 Flex Real-Time PCR System, using SYBR Green PCR
Master Mix (Ref#4309155). Primers were predesigned KiCqStart Primers (Sigma), and primers to the GAPDH gene were used for
normalisation between samples. The changes in gene expression between different samples or conditions were calculated using
the 2724¢M method.

Immunostaining and dye staining

Cells were fixed in 4% PFA at room temperature for 15-20 minutes, permeabilized with 0.2% Triton-X, and blocked in 2% BSA for an
hour. Primary antibodies were applied overnight at 4°C, followed by secondary antibodies for one hour at room temperature. Phal-
loidin and nuclear dyes were added post-secondary staining, with three PBS washes after each step. Primary antibody concentra-
tions were anti-Tubulin (1:1000 dilution), anti-Phospho-Myosin Light Chain 2 (1:50 dilution) and anti-Cleaved Caspase-3 (1:100
dilution).

Statistical methodology

We did not use prior tests to calculate sample size and statistical power. For 3D and 2D imaging experiments measuring morphology,
we performed automated quality control of segmentation as described in each method section, and unless otherwise indicated these
were performed uniformly across treatments as described in the 3D (ssOPM) and 2D imaging and data acquisition methods.

ssOPM statistical data analysis

As some of the ssOPM cell and nuclear shape features did not have a normal distribution, we used non-parametric tests, unless
otherwise indicated. To test differences between two conditions, we used a paired Wilcoxon test with Benjamini-Hochberg (BH)
adjustment for multiple comparisons. BH adjustments were performed using the R ggpubr package. Unless indicated otherwise,
for tests of difference between more than two conditions, we used a Kruskal-Wallis test, followed by a Dunn’s test, with BH adjust-
ment, to discern which conditions differed from control. Unless stated otherwise, tests for differences in normalised shape measures
between groups, were performed on summary statistics calculated for wells, from multiple experimental repeats (as indicated in the
figures). Statistical tests were performed with functions in the R programming language and environment. Fligner tests were per-
formed with the R stats package function ‘fligner.test()’. Principal component analysis was performed on cell measurements aggre-
gated at the well level, using the 'prcomp()’ function in R.

W-statistic for common language effect size analysis of siRNA treatments on protrusivity

For common language effect size analysis, we used well-level median summaries and performed an exhaustive series of Wilcoxon
rank-sum tests (Matlab) between the protrusivity measurements from each siRNA treatment. We then use the W-statistic (in conjunc-
tion with sample size) to calculate the “common language effect size” that each treatment has on protrusivity. We then created a
matrix of pairwise comparisons between all of the siRNA treatments used in this study, and measured the degree of difference be-
tween median protrusivity in each of them. We then clustered treatments according to their statistically determined differences in
protrusivity, which produced two distinct clusters in proximal and distal settings. These correspond to low and high protrusivity clus-
ters. Analysis was performed in Matlab and plotted in R.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments such as sample numbers, measures of centre, and statistical tests can be found in figure legends.
Analysis was performed in R, and Matlab. Unless stated otherwise, statistical tests for ssOPM data were performed on experimental
batch normalised data (STAR Methods). Information about data quality control, and automated quantification are in Method details.
Except where stated otherwise, statistical significance was defined as *=p < 0.05, **=p < 0.01, ** = p < 0.001, ***=p < 0.0001. And
non-significant test statistics were: ns = p > 0.05. For t-tests, we used the Shapiro-Wilk tests to check for evidence of deviation from
the assumption of normality.

Cell Reports 43, 114016, May 28, 2024 27




	Environmentally dependent and independent control of 3D cell shape
	Introduction
	Results
	A 3D imaging assay to measure cell shape in distinct environments
	Defining a protrusivity metric
	Human melanoma cells adopt different shapes in distinct microenvironments
	Biology of protrusivity in 3D collagen
	RhoGEF/GAP/GTPases contribute to cell morphogenesis in environmentally independent and dependent ways
	The effect of RhoGTPase regulators on cell shape is environmentally constrained
	Scale of regulation of protrusivity and influence of collagen stiffness
	Interaction of FARP1 and TIAM2 with cell contractility signaling
	Environmental interaction of TIAM2 expression with cell shape
	A model of environmental shape modulation

	Discussion
	Cell response to physical properties of the microenvironment
	Environmentally dependent control of cell protrusivity by TIAM2, FARP1, and the cytoskeleton
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Method details
	Cell culture
	Cell preparation for imaging, siRNA and inhibitor treatments
	Stage-scanning oblique plane microscopy (ssOPM) setup
	ssOPM image acquisition
	ssOPM image reslicing and registration
	ssOPM image segmentation
	ssOPM image measures
	Confirmation that shape changes between environments are robust to segmentation method and ssOPM light sheet PSF shape
	Segmentation method
	Anisotropic PSF shape
	Spatially varying light sheet thickness

	Measuring 3D collagen environment by scattered light intensity
	ssOPM data processing
	Segmentation quality control
	Coverslip localisation
	Nucleus height determination
	Feature reduction and feature normalisation

	ssOPM maximum intensity projections for example visualisation
	Bleb and elongation assay from raw ssOPM data
	ssOPM data visualisations, stacked maximum intensity projections, heatmaps and general plotting
	Plotting of preliminary screens of shape regulation
	2D imaging, measurements, and assays
	Measurements for 2D substrates at a range of stiffness
	FARP1 and TIAM2, 2D expression assay
	Real time quantitative PCR
	Immunostaining and dye staining
	Statistical methodology
	ssOPM statistical data analysis
	W-statistic for common language effect size analysis of siRNA treatments on protrusivity

	Quantification and statistical analysis



