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Integrin-mediated focal adhesions are the primary architectures that

transmit forces between the extracellular matrix (ECM) and the actin
cytoskeleton. Although focal adhesions are abundant on rigid and flat
substrates that support high mechanical tensions, they are sparse in soft
three-dimensional (3D) environments. Here we report curvature-dependent
integrin-mediated adhesions called curved adhesions. Their formation
isregulated by the membrane curvatures imposed by the topography of
ECM protein fibres. Curved adhesions are mediated by integrin avf35 and
are molecularly distinct from focal adhesions and clathrin lattices. The
molecular mechanisminvolves a previously unknown interaction between
integrin 5 and a curvature-sensing protein, FCHo2. We find that curved
adhesions are prevalent in physiological conditions, and disruption of
curved adhesions inhibits the migration of some cancer cell lines in 3D fibre
matrices. These findings provide a mechanism for cell anchorage to natural
protein fibres and suggest that curved adhesions may serve as a potential

therapeutic target.

Mammalian cells adhere to the ECM through integrin-mediated adhe-
sions to transmit environmental cues and regulate their behavioursin
physiology and pathology"?. Focal adhesions and related structures
have been identified as the primary architectures that connect the
ECM to the actin cytoskeleton and transmit mechanical forces. The
activationof integrin receptorsin focal adhesions requires the engage-
ment of force-sensitive intracellular proteins?, especially talin®*. This
force-dependent process is a key regulatory step in the formation
of focal adhesions’, making them sensitive to ECM stiffness and cell
contractility® .

Focal adhesions are prominent on two-dimensional (2D) rigid
substrates. However, they are much smaller in size’, barely discern-
ible’ or not observed™?in soft 3D matrices. Thisis partly because talin
activationinfocaladhesions requires aminimum substrate rigidity of
5kPa®, which is higher than the rigidity of most ECM protein fibres'.
Celladhesionsinthree dimensions depend on various factors, such as
ECM composition, density and organization®. Despite the complexity,

force-dependent integrin activation is thought to be the key step for
celladhesions in 3D structures™. Interestingly, in conditions in which
focal adhesions are not observed, adhesion proteins like talin still play
aroleincellmotility in 3D structures”, which indicates that alternative
adhesion architectures form on soft 3D fibres.

Recentstudies have identified clathrin-containingintegrin adhe-
sions”, including flat clathrin lattices'", tubular clathrin-AP2 lattices™
and reticular adhesions®. It is possible that clathrin lattices may par-
ticipate in cell adhesions to soft fibres. However, clathrin-containing
adhesions are generally devoid of key mechanotransduction compo-
nents such as actin and talin”.

A key geometrical feature of ECM fibres is their cylindrical and
curved surface. It haslong been proposed that this fibre geometry may
play an important role in cell-matrix adhesions by inducing plasma
membrane curvature®. However, a mechanism connecting mem-
brane curvature andintegrinadhesion has yet tobe established. In this
study, wereport the identification of curved adhesion. The formation
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of curved adhesions is driven by membrane curvatures rather than
mechanical forces, which allows cells to adhere to soft ECM fibres in
3D environments.

Results

Membrane curvatures induce the accumulation of integrin 5
We used a recently developed nanostructure platform to induce
well-defined membrane curvatures in live cells?>. We first engineered
Si0, nanobars, which are vertically aligned with 200 nm width, 2 um
length, 1.4 pm height and 5 um spacing (Fig. 1a,b, Extended Data
Fig.1laand Supplementary Table1). When the plasma membrane wraps
around nanobars, the two vertical ends and the horizontal top of nano-
bar surfacesinduce well-defined local membrane curvatures® (Fig. 1c).
In 2D images focused on the middle height of nanobars, owing to the
3D-to-2D projection effect, the curvature effectis primarily observed at
the ends of nanobars, with minimal contribution fromthe top surface.
The flat side walls of the nanobars serve as aninternal control (Fig. 1b).

In mammals, integrins consist of 18 a-subunits and 8 3-subunits,
forming 24 distinct af3 heterodimers that bind to various ECM ligand
proteins®. To investigate different integrin isoforms, we coated nano-
bar substrates with their respective ECM ligands (Fig. 1d). Specifically,
hydrolysed collagen (gelatin), laminin, fibronectin and vitronectinwere
used to probe 1-containing integrins, fibronectin and vitronectin to
probe [33-, B5-, B6- and 38-containing integrins, and laminin to probe
B4-containing integrin. We did not investigate the leukocyte-specific
integrins 32 and 7, which primarily mediate cell-cell adhesions.
To create uniform ECM coatings, we applied poly-L-lysine (PLL) and
crosslinked it to specific ECM proteins using glutaraldehyde, as dem-
onstrated by fluorescent gelatin (Fig. 1e). We used immunofluorescence
to probe endogenous integrin 31 (ITGB1) and integrin 35 (ITGBS), both
of whichare highly expressedin U20S cells* (Supplementary Table 2),
and carboxy-terminal green fluorescent protein (GFP) tagging to probe
integrins 33, 4, B5, 36 and 38.

On flat areas, anti-ITGB1, 3-GFP, B5-GFP and 36-GFP formed
focal adhesions on substrates coated with their respective ECM ligands
(Extended DataFig.1b). 34-GFP formed hemidesmosomes on laminin,
whereas 38-GFP appeared diffusive owing to the lack of talin-binding
motifs. On nanobar areas, anti-ITGB1 localized to focal adhesions
between nanobars but showed minimal signals on nanobars, which
induce membrane wrapping as visualized by the membrane marker
RFP-CaaX (Fig. 1f). Interestingly, in addition to being present in focal
adhesions between nanobars, anti-ITGB5 showed selective and strong
accumulation at some nanobar ends, which arelocations of high mem-
brane curvature. By contrast, the co-expressed RFP-CaaX wasrelatively
evenly distributed on the same nanobars (Fig. 1g).

On nanobars, B3-GFP, 6-GFP and 38-GFP on fibronectin, as
well as B4-GFP on laminin, showed an even distribution along the

nanobar length, similar to RFP-CaaX. However, ITGB5-GFP on both
vitronectin and fibronectin showed selective accumulation at nano-
bar ends (Fig. 1h). Additionally, anti-ITGB1on fibronectin, vitronectin
and laminin, as well as $3-GFP, 36-GFP and 38-GFP on vitronectin,
showed no preference for nanobar ends (Extended DataFig.2a,b). We
quantified the curvature preference by measuring the nanobar end/
side ratio of integrin B-subunits, normalized by the end/side ratio of
RFP-CaaX at the same nanobars. The membrane normalization step
is crucial to distinguish the curvature effect from occasional uneven
membrane wrapping. The quantifications confirmed that ITGB5 shows
astrong curvature preference, withan average end/sideratio of-1.9 on
bothvitronectinand fibronectin (Fig. 1i). The end/side ratios of other
B-subunits were ~-1.0 on their respective ligands, which indicated that
these subunits have no curvature preference.

ITGBS interacts with the av subunit to form an av35 heterodimer
forligand binding. As fibronectinis aweak ligand for avB5but a potent
ligand forintegrin a5p1, whichis also highly expressed in U20S cells®®,
we used vitronectin coating for the subsequent ITGB5 studies unless
noted otherwise. Anti-av5 staining showed preferential accumula-
tion of avf35 heterodimers at nanobar ends (Extended Data Fig. 2c). In
additionto U20S cells, preferential accumulation of ITGf5 at nanobar
endswas observedin many human cell lines, including HT1080, A549,
U-251, MCF7, HeLa and human mesenchymal stem cells (hMSCs), and
in mouse embryonic fibroblast cells (Extended Data Fig. 2d.e). This
result indicates that the curvature preference of ITGB5 is not limited
toaspecificcell type.

Todeterminetherange of curvatures thatinduce ITGB5 accumula-
tion, we engineered gradient nanobars with end-curvature diameters
ranging from100 nmto 5 um (Extended Data Fig.1c). Compared to the
membrane maker GFP-CaaX, anti-ITG[5 exhibited a clear preference
for the ends of thin nanobars, but the curvature preference gradually
diminished as the nanobars became thicker (Fig. 1j). Quantification of
the ITGB5 end/side ratios showed that ITGB5 preferred sharp curvatures
with a curvature diameter of <3 pm (Fig. 1k).

Curved adhesions recruit talin-1and bear mechanical forces

To determine whether ITGB5 at curved locations participate in cell-
matrix adhesions, we used SiO, nanopillar arrays that induce more
curvatures per cell thannanobars (Fig. 2a,b and Extended Data Fig. 1d).
ITGB5-GFP preferentially accumulated at some membrane-wrapped
nanopillars and in focal adhesions formed between nanopillars on
vitronectin-coated substrates. However, it appeared diffusive on the
plasma membrane when the nanopillar substrates were coated witha
non-ligand gelatin (Fig. 2c and Extended Data Fig. 3a). Quantification of
ITGB5-GFP, normalized to RFP-CaaX, confirmed that ITGB5-GFP pref-
erentially accumulated on vitronectin-coated but not gelatin-coated
nanopillars (Fig. 2d). When extracellular Ca*", which s required for the

Fig.1|Positive membrane curvature induces selective accumulation of
integrin 5. a, SEM image of nanobars viewed at a 45° angle. Scale bar, 5 pm.

b, Single nanobar viewed at a 45° angle (top) and from the top (bottom). Scale
bar,1pm. ¢, SEMimage showing cellmembrane deformation on nanobars. Scale
bar, 5 um (full size) or 1 pm (inset). d, Chart showing the integrin 3-subunits
probed in this study, with their respective a-subunits and ECM ligands.

e, Left: schematic of an ECM ligand-coated surface. Right: bright-field and
fluorescence images of nanobars coated with Atto647-gelatin. Scale bar, 5 pm.
GA, glutaraldehyde. f, Anti-ITGB1 on gelatin-coated nanobar substrate does not
show accumulation at nanobars visualized by amembrane marker RFP-CaaX
transiently expressed in some cells. Scale bar, 10 um (full size) or 5 um (insets).
Arrowheads indicate nanobar ends. g, Anti-ITGf5 on vitronectin-coated nanobar
substrate shows preferential accumulation at the nanobar ends (arrowheads),
whereas RFP-CaaXis relatively evenly distributed along the same nanobars.
Scale bar, 10 pm (full size) or 5 pm (insets). h, Fluorescence images of GFP-
tagged B3, B4, B5, B6 and B8 integrins co-expressed with RFP-CaaX on nanobar
substrates with their respective ECM protein coatings. Only ITGB5-GFP shows

preferential accumulation at nanobar ends (arrowheads). Scale bar, 10 um

(full size) or 5 pm (insets). More images are included in Extended Data Fig. 2a.

i, Quantifications of curvature preferences of integrin B-subunits by measuring
their nanobar end/side ratios, normalized by the end/side ratios of RFP-CaaX
atthe same nanobars. Each data point represents the mean value from asingle
cell having between 26 and 158 nanobars (see source data for Fig.1). n =12 cells,
pooled from 2 independent experiments per condition. j, Probing the curvature
range thatinduces ITGBS accumulation using gradient nanobar arrays. First
row: bright-field (BF) image of gradient nanobars. Second row: fluorescence
image of gradient nanobars coated with Cy3-vitronectin (Vn). Third and fourth
rows: anti-ITGBS in cells expressing GFP-CaaX on vitronectin-coated gradient
nanobars. Arrowheads indicate nanobar ends. Scale bar, 10 pm. k, Quantification
ofthe end/side ratio of ITGB5/CaaX on gradient nanobars. n = 8 images for each
condition, from 2 independent experiments. P values calculated using one-way
ANOVA with Bonferroni’s multiple comparison. Data are the mean + s.d. Source
numerical data are available in the source data.

Nature Cell Biology | Volume 25 | October 2023 | 1453-1464

1454


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01238-1

ligand binding of integrins”, was sequestered with ethylenediaminetet- We performed live-cell imaging to determine the dynamics of
raaceticacid (EDTA), ITGB5-GFP accumulation onvitronectin-coated curved adhesions. ITGB5-GFP, compared to the membrane marker
nanopillars was abolished (Extended DataFig.3b,c). AstheavB5accu-  CellMask, selectively accumulated on ~30% of nanopillars (Fig. 2e).
mulation at curved membranes requires ECM binding, we termthese  The majority of ITGB5-GFP-marked curved adhesions (24 out of
structures curved adhesions. 28 nanopillars in the image) persisted for >80 min (Fig. 2e,f and
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Supplementary Video 1). Nevertheless, slow and gradual assembly
(two nanopillars, example red tracein Fig. 2g) and disassembly (three
nanopillars, exampleblue traceinFig.2g) of curved adhesions occurred
atafew nanopillars without significant changesin membrane wrapping
(Fig.2g and Extended DataFig. 3d). This dynamic measurement shows
that curved adhesions are stable adhesions.

To explore whether curved adhesions can bear mechanical forces,
we first examined whether they could recruit talin-1, akey force trans-
mission component of focal adhesions*. Immunofluorescence analyses
revealed that talin-1 selectively assembled at the nanopillars where
ITGBS accumulated (Fig. 2h). In the same image, talin-1 also colocal-
ized with ITGBS infocal adhesions as expected. By contrast, ITG1 did
notaccumulate at vitronectin-coated nanopillars where talin-1clearly
accumulated (Extended Data Fig. 3e). Additionally, with gelatin coat-
ing, talin-1,ITGBS and ITGB1did notaccumulate at the nanopillars even
though talin-1and ITGB1 colocalized in focal adhesions (Extended Data
Fig.3f,g). These data demonstrate that curved adhesions involve talin-1
and are specific to ITGPS.

To determine whether the talin-1 molecules in curved adhesions
areunder tension, we used two genetically encoded and Forster reso-
nance energy transfer (FRET)-based biosensors, in which a tension
sensor module (TSM) isinserted between the head domains and therod
domains of talin-1(refs. 28,29) (Fig. 2i). When talin-1is under mechani-
calforces, the TSMisstretched, resultingin areduced FRET efficiency.
Asnegative controls, the TSM modules were linked to either the amino
terminus or the carboxyl terminus of talin-1, and thus the FRET effi-
ciency was not affected by the forces exerted on talin-1. Specifically,
the sensor FL-TSMis sensitive to low forces with a maximal sensitivity
3-5pN, whereas the sensor HPst-TSM is sensitive to high forces with
a maximal sensitivity 9-11 pN. The talin tension sensors were incor-
porated in both curved adhesions at nanopillars and focal adhesions
(YPet fluorescencein Fig. 2j). We quantified the normalized FRET ratio
using ratiometric imaging (Methods). The low-force FL-TSM sensor
exhibited similar FRET ratios at curved adhesions and focal adhesions,
which were significantly lower thanits controls (Fig. 2i,j and Extended
Data Fig. 3h), which indicated that the FL-TSM sensor is stretched in
both adhesion architectures. When the high-force HPst-TSM sensor
was used, focal adhesions showed significantly lower FRET ratios than
curved adhesions, which indicated that there was a greater extent of
TSMsstretchingin focal adhesions. Together, these results indicate that
curved adhesions bear mechanical forces, and the tension on talin-1is
lower in curved adhesions thanin focal adhesions.

Besides bearing forces, curved adhesions promote early-stage
cellspreading, whichis a characteristic of functional celladhesions™.
Immunofluorescence analyses showed strong ITGBS5 accumulation at
vitronectin-coated nanopillars 30 minafter cell plating, whichis before

the formation of large focal adhesions (Fig. 2k and Extended Data
Fig. 4a). Under this condition, cells at nanopillar areas were visibly
larger thanthose at flat areas in the same images (Fig. 21). Similar results
were observed for cells cultured on fibronectin-coated substrates, but
not on substrates coated with gelatin, PLL or bovine serum albumin
(BSA) (Fig. 2m and Extended Data Fig. 4b). ITGBS5 knockdown cells
showed no nanopillar-assisted early-stage cell spreading on either
vitronectin-coated or fibronectin-coated substrates (Extended Data
Fig.4a,c; knockdown efficiency verified in Fig. 6b).

Curved adhesions involve a subset of focal adhesion proteins
Toinvestigate whether curved adhesions involve other adhesion pro-
teins alongside talin-1, we examined the spatial correlations between
ITGBS and well-known adhesion proteins, including paxillin, vinculin,
phospho-focal adhesion kinase (Tyr397, pFAK) and zyxin. ITGBS5 colo-
calized with all of these proteins in focal adhesions (Extended Data
Fig.4d-g). However, vinculinand pFAK were absent from ITGB5-marked
curved adhesions at nanopillars (Fig. 3a and Extended Data Fig. 4h),
eventhough their colocalization with ITGB5 in focal adhesions formed
between nanopillarsin the same images. By contrast, paxillinand zyxin
colocalized with ITGB5, similar to talin-1,inboth curved adhesions and
focal adhesions (Extended Data Fig. 4i,j). The involvement of talin-1
and zyxin, but not vinculin, in curved adhesions was further confirmed
by their preferential accumulation at nanobar ends (Extended Data
Fig. 4k). Quantifications of the Spearman’s correlation coefficients
between ITGPS and adhesion proteins at nanopillars suggested that
curved adhesions containadistinct subset of adhesion proteins, includ-
ing talin-1, paxillin and zyxin, but not vinculin or pFAK (Fig. 3b). Addi-
tionally, curved adhesions were not linked to thick stress fibres, but
were connected to local F-actin assemblies at nanopillars® (data and
discussions in Extended Data Fig. 5).

Next, we explored whether curved adhesions are related to
clathrin-containing adhesions such as flat clathrin lattices and reticu-
lar adhesions". Clathrin-containing structures have been reported to
recruit B5 as well as 81 and 3 integrins” %2, We observed that both
ITGB5 and AP2, the clathrinadaptor, accumulated at vitronectin-coated
nanopillars (Fig. 3c). However, closer examination showed that their
accumulations were not correlated (Fig. 3¢ and quantification in
Fig. 3b). For instance, nanopillars with high B5 intensities often had
low AP2 intensities and vice versa. Even when both ITGB5 and AP2
accumulated at the same nanopillars, expansion microscopy imag-
ing of the cell-nanopillar interface® showed that they were not spa-
tially correlated along nanopillars (Extended Data Fig. 6a). Similarly,
ITGB5-GFP accumulation at nanopillars did not correlate with the
anti-clathrin heavy chain (anti-CHC) or another clathrin adaptor pro-
tein, EPS15-RFP (Extended Data Fig. 6b and quantifications in Fig. 3b).

Fig.2| Curved adhesions recruit talin-1and bear low mechanical forces. a, An
SEMimage of nanopillars. Scale bar,1 pm. b, Left: zoom-in on a single nanopillar
ina.Scale bar,1 pm. Right: Schematic of integrin adhesion at a nanopillar. c,
Fluorescence images showing that vitronectin-coated but not gelatin-coated
nanopillarsinduce ITGB5-GFP accumulation relative to RFP-CaaX. Ratiometric
images are shown in the Parula colour scale. Scale bar, 10 pm. d, Quantifications
of the normalized ITGB5/CaaX ratio at individual nanopillars and their flat
surrounding regions. Left to right, n =926, 926, 863 and 863 pillars, from 3
independent cells. Medians (lines) and quartiles (dotted lines) are shown.

e, Live-cell imaging of ITGB5-GFP with CellMask membrane marker on
vitronectin-coated nanopillars at 15 s per frame for 80 min. Ratiometric

images at 0 min and 80 min are shown. Scale bar, 10 pm. f, Kymograph of the
rectangular boxin e.Scale bar, 1 pum. g, Example trajectories of ITGBS5 nanopillar
accumulations showing that most curved adhesions persist, with a few that
slowly assemble (pillar 1) or disassemble (pillar 2). h, On vitronectin-coated
substrates, endogenous ITGBS and talin-1colocalize in both curved adhesions

at nanopillars (arrows) and focal adhesions between nanopillars on flat areas
(arrowheads). Scale bar, 10 um (full size) or 5 pm (insets). i, Top: schematic of
talin-1tension sensors. mCh, mCherry. Bottom: quantification of the normalized

average FRET ratio (inarbitrary units (a.u.)) at focal adhesions and curved
adhesions. Left toright,n=13,12,10,10,15 and 11 cells, from 2 independent
experiments.j, Fluorescence (YPet) and ratiometric FRET images (in the Parula
colour scale) of the low-force FL-TSM sensor and the high-force HPst-TSM sensor.
Inthe zoom-in window of the HPst-TSM sensor, curved adhesions exhibit higher
FRET values, and thus lower tensions, than focal adhesions. Scale bar, 10 um (full
size) or 5 um (insets). k, ITGB5 accumulates at vitronectin-coated nanopillars
within 30 min after seeding. Scale bar, 10 pm. 1, Early-stage cell spreading (30 min
after plating) on vitronectin-coated nanopillar and flat areas in the same image.
Scale bar, 50 pm. m, Quantification of the cell spreading area. n are as follows
(lefttoright): n =69, 68,79, 53,45 and 48 (vitronectin) and n =76, 64, 57,55,
45and 42 (fibronectin) cells, from 3independent experiments; n =38 and 44
(gelatin), n=35and 38 (PLL) and n = 42 and 34 (BSA) cells, from 2 independent
experiments. Data are the mean + s.d. (i, m). P values calculated using Kruskal-
Wallis test with Dunn’s multiple comparison (d,m (vitronectin, fibronectin)),
one-way ANOVA with Tukey’s multiple comparison (i), Mann-Whitney test (m,
gelatin) or two-tailed ¢-test (m, PLL, BSA). Source numerical data are available in
the source data.
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Furthermore, the short hairpin RNA (shRNA)-mediated knockdown
of key proteins involved in clathrin-containing adhesions, such as
CHC, AP2 p-subunit (AP2-p), EPS15 and EPS15R (EPS15/R), or inter-
sectin1and intersectin 2 (ITSN1/2), did not affect the curvature pref-
erence of ITGB5-GFP (Extended Data Fig. 6¢,d and quantifications in
Fig. 3d). Therefore, curved adhesions are molecularly distinct from
clathrin-containingadhesions. Thisresultis further supported by the

presence of talin-1, paxillin, zyxin and F-actin in curved adhesions,
whereas clathrin-containing adhesions are devoid of talin-1and other
mechanotransduction components”.

To determine which domain of ITGf5 is responsible for its cur-
vature preference, we constructed two chimeric proteins, Exp5/Inf33
and ExB3/Inf5, by swapping the extracellular domains of ITGB5 and
ITGPB3 (Fig. 3e). ExP5/InB3-GFP formed strong focal adhesions on
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vitronectin-coated substrates but did not exhibit a curvature prefer-
ence at nanobar ends (Fig. 3f and quantification in Fig. 3i). By contrast,
ExB3/InB5-GFP, although not well expressed, showed clear curvature
preference onfibronectin-coated nanobars (Fig. 3f and quantification
inFig. 3i). Theseresultsindicate that the transmembrane (TM) domain
and cytoplasmic domain of ITGf5, rather thaniits extracellular domains,
are crucial for its curvature preference.

Next, we sequentially truncated the ITGB5 cytoplasmic domain
from the C terminus, resulting in 35(1-779), B5(1-769), $5(1-759) and
B5(1-749) (Fig. 3g). With the exception of B5(1-749), all truncated ITG35
variants showed curvature preference towards nanobar ends (Fig. 3h
and quantification in Fig. 3i). Notably, B5(1-769) and 5(1-759), for
which the NPLY talin-binding motif®is deleted, could not participatein
focaladhesions butstill showed clear curvature preference. Therefore,
the curvature preference of ITGB5 does not rely on talin binding but
instead requires its intracellular juxtamembrane region.

Curved adhesions require a curvature-sensing protein FCHo2
When we were investigating the relationship between endocytic pro-
teins and curved adhesion, we found that the shRNA knockdown of
FCHoland FCHo2, two homologous early-stage endocytic proteins, sig-
nificantly reduced ITGB5 accumulation at nanobar ends (Extended Data
Fig.7a). FCHoland FCHo2 are intrinsic curvature-sensing proteins that
possess an N-terminal F-BAR domain®*. FCHoland FCHo2 are not pre-
sentin theadhesome of either focal adhesions™ or clathrin-containing
adhesions®.

RFP-FCHo2 selectively colocalized with ITG5-GFP at nanopillars
(arrows) but did not colocalize with ITGPS5 in focal adhesions (arrow-
heads) or clathrin-containing adhesions (thin arrows) in the same
cells (Fig. 4a). At nanopillars, the intensities of FCHo2 and ITGP5 were
strongly correlated, with a Spearman’s correlation coefficient of ~0.6
(Fig. 4b). Live-cell imaging showed that FCHo2 accumulation was
strong and stable in curved adhesions marked by ITGBS5 (Fig. 4c and
Supplementary Video 2). Some nanopillars without ITGf35 also showed
weak FCHo2 accumulation, exhibiting frequent and dynamic assembly
and disassembly, which is probably associated with endocytosis or
other dynamic processes (Fig. 4c,d). The shRNA knockdown of FCHo02,
marked by BFP expression, resulted in significantly reduced ITG5
accumulation on nanopillars, which is in contrast to non-transfected
cellsinthe sameimages (Fig. 4e and quantification in Fig. 4g). Interest-
ingly, whenITGf5 was knocked down through shRNA, FCHo2 accumu-
lation at nanobar ends was also significantly reduced (Extended Data
Fig. 7b,c). These results suggest that FCHo2 is a stable and essential
component of curved adhesion.

Interestingly, RFP-FCHol did not show strong accumulation at
nanopillars (Fig. 4f). Even when RFP-FCHol accumulated at some
nanopillars, it showed little correlation with anti-ITGPS. Furthermore,
the shRNA knockdown of FCHol did not affect ITGB5 accumulation
at nanopillars (Extended Data Fig. 7d and quantification in Fig. 4g),
which suggested that FCHol is notinvolved in curved adhesions. These
resultsindicate that FCHo2, but not FCHol, participatesin curved adhe-
sions. GFP-CaaX showed that membrane wrapping around nanopillars
was not affected by the knockdown of FCHol and FCHo2 (Extended
DataFig.7e).

FCHo2 is composed of a curvature-sensitive F-BAR domain, an
intrinsically disordered region (IDR) that is crucial for activating AP2
in clathrin-mediated endocytosis, and a C-terminal pHD domain*®
(Fig.4h). We constructed six GFP-tagged FCHo2 variants thatlack one
ortwo of its three domains and examined their correlation with ITG5
atnanopillars. FCHo2_AIDR still strongly colocalized with anti-ITGB5in
curved adhesions, but all other FCHo2 variants had either no correla-
tionorreduced correlation with anti-ITGB5 (Fig. 4i,j). Overexpression
of FCHo2_F-BAR-GFP alsoinduced asignificantreductioninanti-ITGB5
at nanopillars, which is probably due to a dominant-negative effect
(Fig. 4i). These dataindicate that both the F-BAR domain and the pHD

domain, butnot the IDR, are necessary for the participation of FCHo2
in curved adhesions.

Finally, we investigated whether the cytoplasmic region of ITGf5
interacts with FCHo2. We identified the juxtamembrane region of
the ITGPB5 as a crucial region for curvature preference. Therefore,
we engineered the fusion protein GFP-35(715-769), which consists
of an extracellular GFP tag, the TM domain and a 27-amino-acid
juxtamembrane fragment. We also constructed a negative control,
GFP-B5TM, which lacks the crucial juxtamembrane fragment
(Fig. 4k). Both GFP-B5(715-769) and GFP-35TM exhibited plasma
membrane localization with some puncta in the perinuclear regions
(Fig. 41). These perinuclear puncta colocalized with a Golgi marker,
Golgi-RFP(Extended DataFig.8a), whichistypicaloftruncatedmembrane
proteins.

When FCHo2_pHD-RFP was co-expressed with GFP-B5TM, it was
diffusive in the cytosol and showed no colocalization with GFP-5TM
(Fig. 41, top). However, when FCHo2_pHD-RFP was co-expressed
with GFP-35(715-769), it colocalized with GFP-35(715-769) at per-
inuclear puncta (Fig. 41, bottom). Furthermore, GFP-35(715-769)
co-expression caused membrane and perinuclear localization for the
other pHD-domain-containing FCHo2 variants (full-length FCHo2,
FCHo2_AF-BAR and FCHo2_AIDR (Extended Data Fig. 8b)), but not for
the variants that lack the yHD domain (FCHo2_ApHD, FCHo2_F-BAR
and FCHo2_IDR (Extended Data Fig. 8c and Fig.4m)). In control experi-
ments in which GFP-B5TM was co-expressed, full-length FCHo2, like
FCHo2_pHD-RFP, did not colocalize with GFP-B5TM (Extended Data
Fig.8d). These resultssuggest that thereis aninteraction betweenthe
juxtamembrane region of ITGf35 and the pHD of FCHo2.

To further confirm this interaction, we performed co-
immunoprecipitation experiments. When FCHo2_pHD-RFP was
co-expressed with GFP-35(715-769) in HEK293T cells, itimmunopre-
cipitated together with GFP-p5(715-769) (Fig. 4n).In negative controls,
no FCHo2_pHD-RFP was co-immunoprecipitated with GFP-5TM,
and no FCHo2_ApHD-RFP, a variant lacking the pHD domain, was
co-immunoprecipitated with GFP-5(715-769).

Curved adhesions abundantly form on 3D ECM protein fibres
Based on their distinct molecular compositions, curved adhesions
can be identified by the colocalization of ITGB5 and FCHo2, whereas
focal adhesions can be identified by the colocalization of ITGB5 and
vinculin. On flat and rigid glass substrates (Fig. 5a), numerous focal
adhesions were observed (Fig. 5b), whereas minimal curved adhesions
were present (Fig. 5¢c).

The natural ECMis enriched with protein fibres, which may locally
deform the cellmembrane and induce the formation of curved adhe-
sions. To explore the presence of curved adhesions in physiological
environments, we first examined the formation of curved adhesions
onathinlayer of fibrous ECM derived from fibroblast cells (Fig. 5d and
Extended Data Fig. 9a). Lung fibroblast IMR-90 cells were cultured
with ascorbicacid to enhance collagen-based ECM fibre production®,
whichresulted in athinlayer (-1 pm thickness) of ECM fibres contain-
ing vitronectin, as indicated by the strong anti-vitronectin staining
(Fig. 5e), consistent with a previous report®®, After decellularization,
U20S cells expressing FCHo2-GFP were plated on the cell-derived
fibres. Anti-ITGBS staining showed two distinct populations: one
extensively overlapping with FCHo2-GFP (Fig 5e, arrows) and the
other lacking FCHo2-GFP (Fig. 5e, arrowheads). The colocalization
of FCHo2 and ITGB5 indicated the formation of curved adhesions on
cell-derived fibres, whereas the population of ITGBS5 patches devoid
of FCHo2-GFP probably represents focal adhesions. Notably, curved
adhesions consistently aligned with underlying fibres, whereas focal
adhesions were often not aligned with and were perpendicular to the
fibre direction (Fig. 5e).

Next, we investigated the presence of curved adhesions in 3D
ECMs. We made pure collagen fibres containing 10% of AF647-labelled
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Fig. 6 | Curved adhesions facilitate cell migrationin 3D ECMs.

a, Representative images of U20S cells expressing GFP-CaaX in 3D matrices

after 72 h of culture. Cells are colour-coded according to zdepthinx-y
projections. Cells are coloured in green and merged with ECM in magentainx-z
projections. WT cells infiltrated into matrices made of vitronectin fibres, but not
matrices made of pure collagen fibres. The shRNAs of FCHo2, ITGBS5 or both, but
not scramble shRNA, inhibited the cell infiltrations. Scale bar, 100 pm. b, Western
blots show that shRNAs are able to effectively reduce the expression of FCHo2,
ITGBS5 or both in U20S, A549 and Hela cells. These results support the knockdown
efficiencies supplied by the company (Supplementary Table 3). ¢, Quantification

of the cell infiltration depth for U20S, A549 and Hela cells in 3D pure collagen
matrices or 3D vitronectin matrices with the knockdown of FCHo2, ITGB5 or
both. Left toright, n =244,509, 348,279,251 and 211 U20S cells, n =164,134,
100, 238,92 and 177 A549 cells and n =142, 236,277,189, 241 and 204 Hela cells,
from2independent experiments. Medians (lines) and quartiles (dotted lines)
are shown. P values calculated using Kruskal-Wallis test with Dunn’s multiple
comparison.d, lllustration of ITGBS5 interacting with FCHo2 in curved adhesions.
e, Schematic comparison of focal adhesion and curved adhesion architectures.
Note that the models only depict proteins investigated in this work. Source
numerical dataand unprocessed blots are available in the source data.

collagen. Collagen is not a ligand for integrin av5. To study curved
adhesions, we prepared vitronectin fibres by incubating collagen fibres
with multimeric vitronectin, which has a high affinity for collagen bind-
ing**°, Colocalizations of AF647-collagen and anti-vitronectin con-
firmed the incorporation of vitronectin in collagen fibres (Extended
DataFig. 9b). The most observed diameter of these fibres was ~115 nm
as measured by 3D super-resolution microscopy (Extended Data

Fig. 9c,d). Importantly, we used a two-step assembly method to pre-
pare 3D matrices of 200-300 pm thickness (Methods, Fig. 5f and
Extended Data Fig. 9¢). Cells were plated on top of the 3D matrices.
After 72 h of culture, these cells extensively infiltrated and fully embed-
ded themselvesin the vitronectin fibre matrices, whereas they mostly
remained on the surface of pure collagen fibre matrices (Extended
Data Fig. 9f and Supplementary Videos 3 and 4). The deformation
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of the plasma membrane by the fibres was evident (Extended Data
Fig.9g,h).

In cells embedded in 3D vitronectin fibre matrices, the
anti-ITGPS signals significantly overlapped with FCHo2-GFP on
fibres (Fig. 5g, Extended DataFig.10a and Supplementary Video 5),
which indicated the presence of curved adhesions. Conversely,
anti-ITGB5 accumulation on ECM fibres rarely overlapped with
anti-vinculin (Fig. 5g, Extended Data Fig. 10b and Supplementary
Video 6), whichindicated the scarcity of focal adhesions in soft 3D
matrices, which agrees with some previous reports™'>"*, We quanti-
fied curved adhesions by the colocalized signals of ITGB5and FCHo2,
and focal adhesions by the colocalized signals of ITGB5 and vinculin.
This analysis confirmed the dominance of curved adhesions in the
soft 3D matrices (Fig. 5h).

Curved adhesions facilitate cell migrationin 3D ECMs

Because U20S cells migrate into vitronectin fibre matrices but not
pure collagen fibre matrices, we proposed that the formation of curved
adhesions facilitates cell migrations in 3D matrices. To test this hypoth-
esis, we perturbed curved adhesions using shRNA lentiviral vectors
against FCHo2, ITGB5 or both. Cells expressing GFP-CaaX were plated
on the top surface of 3D fibrous matrices and allowed to migrate for
72 h (Fig. 6a). Wild-type cells migrated deep into vitronectin fibre
matrices. However, the perturbation of curved adhesions largely abol-
ished cellmigrationinto vitronectin fibre matrices. Furthermore, when
the matrices were made of pure collagen fibres that do not support
curved adhesions, wild-type U20S cells failed to infiltrate deep into
the matrices.

We also examined additional cancer celllines, including A549 cells
and Hela cells. Neither A549 nor HelLa cells migrated into pure col-
lagen fibres matrices after 72 h. By contrast, both cell lines efficiently
infiltrated into vitronectin fibre matrices (Extended Data Fig. 10c).
Knockdown of FCHo2, ITGBS5 or both blocked cells from migrating into
vitronectin fibre matrices. Western blots confirmed the knockdown
inall three cell lines (Fig. 6b). Quantification of cell infiltration depth
confirmed that the formation of curved adhesions facilitated cell
migration in soft 3D matrices (Fig. 6¢).

Discussion

Curved adhesions are cell-matrix adhesions that selectively form on
curved membranes and are mediated by integrin avp5. Our findings
demonstrated that curved adhesions are molecularly and function-
ally distinct from focal adhesions and clathrin-containing adhesions.
Our results support a model whereby curved adhesions require an
interaction between the juxtamembrane region of ITGB5 and the uHD
domain of FCHo2, whereas the F-BAR domain of FCHo2 confers curva-
ture sensitivity (Fig. 6d). Curved adhesionsinvolve adistinct subset of
adhesion proteins, including talin-1, paxillin and zyxin, but not vinculin
or pFAK (Fig. 6e). The presence of talin-1in curved adhesions enables
linkage to the actin cytoskeleton and the transmission of mechanical
forces. Further investigations are needed to elucidate the detailed
mechanisms underlying FCHo2-ITGf5 and talin-ITGB5 interactionsin
curved adhesions and the role of FCHo2-ITGpS5 interactions in ITG35
activation. Interestingly, curved adhesions are abundant in physi-
ologically relevant soft environments and facilitate cell migration in
3D matrices. Theidentification of curved adhesion provides new leads
for understanding the complex cell-ECM coupling in biological and
pathological conditions.
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Methods

Ethics statement

We obtained hMSCs (adipose-derived, PCS-500-011) from the American
Type Culture Collection (ATCC). The hMSCs were not differentiated
in this study. They were used in accordance with the guidelines of the
IRB/SCRO Panel, which adheres to federal, state and Stanford human
stem cell research policies. Research involving non-pluripotent stem
cells, including hMSCs, does not require SCRO review.

Antibodies and shRNA plasmids

AllshRNAs were obtained from Sigma-Aldrich, except for the scramble
shRNA, which was acquired from Addgene as a gift from D. Sabatini
(Addgene, 1864). The knockdown efficiencies of the shRNAs were
validated by Sigma-Aldrich using quantitative PCR. The cloneidentities
of the shRNA vectors and their knockdown efficiencies are provided
in Supplementary Table 3. Antibodies and their dilutions used in this
study are listed in Supplementary Table 4.

Nanofabrication

Quartz wafers (Silicon Materials, 04Q 525-25-1F-SO) were spin-coated
with 275 nm CSAR 6200 and 100 nm Electra 92 (AllResist) e-beam
resists. The desired patterns were exposed to e-beam using a JEOL
JBX-6300FS system. A120-nm-thick layer of chromium mask was depos-
ited on the post-exposure chips using an AJA e-beam evaporator and
then immediately lifted off with acetone and isopropanol. The Cr
mask-patterned chips were etched anisotropically to create vertical
nanostructures by reactive ion etching (Plasma Therm Versaline LL
ICP Dielectric Etcher, PT-Ox) with a mixture of C,Fg, H,and Ar for 3 min.
Finally, the chips wereimmersed in chromium etchant 1020 (Transene)
for 30 min to remove the Cr mask.

Fluorescence labelling of gelatin, vitronectin and collagen

To prepare for gelatin labelling, gelatin (Sigma-Aldrich, G9391) was
added into water and autoclaved to make a2 mg ml™ gelatin solution,
which was then diluted twofold in 0.1 M sodium bicarbonate buffer.
To prepare for vitronectin labelling, human multimeric vitronectin
solution (Molecular Innovations, HVN-U) was adjusted to aconcentra-
tion of 1 mg ml™ and buffer exchanged to 0.1 M sodium bicarbonate
using a Zeba spin desalting column (Thermo Scientific, 89882). For
fluorescence labelling, Atto 647 NHS ester (Sigma-Aldrich, 07376) or
Cy3 mono NHS ester (Sigma-Aldrich, GEPA13101) dye was dissolved in
0.1Msodiumbicarbonate solutions toafinal concentration of 1 pg ml™.
Thedye solution was mixed with the protein solutioninal:1 molecular
ratio and incubated for 1 h at room temperature (RT). Free dyes were
thenremoved, and the buffer was changed to 1x PBS (Gibco) using Zeba
spin desalting columns.

For collagen labelling, we adapted a protocol from a previous
study®.. In brief, collagen type I (Corning, 354236) was first diluted
into a final concentration of 4 mg ml™ with ice-cold 20 mM acetic
acid. The collagen solution (1 ml) was neutralized with a pre-chilled
mixture of 20 pl 1 M NaOH, 200 pl 10x DMEM, 200 pl 10 mM HEPES
and 580 pl water. The neutralized collagen was dropped into a
pre-chilled 10-cm Petri dish and incubated for 1 h at RT for fibre
formation. The collagen fibres were washed with 10 ml PBS 3 times
for 10 min each and then washed with 10 ml 0.1 M sodium bicarbo-
nate 3 times for 10 min each to remove non-polymerized collagen.
Alexa Fluor 647 (AF647) NHS ester (Thermo Scientific, A37573) was
dissolved in 0.1 M sodium bicarbonate to a final concentration of
2 pg ml™ and then added to the collagen fibres. In this way, the dye
labels collagen at locations that do not interfere with collagen polym-
erization. After 30 min of incubation at RT, the free dye was washed
away with PBS 5 times for 15 min each. The labelled collagen fibres
were then dissolved in 500 pl of 500 mM acetic acid by overnight
incubation at 4 °C. Finally, the buffer was changed back to 20 mM
acetic acid by dialysis.

Surface coating with ECM proteins

The SiO, chips wereinitially treated with air plasma (Harrick Plasma) for
15 minand subsequently incubated with 0.1 mg mlI™PLL (Sigma-Aldrich,
P5899) in PBS at 37 °C for 1 h to coat the surface with PLL. For coating
substrates with other ECM proteins, the PLL-coated nanochips were fur-
therincubated with 0.5% (v/v) glutaraldehyde (Sigma-Aldrich, G6257) in
PBS at RT for 15 min. After washing with PBS, the chips wereincubatedin
PBS with the desired ECM protein, such as1 mg ml"unlabelled gelatin,
1mg ml™ Atto 647-gelatin, 0.25 mg ml™ human plasma fibronectin
(Sigma-Aldrich, 341635), 0.25 mg ml™ unlabelled vitronectin (Pepro-
Tech, 140-09), 0.25 mg ml* Cy3-vitronectin, 0.25 mg ml ™ laminin 511
(Sigma-Aldrich, CC160) or 1% (w/v) BSA (Sigma-Aldrich, A9418). The
reaction proceeded at 37 °C for 1 h, and in the case of fluorescently
labelled proteins, inthe dark. Before cell seeding, non-fluorescent sub-
strates were treated with1 mg ml™ sodium borohydride (Sigma-Aldrich,
452882) for 10 min to reduce autofluorescence.

Preparation of soft 3D ECMs

To prepare pure collagen fibres, unlabelled collagen (Advanced Bio-
Matrix, 5007) and AF647-labelled collagen was mixed in a 9:1 (w/w)
ratio at a final concentration of 2 mg ml™ in 20 mM acetic acid. For
collagen polymerization, 50 pl collagen mixture was neutralized with
amixture of 1ul1M NaOH, 10 pl 10x DMEM, 10 pl 10 mM HEPES and
29 plwateronice. The neutralized collagen was dropped onto aLab-Tek
Il chambered cover glass (Sigma-Aldrich, Z734853) at 15 pl per well,
and incubated at RT for 20 min. The samples were then thoroughly
washed with 20 mM sodium phosphate buffer (pH 7.4) 5 times. This
washing step removes free collagen and floating fibres, resulting in
a thin layer of collagen fibres attached on cover glasses. To generate
athick layer of immobilized collagen fibres, the neutralized collagen
mixture was added onto the pre-chilled thin fibre layer at 15 pl per well,
and incubated at RT for 45 min. The fibres were then gently washed
with20 mM sodium phosphate buffer (pH 7.4) 5 times. It isimportant
to perform the polymerizationin two stepsto generate 3D fibres. The
first thin fibre layer attached to the surface serves as seeds for the
polymerization of the second thick layer. Without these seeds, collagen
polymerization mostly occurs in solution rather than on the surface.
Togenerate vitronectin fibres, collagen fibres were incubated in100 pl
of 50 pg ml™ multimeric vitronectin (Molecular Innovations, HVN-U)
in20 mM sodium phosphate buffer for 1 h atRT.

Preparation of cell-derived ECM fibres

The protocol was adapted from previous studies®**2. IMR-90 lung
fibroblast cells were cultured in complete cell-culture medium supplied
with110 pg ml™sodium pyruvate and 100 pg ml™2-phospho-L-ascorbic
acid trisodium salt (Sigma-Aldrich, 49752) for 5-7 days to produce
cell-derived ECM. The cultures were incubated for 20 min at 37 °C
in calcium-free and magnesium-free PBS supplied with 5 mM EDTA
and 2 M urea to remove IMR-90 cells from these fibres without cell
lysis. The samples were then gently washed with PBS 10 times before
seeding new U20S cells or being used for characterization such as
anti-vitronectin staining.

Plasmids
The DNA fragment encoding human ITGB5 was amplified from the
pCX-EGFP B5integrinreceptor (agift fromR. Birge, Addgene, 14996).
The DNA fragments encoding humanintegrin 3 and 38 were amplified
from the complementary DNA (cDNA) of U20S cells. The DNA fragment
encoding integrin 34 was amplified from pcDNA3.1/Myc-His beta4 (a
gift from F. Giancotti, Addgene, 16039). They were inserted into the
pEGFP-N1 vector (Clontech) for the expression of $5-GFP, 33-GFP,
38-GFP and 4-GFP. The expression vector of ITGB6-GFP was a gift
from D. Sheppard (Addgene, 13593).

The expression vector of RFP-talin-1was a gift from M. Davidson
(Addgene, 55139). FL-TSM and HP35st-TSM were gifts from C. Grashoff
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(Addgene plasmids 101170 and 101251, respectively). The DNA frag-
mentsencoding TSMswereinserted between the head and rod domains
of talin-1 at amino acids 447 as talin tension sensors. To build con-
trol constructs, TSMs were fused to the N terminus of talin-1 with an
18-amino-acid linker or to the C terminus of talin-1with a17-amino-acid
linker. Thelinker design was based ona previous study*’. The resulting
DNA fragments were used to replace the EGFP fragment in the pEGFP-N1
vector for the expression of talintension sensors and controls. The DNA
fragments encoding human zyxin were amplified from the cDNA of
U20S cells and theninserted into the pmCherry-N1vector (Clontech)
for the expression of zyxin-RFP.

The DNA fragments encoding GFP-CaaX and RFP-CaaX were gen-
erated by fusing the DNA fragment encoding the CaaX motif of K-Ras
(GKKKKKKSKTKCVIM) to the 3’ end of the DNA fragments encoding
EGFP and FusionRed, respectively. The resulting DNA fragments were
used to replace the EGFP fragment in the pEGFP-N1vector for expres-
sionin mammalian cells. The DNA fragment encoding GFP-CaaX was
inserted into pLenti pRRL-SV40(puro)_CMV for lentivirus packaging.
The expression vectors of LifeAct-RFP were gifts from M. Davidson
(Addgene, 54491). The DNA fragment encoding SNAP-tag was ampli-
fied from the pSNAP-tag (m) vector (a gift from New England Biolabs
and A. Egana, Addgene, 101135), and then inserted into the pDisplay
vector (Invitrogen, V66020) for the expression of cell surface SNAP-tag.

The pLKO.1 vector was used for the transcription of shRNA. The
puromycin-resistantsequence in the pLKO.1vector was replaced with
asequence encoding EBFP2to fluorescently label cells that were trans-
fected or transduced.

The expression vectors of RFP-FCHol, RFP-FCHo2 and EPS15-
RFP were gifts from C. Merrifield (Addgene, 27690, 27686 and
27696, respectively). The DNA fragment of FCHo2 was amplified and
cloned into a pEGFP-N1 vector to generate FCHo2-GFP. To generate
GFP-tagged or RFP-tagged FCHo2 truncations, DNA fragments encod-
ing FCHo2_F-BAR (amino acids 1-274), FCHo2_AF-BAR (amino acids
275-809), FCHo2_AIDR (amino acids 1-305 fused with amino acids
520-809), FCHo2_IDR (amino acids 306-526), FCHo2_pHD (amino
acids 520-809) and FCHo2_ApHD (amino acids 1-525) were ampli-
fied and cloned into the pEGFP-N1 or pmCherry-N1 vector. The key
oligonucleotides used for truncated and hybrid proteins are provided
inSupplementary Table 3.

Cell culture

U20S (ATCC,HTB-96), A549 (ATCC, CCL-185), HeLa (ATCC, CCL-2),and
mouse embryonic fibroblast (ATCC, CRL-2991) cells were cultured in
cell culture medium, Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplied with 10% (v/v) FBS (Sigma-Aldrich) and 1% (v/v) peni-
cillin and streptomycin (Gibco). IMR-90 lung fibroblast cells (ATCC,
CCL-186, agift fromS. Dixon) were maintained in cell culture medium
supplied with 110 pg ml™ sodium pyruvate (Gibco) and 100 pg ml™*
2-phospho-L-ascorbic acid trisodium salt (Sigma-Aldrich, 49752) to
stimulate the production of cell-derived ECM. HEK293T cells (ATCC,
CRL-3216) were cultured in cell culture medium supplemented with
110 pg ml™ sodium pyruvate (Gibco) for lentivirus production. HT-1080
(ATCC, CCL-121), U-251MG (Sigma-Aldrich,09063001) and MCF7 (ATCC,
HTB-22) and hMSCs (PCS-500-011) were cultured in Eagle’s minimum
essential medium (Gibco) supplied with 10% (v/v) FBS and 1% (v/v)
penicillin and streptomycin. All cell lines were maintained at 37 °Cina
5% CO, atmosphere. Before being seeded for experiments, cells were
detached by 10 min of incubation in an enzyme-free cell dissociation
buffer (Gibco, 13151014) to avoid enzymatic digestion of integrins.

Transient cell transfection

For U20S, A549,HT1080, U251MG, MCF7, hMSCs and mouse embryonic
fibroblast cells, transient transfections were achieved by electropora-
tion. Cellsgrownin35-mmwellswere detached, collected and then resus-
pendedinanelectroporation buffer containing 100 plelectroporation

buffer 11 (88 mMKH,PO, and 14 mM NaHCO,, pH 7.4),2 pl electropora-
tion buffer 1 (360 mM ATP and 600 mM MgCl,) and 0.5-2 pg plasmid.
The cells were electroporated in 0.2-cm gap electroporation cuvettes
by Amaxa Nucleofector Il (Lonza) using protocols pre-installed by the
manufacturer. Tomark the Golgiapparatus, U20S cells were transfected
with N-acetylgalactosaminyltransferase-RFP using CellLight Golgi-RFP,
BacMam 2.0 virus (Invitrogen, C10593). For HeLa cells, transient trans-
fection was achieved using Lipofectamine 2000. HeLa cells in 35-mm
wells were incubated with 2 ml Opti-MEM-Imedium (Gibco, 31985062)
supplied with 6 pl Lipofectamine 2000 (Invitrogen) and 1-2 pg plasmid
for2 h. Toinvestigate GFP-tagged integrin -isoforms, transfected cells
were cultured for 3 days before being seeded on ECM-coated substrates.
The cells were then cultured for 6 h before imaging.

Lentiviral transduction and stable cell line generation

Forlentivirus packaging, HEK293T cellsin 35-mm wells were transfected
with 1.5 pg third-generation lentivirus package vector, 0.8 pg psPAX2
(agift from D. Trono, Addgene, 12260) and 0.7 ug pMD2.G (a gift from
D. Trono, Addgene, 12259), mixed with 9 pl Lipofectamine 2000in2 mL
Opti-MEM-Imedium. The transfection medium was replaced with2 mi
of HEK293T culture medium 6 h after transfection. The virus-containing
supernatants were collected 24 h after. The cell debris was removed by
spinand filtration through 0.45-um PVDF syringe filter units (Millipore).
Lentiviral infections were used to transduce cells with shRNAs. Cells
were cultured for 72 h before the next experiments. Stable cell lines
expressing GFP-CaaX were generated by lentivirus transduction of
wild-type cells followed by antibiotic selection with 2.5 pg ml™ puro-
mycin. The antibiotic pressure wasreleased 3 days before experiments.

Immunofluorescence labelling

For the immunolabelling of ITGB1 and avB5 with primary antibod-
ies targeting extracellular domains, cells were first snap-chilled in
ice-cold 1x HBSS (Gibco, 24020117) buffered with 10 mM HEPES (Gibco,
15630106). The samples were thenincubated with 1 or av5 primary
antibody for 30 min at 4 °C, followed by 3 washes of 5 min each and
fixationin 4% ice-cold paraformaldehyde (PFA) in PBS for 15 minat RT.
Iftalin co-staining was required afterward, the samples were fixed for
10 minwith 4% PFAin PHEM buffer (PIPES 60 mM, HEPES 25 mM, EGTA
10 mM, MgCl, 2 mM, pH 6.9) instead of 4% PFA in PBS. After fixation,
samples were permeabilized with 0.1% Triton-X (Sigma-Aldrich, T8787)
in PBS for 15 min at RT and then blocked with ablocking buffer (5% BSA
in PBS) for 1 h at RT. For the immunolabelling of other proteins, cells
were fixed, permeabilized and blocked before being incubated with
primary antibodies in the blocking buffer for 1 h at RT.

The primary antibody-labelled samples were then washed with the
blocking buffer 3 times for 15 mineach and incubated in fluorescently
labelled secondary antibodies in the blocking buffer for 1 h at RT. The
samples were washed with the blocking buffer 3 times for 15 mineach
and then with PBS 3 times before imaging. For theimmunostaining of
cellsembeddedin3D fibres, the time durations for antibody incubation
and washing were doubled.

SNAP-taglabelling

To preserve the green and red channels for protein labelling in
three-channel imaging, we used transiently transfected extracel-
lular SNAP-tag to label the cell membrane with AF647. In brief,
cells were transfected with SNAP-pDisplay. The cells were incu-
bated in CO,-balanced pre-warmed medium supplied with 1 pM
0°%benzylguanine-coupled AF647 (NEB, S9136S) for 15 min at 37 °C
ina 5% CO, atmosphere, and subsequently washed 5 times with cell
culture medium before fixation.

Immunoblotting
For immunoblotting, cells were rinsed with ice-cold 1x PBS and lysed
for1hat4 °Cin1xRIPAbuffer (25 mM Tris-HCI, 150 mM NacCl, 1% Triton
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X-100, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate)
supplemented with protease and phosphatase inhibitor cocktails
(Roche, 04693159001 and 04906837001). For probing endogenous
ITGBS, the samples were further boiled for 10 min at 95° C. After lysis,
the samples were then spun for 15 min at 4° C to clarify lysates. The
lysates were mixed with 2x Laemmli sample buffer (Bio-Rad, 1610747)
and B-mercaptoethanol, boiled for 5 min at 95° C and subsequently
subject to SDS-PAGE using a Mini-Protean vertical electrophoresis
system (Bio-Rad, 1658026FC). After electrophoresis, the samples were
transferred onto anitrocellulose membrane using a Trans-Blot Turbo
Transfer system (Bio-Rad, 1704150). The membranes were blocked
with 3% BSA in 1x TBST buffer and then incubated with primary anti-
bodies overnight at 4° C. The protein bands were visualized using
HRP-conjugated secondary antibody and chemiluminescence under
Azure Imaging Systems (Azure Biosystem).

Co-immunoprecipitation

HEK293T cells (ATCC, CRL-3216) were transiently co-transfected with
GFP-ITGP5(715-769) or GFP-ITGBSTM together with FCHo2_tHD-RFP
or FCHo2_ApHD-RFP by electroporation. After 48 h of culture, cells
were washed with ice-cold 1x PBS followed by exposure to freshly
prepared 0.5 mM DSP (3,3’-dithiobis(succinimidyl propionate),
Sigma-Aldrich) in 1x PBS for 30 min at RT. Cells were then incubated
in anice-cold 50 mM Tris-HCI buffer for 15 min and lysed in 1x RIPA
buffer for 1h at 4° C. The lysates were incubated with equilibrated
GFP-Trap magnetic agarose (ChromoTek) overnight at4° C. The beads
were pelleted and washed with 1x RIPA buffer for 4 times. The pellets
were subsequently resuspended in 2x Laemmli sample buffer (with
B-mercaptoethanol) and boiled for 10 min at 95° C to elute and dena-
ture proteins. The samples were subject to SDS-PAGE and western
blotting.

Fluorescence imaging

Fluorescence images were acquired using an epi-fluorescence micro-
scope (Leica DMI 6000B), controlled by MetaMorph software, with
a x100 (1.40 NA), x60 (1.40 NA) or x20 (0.80 NA) objective. The
microscope is equipped with an ORCA-Flash4.0 Digital CMOS cam-
era, a Lumencor SOLA light source and the following filter sets: 370-
39/409/448-63 nm (blue emission), 484-25/505/524-32 nm (green
emission), 560-32/581/607-40 nm (red emission) and 640-19/655/680-
30 nm (far-red emission). We scanned nanoarrays left-to-right and
top-to-down toidentify cells. During live-cellimaging, cells were main-
tained in phenol-red-free DMEM (Gibco) supplied with 10% FBS at
37 °Cwith5% of CO,inastage top incubator (Tokai Hit, INUBSF-ZILCS).
Ratiometric FRET imaging of live cells expressing talin tension sen-
sors was performed using an epi-fluorescence microscope (Leica DMI
8000), controlled by LeicaLAS X, with excitation at 496-516 nm from
the Leica LED8 system. The donor emission at 527-551 nm and the
acceptor emission at 602-680 nm were recorded using a K8 Scientific
CMOS microscope camera. Confocal images were acquired using a
Nikon AIR confocal microscope, controlled by Nikon NIS-Elements
AR, with 1.2 Airy Unit using a x20 (0.75 NA) or a x40 (WD = 0.61 mm,
1.15NA) water-immersion objective. The microscopeis equipped with
405,488, 561and 633 nm lasers for excitation.

Expansion microscopy imaging of the cell-nanopillar
interface

Expansion microscopy was carried out as previously described®. In
brief, following immunostaining, samples were incubated overnight
at RT ina1:100 dilution of AcX (Acryloyl-X, SE, 6-((acryloyl)amino)
hexanoic acid succinimidyl ester, Invitrogen, A20770) in PBS. After
washing with PBS, cells were incubated for 15 minin the gelation solu-
tion (19% (w/w) sodium acrylate, 10% (w/w) acrylamide, 0.1% (w/w) N,
N’-methylenebisacrylamide) at RT. Then, nanochips were flipped cell
sidedownontoa70 pldrop of the gelation solution supplemented with

0.5% N,N,N',N'-tetramethylenediamine and 0.5% ammonium persulfate
onParafilmandincubated at 37 °C for 1 h. After gelation, the nanochip
with the hydrogel still attached was incubated in a 1:100 dilution of
proteinase K in digestion buffer (50 mM Tris HCI (pH 8), 1 mM EDTA,
0.5% Triton X-100,1 M NaCl) for 7 hat 37 °C. Hydrogels were then soaked
twiceinwater for 30 minand thenincubated overnight in waterat4 °C.
Toimage samples, excess water on the hydrogels was carefully removed
using aKimwipe. Then, the hydrogels were mounted onto PLL-coated
glass coverslips to prevent sliding during imaging.

Super-resolution microscopy

Our method was adapted from previously described protocols***,
The 3D single-molecule data were acquired using a custom-built
wide-field double-helix point-spread function (PSF) inverted micro-
scope. The samples were incubated in a blinking buffer solution con-
taining 10% (w/v) glucose (BD Difco), 100 mM tri(hydroxymethyl)
aminomethane-HCI (Thermo Fisher), 2 pl ml™ catalase, 560 pg ml™
glucose oxidase and 10 mM of cysteamine (all Sigma Aldrich), allow-
ing for alow emitter concentration during data acquisition. The focus
was first set to the coverslip using a bead as a reference. Standard
localization-based approaches fitted the shape of the PSF of emitters to
a2D Gaussiantoyield highly precise xy positions. To extract the z posi-
tion,adouble-helix phase mask was insertedinthe Fourier plane of the
microscope to modify the shape of the standard PSF to now have two
lobes that rotate as a function of z. We fitted the double-helix PSF to two
Gaussian functions and extracted the midpoint to estimate the xy posi-
tion. Fromthefit, we determined the lobe angle of the double-helix PSF.
Then, usinga carefully calibrated curve thatrelates the lobe angle to the
zposition, we determined the zposition of the emitter. The localization
precision was calculated from the detected photons using a formula
calibrated specifically for our microscope. After processing, poorly
localized emitters (xy precision >20 nm or z precision >40 nm or lobe
distance >8 pixels) were removed from the reconstruction. Localiza-
tions were merged to correct for overcounting before quantification of
anyindividual fibre diameters. Thelocalized single-molecule positions
were rendered using the Vutara SRX program (Bruker).

SEM analysis

Nanostructures without cells wereimaged by scanning electron micros-
copy (SEM; FEI Nova NanoSEM 450 and FEI Magellan 400 XHR). For
SEM imaging of cells, the cells on nanostructures were fixed in 0.1M
sodium cacodylate buffer (pH 7.2) supplemented with 2% glutaralde-
hyde (Electron Microscopy Sciences) and 4% PFA overnight. The cells
were thenincubatedin 0.1 M sodium cacodylate buffer supplied with1%
0s0,and 0.8% potassium ferricyanide (Electron Microscopy Sciences)
for2hat4 °C. The samples were dehydrated sequentially with 50, 70,
95,100 and 100% (v/v) ethanol in water for 10 min each, and then dried
by critical point drying. Before being imaged by SEM, the cell samples
were sputter-coated with 3-nm-thick Cr.

Quantitative analysis

Allimages were prepared and processed using Image] (Fiji). Quantifi-
cations were performed using Image) and MatLab (MathWorks) with
custom codes.

Quantification of nanostructure sizes. The following parameters
were measured in Fiji by counting pixels: the height, width and length
ofbars; the height, diameters (top, middle and bottom) of nanopillars.
If the samples were tilted 45°, a correction factor was applied to the
zdimension. The diameters of curvatures at bar ends were measured
using the Kappa curvature analysis plugin (open source) in Fiji.

Quantification of the nanobar end/side ratio. As nanobars are regu-
larly spaced, the locations of nanobars were automatically detected
from the bright-field images using a custom MatLab program, which
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generates an array of evenly spaced square masks with nanobars at the
centre. These square masks were averaged to generate asmooth and
averaged image of the nanobar. This averaged image was then used
to identify the bar-end and the bar-side locations with respect to the
averaged square mask. Then, these relative locations were translated
to individual square masks to identify the bar-end and the bar-side
locations for individual nanobars. These regions of interest (ROIs) were
then applied to the integrin or membrane colour channels.

For each nanobar, the end/side ratio of ITGP5 was calculated and
then normalized by dividing it with the end/side ratio of CaaX, except
in Fig. 3i, for which the membrane is not labelled and the end/side
ratio of ITGB5 was directly calculated. The end/side ratios of individual
nanobarsinacell were averaged and are reported as asingle data point.
Adetailed step-by-step description of the quantification of the nanobar
end/side ratio with examples has been provided in a previous study*.
For cells on gradient bars, the normalized end/side ratios of the same
size nanobarsin eachimaging field were averaged and are reported asa
single data point. Thisis because very few bars with the same diameter
were covered by asingle cell.

Quantification of the ITGB5/membrane ratios on nanopillars. Nano-
pillars are also regularly spaced like nanobars. The square masks with
nanopillars at the centre were generated by using the same custom
MatLab code. For nanopillars, we used CaaX or CellMask membrane
images instead of bright-field images to generate the square masks
as the membrane images had better qualities. Based on the averaged
square mask of the plasmamembrane channel within eachcell, the ROls
for‘at nanopillar’ and ‘flat region surrounding nanopillar’ were respec-
tively defined as 0-9 and 10-20 pixel from the centre of a nanopillar.
These ROIs were then applied to each mask regioninbothintegrin and
membrane channels. Mean intensitiesin each ROlwere measured. The
ITGPB5/membraneratio for each ROIwas calculated and normalized by
the mean of ITGB5/membrane ratio averaged over the entire cell and
is reported as a single data point. The normalized ITGB5/membrane
ratios of individual ROlIs are reported.

Quantification of FRET ratios. The method to quantify FRET ratios
was adapted from previous studies®®*’. The fluorescent images of the
donor (Ypet) were autothresholded using the ‘Moments’ method in
Fiji to generate binary maps for all adhesions. The bright-field images
and the custom MatLab code were used to generate binary location
maps for nanopillars, in which the ROI of a nanopillar was defined as
0-9 pixels to the nanopillar centre. The binary location map of nano-
pillars was multiplied by that of all adhesions to generate the mask
for curved adhesions. The rest adhesion ROIs were defined as focal
adhesions (clathrin-containing adhesions do not containtalin-1). The
(acceptor emission intensity/donor emission intensity) ratios (FRET
ratios) of curved adhesions and focal adhesions were calculated and
then normalized by the FRET ratios averaged over the entire cell. The
normalized FRET ratios were averaged for each cell and are reported
as asingle data point. For each cell, the FRET ratios at adhesions were
normalized by the mean FRET ratio across the whole cell to minimize
the cell-to-cell variation.

Spearman’s correlation coefficient at nanopillars. To analyse the cor-
relation between a protein of interest (POI) and the ITGB5/membrane
ratioat nanopillars, the location masks for nanopillars were first gener-
ated as described above. The means of POI, ITGB5 and membrane (cell
surface SNAP-tag AF647) at each nanopillar (0-9 pixels to the nanopil-
lar centre) were measured. For each cell, the ITG5/membrane ratios
atindividual nanopillars were calculated and normalized by the mean
ITGBS5/membrane ratio across the whole cell. From two arrays of POI
intensities and ITGB5/membraneratios atindividual nanopillars, their
Spearman’s correlation (the nonparametric version of the Pearson’s
correlation) in each cell was calculated using Prism 9.

Dynamic measurements of F-actin and FCHo2 fluctuations at
nanopillars. The location masks for nanopillars were generated as
described above. For cells on gelatin, ITGBS5 appears uniform on the
cell membrane and across all nanopillars. The intensities of LifeAct
atall nanopillars (0-9 pixels to the nanopillar centres) in a time-lapse
image stack were measured. For cells on vitronectin, the intensities
of ITGBS at individual nanopillars were first quantified. For F-actin
dynamic measurements, nanopillars with the top 25% and bottom
25%ITGBS intensities were grouped as high-B5 and low-B5 nanopillars,
respectively. For FCHo2 dynamic measurements, nanopillars foreach
cell were divided into two groups based on ITGpS5 intensities: high-B5
nanopillars (top 25%) and low-f35 nanopillars (bottom 75%). The FCHo2
intensitiesin time series were normalized by their values at time 0. The
temporal standard deviations of LifeAct or normalized FCHo2 intensi-
ties atindividual nanopillars are reported.

Quantification of curved adhesions and focal adhesions for 2D
flat surfaces and 3D ECMs. For quantifications of the number and
the area of curved adhesions and focal adhesions in 2D, two-channel
fluorescence images (anti-ITGBS and anti-vinculin, or anti-ITGB5 and
FCHo02-GFP) were separately autothresholded using the ‘Moments’
method in Fiji. The resulting binary image of ITG35 was multiplied by
the binary image of FCHo2 to generate overlapping ROIs for curved
adhesions. Similarly, the ITGB5 binary image was multiplied by the vin-
culinbinary image to generate overlapping ROIs for curved adhesions.
To eliminate noise and artefacts, the overlapping ROIs were then ana-
lysed with alow threshold of 10 pixels in Fiji using the ‘analyze-particle’
tool. Then, the number and the average size (area) of remaining ROIs for
each cellwas automatically quantified using the “analyze-particle’ tool.
The analysis was automatically processed with the same threshold and
was carried out to ensure unbiased comparison between curved adhe-
sionand focal adhesions. Therefore, the analysis classified occasional
ITGB5-FCHo2 colocalizations on flat surfaces as curved adhesions,
even though they are probably random events and not real curved
adhesions.

For quantifications of the number and the volume of curved adhe-
sions and focal adhesions in 3D, two-channel confocal 3D-stack images
were autothresholded to remove diffusive background and segmented
using the 3D interactive ‘thresholding segmentation’ tool of the 3Dsuit
plug-ininFiji. This step was used to identify proteinaccumulation. The
resulting binary 3D stack of ITGB5 was multiplied by the binary 3D stack
of FCHo2 to generate 3D overlapping ROISs for the quantification of
curved adhesions. Similarly, the binary 3D stack of ITGB5 was multiplied
by the binary 3D stack of vinculin to generate 3D overlapping ROIs for
focal adhesions. Subsequently, the number and the average volume of
adhesions for each cell was measured using the ‘3D objects counter’
toolinFiji with alow threshold of 25 voxels. Similar to 2D analysis, the
analysis was carried out with the same parameter applied for both sets
of data to avoid bias.

Quantification of the cell depth in 3D matrices. Confocal 3D-stack
images of GFP-CaaX were used to identify cell positions. The first step
involved the application of the ‘3D edge filter’ of the 3Dsuit plug-in
in Fiji to the GFP-CaaX 3D stack to identify the cell boundaries. The
second step involved segmenting the 3D cell boundary stack using Fiji
Macro 3D ART VeSElecT to identify 3D ROIs for individual cells. For this
step, alow volume threshold of 500 voxels was applied to remove cell
debris and extracellular vesicles. The third step calculated the centre
coordinates (x, y, z) of each cell ROIs using the ‘3D objects counter’
tool in Fiji.

Todeterminethe depth foreach cell, wefirst calculated the surface
height position. Confocal 3D-stack images of AF647-labelled-collagen
were subjected to the surface peeler Fiji macro to identify the surface
of the 3D matrix. In this process, a Gaussian blurring filter (radius
of 50 pixels) was applied to fill the gaps between fibres. This step
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identified a z-height value for each (x, y) position. Then, the depth of
a cell was calculated by subtracting the z-position of the cell centre
with the z-position of the surface at the (x, y) location of cell centres.
All cells in 3D stacks were pooled together to generate the cell depth
distribution.

Statistics and reproducibility

All data are displayed and were statistically analysed using Prism 9
(GraphPad Software). The experiments were not randomized. All
experiments were independently repeated two times, unless speci-
fied otherwise in the legends, with similar results obtained to ensure
reproducibility. No statistical method was used to predetermine
sample sizes, which were determined on the basis of previous stud-
ies in the field. The normal distribution of each sample group was
verified using the D’Agostino-Pearson normality test (a = 0.05). For
parametric datasets, we used unpaired two-tailed Welch’s ¢-test to
compare two groups, and one-way analysis of variance (ANOVA) with
Tukey’s or Bonferroni’s multiple comparison to compare more than
two groups. For nonparametric datasets, we used Mann-Whitney test
to compare two groups, and Kruskal-Wallis test with Dunn’s multiple
comparison to compare more than two groups. The exact P values
and sample sizes (n) are denoted in the figures and figure legends.
Significance was considered at P < 0.05. The test statistics, including
confidence levels and degrees of freedom, are provided in Supple-
mentary Table 5. No data were excluded from the tests. The investiga-
tors were not blinded to allocation during experiments and outcome
assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Plasmids originally generated in this study and their sequence infor-
mationare available at Addgene (identifiers 205090, 205091,205092,
205093,205094 and 205095). The expression level of integrinsin U20S
cells was obtained from the Human Protein Atlas project’s RNA HPA cell
line gene data available from https://www.proteinatlas.org (v.23.0).
Source data are provided with this paper. All other data supporting
the findings of this study are available from the corresponding author
uponreasonable request.

Code availability

CustomMatLab codes used for analyses are available at GitHub (https://
github.com/wzhangSpublication/Data-analysis). Any additional
information will be available from the corresponding author upon
reasonable request.
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Extended Data Fig. 1| SEM characterization of nanostructures and integrin array with designed end curvature diameters ranging from 100 to 5000 nm.
activation on ECM protein-coated substrates. a, Representative SEM images The sample was tilted 45°. Scale: 10 um. Inset: the top view of a100 nm-wide
show a200 nm-wide vertical nanobar array. The same sample was viewed either nanobar. Scale, 1 pm. d, Representative SEM images show a vertical nanopillar

from the top (top) or at a45° angle (bottom). Scale: 5 pm. b, Fluorescence images array. The sample was tilted 45°. The zoom-inimage shows a single nanopillar.

of integrin B subunits on flat surfaces coated with different ECM proteins (gelatin,  The top, middle, and bottom diameters of each nanopillar were measured. Scale:
laminin, fibronectin or vitronectin). Endogenous 1 wasimmunolabelled, while full-size and inset, 1 pm. Statistical analysis of the geometrical dimensions of the
B3, B4, B5, B6, and B8 were tagged with GFP and transiently expressed. Scale: nanostructures (ina, ¢, d) is provided in Supplementary Table 1.
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Extended Data Fig. 3| Integrin B5 preferentially accumulates at nanopillars
inaligand-dependent manner and recruits talin-1. a, Fluorescence images

of ITGB5-GFP and plasma membrane marker RFP-CaaX on vitronectin-coated
(top) and gelatin-coated (bottom) flat surfaces. Ratiometric images of ITG(5/
membrane (normalized by its mean per cell) are shown in the Parula colour
scale. Scale: full-size, 10 pm; insets, 5 pm. b, Ethylenediaminetetraacetic acid
(EDTA) treatment induces a dramatic reduction of ITGB5-GFP accumulation
atnanopillarsinalive U20S cell. Scale: full-size, 10 pm; insets, 5 pm.c,
Quantification of the normalized ITGBS5/CaaX ratio at nanopillars and their
surrounding flat regions. n = 994/711/994/711 nanopillars and their surrounding
flat regions, from three independent cells. Medians (lines) and quartiles (dotted
lines) are shown. Pvalues calculated using paired Kruskal-Wallis test with
Dunn’s multiple-comparison. d, Time-lapsed images of ITG35-GFP and CellMask
Orange at Pillar1and 2 in Fig. 2e. At Pillar 1, the curved adhesion gradually

assembles. At Pillar 2, the curved adhesion gradually disassembles. Scale: 1 um.
e, Fluorescence and bright-field images showing thatimmunolabelled ITGf1
does notaccumulate at vitronectin-coated nanopillars, while immunolabelled
talin-1does. Scale: full-size, 10 pm; insets, 5 pm. fand g, Fluorescence and
bright-field images of immunolabelled talin-1together withimmunolabelled
ITGB1(f) or ITGBS (g) on gelatin-coated nanopillar substrates. Talin-1 colocalizes
with ITGPB1in focal adhesions but does not accumulate at nanopillars. ITGBS
appears mostly diffusive on gelatin-coated substrates. These results indicate that
nanopillar-induced talin accumulation depends on ITGB5 and its ligands. Scale:
full-size, 10 pm; insets, 5 um. h, Fluorescence (YPet) and normalized ratiometric
FRET images (in Parula colour scale) of the talin tension sensor N-terminal and
C-terminal controls. Scale: full-size, 10 pm; insets, 5 um. Source numerical data
areavailablein source data.
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Extended Data Fig. 4 | Curved adhesions promote early-stage cell spreading
and involve a subset of focal adhesion proteins. a, ITGB5 accumulates at
vitronectin-coated nanopillars within 30 min after seeding. Cells spread to
alarger area on nanopillars compared to on flat areas on the same substrate.
Knockdown of ITGBS5 with shRNAs largely abolished the nanopillar-induced early
cell spreading. Scale: 10 pm. b, Overlay of bright-field and fluorescence images
of wild type (WT) U20S cells stably expressing GFP-CaaX on both nanopillars and
flat surfacesin the same imaging fields. The cells were seeded on substrates and
cultured for 30 min before imaging. Scale: 50 pm. ¢, Overlay of bright-field and
fluorescence images of U20S cells transduced with ITGB5 or scramble shRNAs
and stably expressing GFP-CaaX on both nanopillar arrays and flat surfaces

inthe same imaging fields. The cells were seeded on substrates and cultured

for 30 min before imaging. Scale: 50 pm. d to g, Fluorescence images showing
that ITGB5-GFP colocalizes with focal adhesion proteins paxillin (d), vinculin

(e), pFAK (Tyr397) (f), and zyxin (g) at focal adhesion-like patches in U20S cells
onvitronectin-coated flat surfaces. Scale: full-size, 10 pm; insets, 5 um. htoj,
Representative fluorescence images showing that ITGB5-GFP accumulation at
vitronectin-coated nanopillars spatially correlates with paxillin (i) and zyxin (j),
but not with pFAK (Tyr397) (h) in U20S cells. The cell membrane was marked with
transiently expressed surface SNAP-tag conjugated with AF647. The normalized
ITGB5/membrane was used to measure ITGBS5 accumulation for the correlation
quantification in Fig. 3b. Scale: full-size, 10 pm; insets, 5 um. Endogenous paxillin,
vinculin, and pFAK (Tyr397) wereimmunolabelled. Zyxin was tagged with RFP
and transiently expressed (d-j). k, Fluorescence images of cells cultured on
nanobars showing that GFP-talin and zyxin-GFP preferentially accumulate at

the nanobar ends. However, anti-vinculin shows no accumulation at nanobar
locations. Scale: full-size, 10 pm; insets, 5 um.
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Extended Data Fig. 5| Curved adhesions are linked to astable population

of actin filaments at nanopillars. a, On flat areas, actin stress fibres (F-actin
labelled by LifeAct-RFP) are anchored to ITG5-marked focal adhesion

patches. Scale: full-size, 10 pm; insets, 5 um. b, On nanopillar areas, both

ITGBS and F-actin accumulate at nanopillars. However, nanopillars with high

5 accumulations usually do not have high levels of F-actin. A previous study
shows that the membrane curvature around gelatin-coated nanopillars induces
actin accumulation, but the accumulation is highly dynamic with a lifetime of
1-2 minutes®. As curved adhesions are stable and do not form on gelatin-coated
nanopillars, we hypothesize that curved adhesions involve a different population
of F-actin. Scale: full-size, 10 pm; insets, 5 um. ¢, Dynamic correlation between
ITGBS5-GFP and LifeAct-RFP in cells cultured on vitronectin-coated nanopillars.
There are two distinct populations of the F-actin that accumulate at nanopillars:
astable population of F-actin at high-B5 nanopillars, and adynamic population

Vitronectin Gelatin

Temporal standard deviation of LifeAct (X10% a.u.)

5 10 15 (min)

F-actin at low-B5 nanopillars. The F-actin intensity of the dynamic population

is usually brighter than that of the stable population. Scale: 10 pm.d, On
gelatin-coated nanopillars that do notinduce 35 accumulation, only the highly
dynamic population of F-actin was observed at nanopillars. Scale: 10 pm. e,
Quantifications of time-dependent fluctuation confirm two F-actin populations:
astable population on high-B5 nanopillars and adynamic population at low-35
nanopillars. Nanopillars with the top 25% and bottom 25% ITGS intensities

were grouped as high-B5 and low-5 nanopillars, respectively. The dynamic
population of F-actin on vitronectin-coated nanopillars is similar to the dynamic
F-actin on gelatin-coated nanopillars. Therefore, curved adhesions involve a
stable subpopulation of F-actin at nanopillars. n =103/103/153 nanopillars, from
twoindependent cells. Medians (lines) and quartiles (dotted lines) are shown.
Pvalues calculated using Kruskal-Wallis test with Dunn’s multiple-comparison.
Source numerical data are available in source data.
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Extended Data Fig. 6 | Curved adhesions are different from clathrin lattices.
a, Expansion microscopy showing that ITGB5 and AP2 are not spatially correlated
atthe nanopillar-membrane interface. Expansion microscopy is used to increase
the spatial resolution of optical imaging for the nanopillar-membrane interface
(see the method section and Ref. 33 for detailed descriptions). Both ITGB5

and AP2-acareimmunolabelled. Top: x-y images of the z projection (average).
Bottom: zoom-in x-y images of the area indicated by the white boxes. x-z

images showing the distribution ofimmunolabelled ITGBS5 and AP2-a along
nanopillarsaty =Ylandy=Y2inthezoom-inimages. Even whenITGB5 and AP2-a
accumulate on the same nanopillar in the x-y image, they are not correlated in
the z-dimension. Scale: full-size, 10 pm; insets, 5 pm. b, Right: Both ITGB5-GFP
and immunolabelled clathrin heavy chain (CHC) accumulate at vitronectin-
coated nanopillars, but their intensities are not correlated. Nanopillars with high
intensities of ITGBS5-GFP are usually not the nanopillars with high intensities of

Bright field
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ITGB5-GFP

Eps15/R shRNA ITGBS -GFP RFP-CaaX
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ITGB5-GFP RFP-CaaX
- — —

Anti-CHC

ITSN1/2 shRNA ITGBS GFP RFP-CaaX

Scramble shRNA RFP-CaaX

ITGB5-GFP

anti-CHC. Left: ITGB5-GFP accumulates at vitronectin-coated nanopillars, but
the co-transfected EPS15-RFP does not show strong accumulation or correlation
with ITGBS-GFP at these nanopillars. Scale: full-size, 10 pm; insets, 5 pm.c,
Representative fluorescence images showing that the shRNA knockdown of
AP2-p, clathrin heavy chain (CHC), EPS15/R, or ITSN1/2 does not affect the
accumulation of ITGBS5-GFP accumulation at the ends of vitronectin-coated
nanobars in U20S cells expressing RFP-CaaX membrane marker. BFP expression
isamarker of shRNA transfection. Quantifications of the $5-GFP curvature
preference under these conditions are presented in Fig. 3d. Scale: full-size,

10 um; insets, 1 pm. d, Validation of AP2 knockdown by immunofluorescence.
Immunofluorescence showing that the transfection of AP2-pu shRNAs (indicated
by BFP expression) can reduce the appearance of AP2 complexes and the
accumulation of AP2 complex at the ends of vitronectin-coated nanobars in
U20S cells. Scale: full-size, 10 pm; insets, 5 um.
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Extended Data Fig.7 | FCHo2, but not FCHol, is correlated with ITGBS in
curved adhesions. a, Left: Representative fluorescence images showing that
knockdown of FCHol/2 reduces the 35-GFP accumulation at vitronectin-coated
nanobar ends. Scale: full-size, 10 um; insets, 1 pm. Right: Quantifications of the
B5-GFP curvature preference in U20S cells transfected with scramble or FCHo1/2
shRNAs. n=17/13 cells, from two independent experiments. Data are presented
as the mean + s.d. Pvalues calculated using two-tailed t-test. b, Representative
fluorescence images showing that compared with scramble shRNA transfection
(right), shRNA knockdown of ITGPBS5 (left) reduces the FCHo2-GFP accumulation
at the ends of vitronectin-coated nanobars in U20S cells. Scale: full-size,

10 um;insets, 5 pm. ¢, Quantifications of the FCHo2-GFP curvature preference
inwild-type, scramble shRNA-transfected, or ITGB5-knockdown U20S cells.

w
o
]

P<0.0001

g
o
1

-
o
|

The end/side ratio
(ITGB5/CaaX)

o
=]
|

Scramble FCHo1/2

shRNA  shRNA

P<0.0001

P<0.0001

WT Scramble ITGB5
shRNA shRNA

Anti-ITGB5 and Scramble shRNA Zoom-in (Anti-ITGB5)

Scramble shRNA

[

n=29/34/36 cells, from two independent experiments. Data are presented as
the mean + s.d. Pvalues calculated using one-way ANOVA with Tukey’s multiple
comparison. d, Representative fluorescence images showing that neither shRNA
knockdown of FCHol (left) nor scramble shRNA transfection (right) affects
ITGBS accumulation at vitronectin-coated nanopillars. Scale: full-size, 10 pm;
insets, 5 um. e, Representative fluorescence images showing that compared with
scramble shRNA transfection (right), shRNA knockdown of FCHo1/2 (left) does
not affect membrane wrapping around vitronectin-coated nanopillars in U20S
cells expressing GFP-CaaX membrane marker. BFP expression is amarker of
shRNA transfection. Scale: full-size, 10 pm; insets, 5 pm. Source numerical data
areavailablein source data.
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Extended Data Fig. 8 | GFP-B5(715-769) induces dramatic redistribution of
PHD-containing FCHo2 variants to the plasma membrane and the Golgi Scale: full-size, 10 pm; insets, S pm. ¢, When co-expressed with GFP-B5(715-769),
apparatus. a, GFP-$5(715-769) is located on the plasma membrane with some three FCHo2 variants that don’t contain pHD domain (FCHo2_ApHD-RFP,
accumulations around the perinuclear region that colocalizes with Golgi FCHo2_F-BAR-RFP and FCHo2_IDR-RFP) are highly diffusive in the cytosol.

d, When co-expressed with the negative control GFP-B5TM, RFP-FCHo2 shows

apparatus marker Golgi-RFP. Scale: full-size, 10 pm; insets, 5 um. b, When co-
expressed with GFP-B5(715-769), three uHD domain-containing FCHo2 variants
(RFP-FCHo02, FCHo2_AF-BAR-RFP, and FCHo2_AIDR-RFP) are redistributed to the

cytosolic diffusive pattern with small puncta (left) and FCHo2_uHD is highly
cytosolic (right and in Fig. 41). Scale: full-size, 10 pm; insets, 5 pm.
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Extended DataFig. 9 | Cell plasma membranes are deformed by 3D ECM binned into a histogram which is then fit to a Gaussian function (orange line).
fibres. a, Anti-vitronectin staining illustrates the fibre morphology of IMR-90 The full width at half maximumi is extracted to estimate the diameter. Scale: 1 pm.
lung fibroblast-derived ECM. Z-depthiis colour-coded. Scale: 10 pm. e, Top and side views (3D projection) of a thick 3D ECM made of AF647-labelled
b, In3D ECM made of vitronectin fibres, colocalization of AF647-collagen with pure collagen fibres. Z depth is colour coded. Scale: 10 pum. f, Representative 3D
immunolabelled vitronectin confirmed the incorporation of vitronectininECMs.  images (x-z projection) of U20S cells expressing GFP-CaaX, 72 hrs after being
Scale: full-size, 50 pm; insets, 25 pm. ¢, 3D super-resolution reconstruction of plated on the top of amatrix made of pure collagen fibres (left) or vitronectin
AF647-labelled collagen fibres. Top left: the widefield diffraction-limited image. fibres (right). Scale: 10 pm. g, x-y image (Z0 plane) and x-zimage (YO plane)
Right: the z projection of the 3D super-resolution reconstruction. Yellow arrows of z-stack images showing the U20S cells expressing GFP-CaaX in vitronectin
point to some individual collagen fibres. Colour encodes the z position. Scale: fibres, presentedin f (right side). Scale: 10 pum. h, Zoom-in x-y images of the area
5um.d, Extracting the diameter of individual fibres. (i) The image shows an indicated in g showing plasma membrane folding along vitronectin fibres at the
example of aresolved individual fibre. Transverse line profiles are taken across middle (z=Z0), bottom (z=Z1), and top (z = Z2) of cells. This result suggests that
the fibre to estimate its diameter. (ii) Localizations from the line profile are cell plasma membranes are deformed by 3D ECM fibres. Scale: 10 um.
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Extended Data Fig. 10 | Curved adhesions in 3D ECMs facilitate cell migration
in3D ECMs. a, x-y view (Z0 plane) and x-z view (YO plane) of z-stack images
ofimmunolabelled ITGBS5 in U20S cells expressing FCHo2-GFP. The cells are
embedded in 3D ECM made of vitronectin fibres labelled with AF647-collagen.
Zoom-in x-y images of the yellow-box area show abundant curved adhesions
indicated by the colocalization of FCHo2 and ITGPBS. Curved adhesions form
along vitronectin fibres at the middle (Z0 plane), bottom (Z1 plane), and top

(Z2 plane) of cells. Azoom-in of the x-y slide at the ZO plane has been shown in
Fig. 5g (top). Scale: 10 pm. b, x-y view (ZO plane) and x-z view (YO plane) of z-stack
images ofimmunolabelled vinculin and ITGB5 in U20S. The cells are embedded
in3D ECM made of vitronectin fibres labelled with AF647-collagen. Zoom-in x-y
images of the yellow-box area do not show clear focal adhesions indicated by the

colocalization of vinculin and ITGBS5. Examination of different imaging planes,
the middle (ZO plane), bottom (Z1 plane), and top (Z2 plane) of cells, shows that
the colocalization of vinculin and ITGBS5 is sparse. A zoom-in of the x-y slide at
the ZO plane has been shown in Fig. 5g (bottom). Scale: 10 um. ¢, Representative
3Dimages of A549 cells (top) and HeLa cells (bottom) in 3D matrices after 72-hr
culture. Cells were transduced to express GFP-CaaX vialentiviral infection. In
the x-y projections, cells are colour-coded according to the zdepth. Inthe x-z
projections, cells are coloured in green and merged with the ECM (magenta).
Cells caninfiltrate into 3D matrices of vitronectin fibres, but not into 3D matrices
of pure collagen fibres. The shRNA knockdown of FCHo2, ITGB5, or both
significantly inhibit cell infiltrations into 3D ECMs. Scale: 100 pm.
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Source data are provided with this paper. All other data supporting the findings of this study are available from the corresponding author upon reasonable request.
Plasmids originally generated in this study and their sequence information are available at Addgene (IDs: 205090, 205091, 205092, 205093, 205094 and 205095).
The expression level of integrins in U20S cells was obtained from the Human Protein Atlas project’s RNA HPA cell line gene data available from
v23.0.proteinatlas.org.
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Antibodies

Antibodies used Name Supplier Identifier Application Dilution
1.Rat anti-integrin B1 antibody (clone 9EG7) BD Biosciences Cat#550531 IF 1/100
2.Mouse anti-activated integrin B1 antibody (clone HUTS-4) Sigma-Aldrich Cat#MAB2079Z IF 1/100
3.Mouse anti-integrin avB5 antibody (clone PSH9) R&D Systems Cat#MAB2528 IF 1/100
4.Mouse anti-alpha adaptin antibody [AP6] Abcam Cat#ab2730 IF 1/250
5.Mouse anti-vinculin antibody (clone hVIN-1) Sigma-Aldrich Cat#V9131 IF 1/250
6.Mouse anti-paxillin antibody (clone 349/Paxillin) BD Biosciences Cat#610051 IF 1/250
7.Mouse anti-talin1 antibody (clone 8D4) Abcam Cat#ab157808 IF 1/100
8.Mouse Anti-Vitronectin/S-Protein antibody (clone VN58-1) Abcam Cat#ab13413 IF 1/250
9.Rabbit anti-FAK (phospho Y397) antibody (clone EP2160Y) Abcam Cat#ab81298 IF 1/250
10.Rabbit anti-Clathrin heavy chain antibody (Polyclonal) Abcam Cat#ab21679 IF 1/250
11.Rabbit anti-integrin B5 antibody (clone D24A5) Cell signaling technology Cat#3629S IF 1/250 and WB 1/1000
12.Rabbit anti-FCHo2 antibody (Polyclonal) Novus Biologicals Cat#NBP2-32694 WB 1/1000
13.Rabbit anti-GAPDH (clone 14C10) Cell signaling technology Cat#2118 WB 1/5000
14.Rabbit anti-GFP antibody (Polyclonal) Invitrogen Cat#A-11122 WB 1/1000
15.Mouse anti-mCherry antibody (clone GT857) Sigma-Aldrich Cat#SAB2702291 WB 1/1000
16.Alexa Fluor 488-conjugated goat anti-Mouse IgG (H+L) antibody Thermo Fisher Scientific Cat#A-11001 IF 1/500
17.Alexa Fluor 568-conjugated goat anti-Mouse IgG (H+L) antibody Thermo Fisher Scientific Cat#A-11004 IF 1/500
18.Alexa Fluor 488-conjugated goat anti-Rabbit 1gG (H+L) antibody Thermo Fisher Scientific Cat#A-11034 IF 1/500
19.Texas Red-conjugated goat anti-Rabbit IgG (H+L) antibody Thermo Fisher Scientific Cat#T2767 IF 1/500
20.Alexa Fluor 647-conjugated goat anti-Rat 1gG (H+L) antibody Thermo Fisher Scientific Cat#A-21247 IF 1/500
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21.HRP-linked goat anti-Rabbit IgG (H+L) antibody Cell signaling technology Cat#7074 WB 1/1000
22.HRP-linked goat anti-Mouse 1gG (H+L) antibody Cell signaling technology Cat#7076 WB 1/1000

Validation The antibodies have been validated by the manufacturers and previous publications.
Details are available from the references below.
1.https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/purified-rat-anti-mouse-cd29.550531
2.https://www.sigmaaldrich.com/US/en/product/mm/mab2079z
3.https://www.rndsystems.com/products/human-integrin-alphavbeta5-antibody-p5h9_mab2528
4.https://www.abcam.com/products/primary-antibodies/alpha-adaptin-antibody-ap6-ab2730.html
5.https://www.sigmaaldrich.com/US/en/product/sigma/v9131
6.https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-paxillin.610051
7.https://www.abcam.com/products/primary-antibodies/talin-1-antibody-8d4-ab157808.html
8.https://www.citeab.com/antibodies/759488-ab13413-anti-vitronectin-s-protein-antibody-vn58-1
9.https://www.abcam.com/products/primary-antibodies/fak-phospho-y397-antibody-ep2160y-ab81298.html
10.https://www.abcam.com/products/primary-antibodies/clathrin-heavy-chain-antibody-ab21679.html
11.https://www.cellsignal.com/products/primary-antibodies/integrin-b5-d24a5-rabbit-mab/3629
12.https://www.novusbio.com/products/fcho2-antibody_nbp2-32694
13.https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118
14.https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/A-11122
15.https://www.sigmaaldrich.com/US/en/product/sigma/sab2702291
16.https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11001
17.https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11004
18.https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11034
19.https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
T-2767
20.https://www.thermofisher.com/antibody/product/Goat-anti-Rat-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21247
21.https://www.cellsignal.com/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074
22 https://www.cellsignal.com/products/secondary-antibodies/anti-mouse-igg-hrp-linked-antibody/7076

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) U20S (ATCC HTB-96™), A549 (ATCC CCL-185™), Hela (ATCC CCL-2™), Mouse Embryonic Fibroblast (MEF) (ATCC CRL-2991™),
IMR-90 lung fibroblast cells (ATCC® CCL-186™, a gift from Scott Dixon), HEK293T cells (ATCC® CRL-3216™), HT-1080 (ATCC
CCL-121™), U-251MG (Sigma-Aldrich, 09063001), human mesenchymal stem cells (PCS-500-011™), and MCF7 (ATCC
HTB-22™)

Authentication Cell line authentication was not performed. All cell lines were expanded from the original vials vendors provided and used for
experiments within ten passages.

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination by RT-PCR.

Commonly misidentified lines  we did not use commonly misidentified lines listed by ICLAC.
(See ICLAC register)
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	Curved adhesions mediate cell attachment to soft matrix fibres in three dimensions

	Results

	Membrane curvatures induce the accumulation of integrin β5
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