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Contact guidance is a powerful topographical cue that induces
persistent directional cell migration. Healthy tissue stroma is
characterized by a meshwork of wavy extracellular matrix (ECM)
fiber bundles, whereas metastasis-prone stroma exhibit less wavy,
more linear fibers. The latter topography correlates with poor
prognosis, whereas more wavy bundles correlate with benign tu-
mors. We designed nanotopographic ECM-coated substrates that
mimic collagen fibril waveforms seen in tumors and healthy tis-
sues to determine how these nanotopographies may regulate can-
cer cell polarization and migration machineries. Cell polarization
and directional migration were inhibited by fibril-like wave sub-
strates above a threshold amplitude. Although polarity signals and
actin nucleation factors were required for polarization and migra-
tion on low-amplitude wave substrates, they did not localize to
cell leading edges. Instead, these factors localized to wave peaks,
creating multiple “cryptic leading edges” within cells. On high-
amplitude wave substrates, retrograde flow from large cryptic
leading edges depolarized stress fibers and focal adhesions and
inhibited cell migration. On low-amplitude wave substrates, acto-
myosin contractility overrode the small cryptic leading edges and
drove stress fiber and focal adhesion orientation along the wave
axis to mediate directional migration. Cancer cells of different in-
trinsic contractility depolarized at different wave amplitudes, and
cell polarization response to wavy substrates could be tuned by
manipulating contractility. We propose that ECM fibril waveforms
with sufficiently high amplitude around tumors may serve as “cell
polarization barriers,” decreasing directional migration of tumor
cells, which could be overcome by up-regulation of tumor cell
contractility.
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One hallmark of tumor progression to more advanced stages
and worsening patient prognosis is the remodeling of the

extracellular matrix (ECM) in the tumor microenvironment by
fibroblasts (1) and macrophages (2). In several tumor types—
including breast (3, 4), skin (5), ovary (6, 7), colon (2), and liver
(8)—such remodeling is characterized by stiffening and reorga-
nization of normally wavy stromal collagen bundles into thick
linear bundles. Linear bundles are thought to provide “tracks” to
mediate metastatic cell migration out of the primary tumor,
whereas curved or wavy bundles typical of normal stroma are
thought to inhibit cell movement (9, 10). The notion that linear
ECM fibers support tumor metastasis arose from the long-
standing observation that cells of many types polarize and mi-
grate directionally in response to anisotropic physical cues, such
as linear fibrils or grooves in a substrate, in a process called contact
guidance (11). In support of this, ovarian cancer cells migrate more
actively on ECM substrates that mimic the collagen architecture of

aggressive ovarian tumors than on those mimicking normal or
benign stroma (12). It is thought that the effects of comorbidities
on ECM architecture, for example obesity in which breast stroma
exhibits more linear collagen bundles than seen in lean tissue,
may predispose patients to worse clinical outcomes when cancer
does arise (13). However, a direct link between metastasis and
the migratory behavior of cancer cells in response to linear or
wavy or ECM fibril architecture has not been established,
and the mechanisms by which such regulation might occur are
unknown.
Cell polarization and migration in response to anisotropic cues

during contact guidance, chemotaxis, haptotaxis, or durotaxis is
mediated by similar molecular mechanisms. Polarization is ini-
tiated by ligand binding by growth factor or ECM receptors
that promote Rho GTPases (14, 15), and is enforced by spatial
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segregation of phosphatidylinositol 3-kinase (PI3K) at the lead-
ing edge to produce phosphatidylinositol-3,4,5-triphosphate
(PIP3) and the phosphatase and tensin homolog (PTEN) re-
moving PIP3 at the cell rear (16–18). PIP3 and Rho GTPases at
the leading edge promote polarization of the microtubule cyto-
skeleton and Golgi apparatus, as well as actin polymerization via
Arp2/3 and formins (19–23), to drive leading-edge protrusions.
Retrograde flow of the polymerizing actin network at the leading
edge is coupled to integrin-based focal adhesions (FAs) via a
molecular clutch (24, 25), which engages FAs to the ECM.

Recruitment of myosin II to the polymerizing actin contracts the
network, creating actin arcs and stress fibers in the lamella,
maturing the FAs and orienting them in the direction of cell mi-
gration (26–30). Disassembly of FAs toward the rear of the cell
allows forward movement (31–35). Artificial enforcement of this
organization of actin polymerization and adhesions by micro-
patterned ECMs alone is sufficient to define the polarity of the cell,
independent of other stimuli (36). However, how these molecular
mechanisms are modulated by the differing stromal collagen
architectures associated with normal or tumor tissue is not known.
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Fig. 1. Fibril-like ECM wave amplitude regulates cancer cell polarization and migration. SHG microscopy (A–D) and image analysis (E–G) of collagen fibers
in mouse tumor models and tissues. (A–D) Maximum-intensity z-projections of confocal image stacks (color scale = z-depth) [Scale bars, 500 μm (A and B) or
200 μm (C and D)]. (A and B) Region of tumor formed from 1205Lu human melanoma cells in nude [Crl:NU(NCr)-Foxn1nu] mice at the (A) outer 14 μm and (B)
central 35 μm of image planes through the tumor; dashed line (B), boundary between periphery and core. (C and D) Mammary fat pad ECM in C wild-type
C57BL/6 (WT, “lean”) and (D) ob−/ob− mouse. (E) Percentage of curved (1/r > 0.03 μm, orange) and straight (1/r < 0.03 μm, blue) collagen-fiber segments.
n = 2,196, 2,197, 1,184, and 1,905 point curvatures from melanoma periphery, core, lean, and obese adipose tissues, respectively. (F and G) Wavelength and
amplitude of wave-like segments of collagen fibers in melanoma tumors or mammary fat pad as in A–D, as well as from mages published in Alkmin et al. (12)
of human ovarian serous tumors with low or high metastatic potential. Large-wave and small-wave points indicate the wavelength and amplitude of ECM
fibril wave substrates used in I–P; n = 90, 168, 227, 64, 51, and 51 segments from melanoma periphery, melanoma core, lean and obese mammary, high- and
low-grade serous ovarian tissues, respectively. (H) SEM image of U2OS cell on a wave substrate. (I and J) Maximum-intensity z-projections STED image stacks of
paxillin (green) and fibronectin (blue) in U2OS cells adhered to fibronectin-coated small- and large-wave wave substrates. (I′ and J′) Zoomed, ∼75° rotation of
regions in I and J. (K) Diagram of ECM wave properties. (L) Phase-contrast images of (Top) straight, (Middle) large-wave, and (Bottom) small-wave ECM fibril
substrates. (M) Maximum-intensity z-projections of confocal stacks of U2OS cells plated on adjacent substrates in L and stained for F-actin (phalloidin, red),
Golgi (GM130, green), and nucleus (DAPI, blue). Yellow arrows: axis between centers-of-mass of Golgi and nuclear fluorescence. (N–P) Cell polarization
measured in U2OS cells by aspect ratio (N), Golgi-nucleus axis alignment relative to wave axis (O), or migration persistence from time-lapse movies of HEY T30
cells (P), plotted as a function of waveform. n = 46, 34, and 38 U2OS (N and O) cells or 49, 32, and 27 HEY T30 cells (P) on straight, small-wave and large-wave
substrates. Blue arrows: wave axis. Long bars = mean; short bars = SD. Pairwise Mann–Whitney tests are shown.
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Here we sought to examine the contact-guidance–mediated
polarization and migration responses of tumor cells to ECM fi-
bril architectures mimicking those seen in normal and tumor
stroma, and to dissect the mechanisms of these responses. We
designed synthetic nanotopographic ECM-coated substrates that
approximate collagen fibril size and the range of waveforms
observed in tumors and tissues from mouse and human samples,
and we determined their effect on the organization and dynamics
of the cell polarity and migration machineries. We find that cell

polarization and directional migration are inhibited by sinusoidal
fibril-like waves above a threshold amplitude by geometrically
constrained effects on the organization of actomyosin contrac-
tility and FA orientation. Importantly, we found that cancer cells
of different intrinsic contractility depolarized at different ECM-
wave amplitudes, and that cell polarization could be tuned on
wavy substrates by manipulating contractility. Thus, the ECM-
fibril waveform, in addition to other factors in the tumor micro-
environment, may regulate cancer cells’ ability to migrate out of
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Fig. 2. ECM waves promote cell polarization and migration below a threshold of wave amplitude. (A–F, H, and I) Imaging and analysis of U2OS cells adhered
to collagen-coated wave substrates. Phase-contrast images of substrates with (A) waves of constant amplitude (15 μm) and increasing wavelength and (C)
constant wavelength (50 μm) and increasing amplitude. (B and D) Maximum-intensity z-projections of confocal stacks of cells on substrates above in A and C
stained for F-actin (phalloidin, red), Golgi (GM130, green), and nucleus (DAPI, blue). Cell polarization measured in U2OS cells by aspect ratio (E and H), Golgi-
nucleus axis alignment relative to wave axis (F and I), or migration persistence (G and J) from time-lapse movies of HEY T30 cells, plotted as a function of
wavelength (G) and wave amplitude (J). (E and F) n = 14, 20, 21, 14, and 27 cells for 12.5, 25, 50, 100, 200, and straight, respectively. (H and I) n = 29,15, 25, 29,
29, 29, and 23 cells for straight, 5, 7.5, 15, 30, and 45, respectively. (G) n = 16, 19, 44, 16, 21, and 49 cells for 12.5, 25, 50, 100, 200, and straight, respectively. (J)
n = 48, 35, 26, 32, 35 and 26 cells for straight, 5, 7.5, 15, 30, and 45, respectively. Datapoints in blue (*) are from cells plated on small-wave substrates (as
defined in Fig. 1 F and G; data in Fig. 1 N–P) for comparison; note that wavelength and amplitude are both decreased relative to series. Blue arrows: wave axis.
Long bars = mean; short bars = SD. Pairwise Mann–Whitney t tests are given in SI Appendix, Table S1.
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tumors, and their contractility level may dictate the range of ECM
architectures that allow migration.

Results
Fibril-like ECM Wave Amplitude Regulates Cancer Cell Polarization
and Migration. To characterize the polarization and migratory
responses of cancer cells to ECM fibril waveform, we first
measured the approximate curvature, wavelength, and amplitude
of ECM fibrils in the tumor microenvironment and tissues in
mouse models. Tumors were generated by intradermal injection
of metastatic 1205Lu human melanoma cells (37) into nude
[Crl:NU(NCr)-Foxn1nu] mice. We also examined mammary fat
pads in either lean wild-type or obese ob/ob mice (B6.Cg-Lepob/J).
Collagen fibrils imaged by intravital second harmonic-generation
(SHG) microscopy (Fig. 1 A and B and Movies S1 and S2) exhibited
a range of architectures, from relatively straight to curvy, often
having a roughly repeating periodicity approximating wave-like
forms. Curvature measurements of collagen fibril segments
in skin tumors showed that the fraction of nearly straight fibrils
(1/r < 0.03 μm) decreased from the tumor core, where most fi-
brils were relatively straight, to the tumor periphery, where most
fibrils were curved (Fig. 1 B and E and SI Appendix, Fig. S1A). In
mammary fat pads, most fibrils were curved in lean mice,
whereas most were straight in obese mice (13) (Fig. 1 C–E and
SI Appendix, Fig. S1A). Measurement of the approximate wave-
length and amplitude of collagen fibril wave-like forms in our
images and in previously published images of human ovarian tu-
mors (7) showed that wavelength and amplitude were lower in
mammary fat pads of ob/ob mice and high-grade ovarian tumors
compared to those in fat pads of wild-type mice and low-grade
ovarian tumors (Fig. 1 F,G, and K). Thus, collagen fibrils exhibit a
wavy architecture that varies as a function of location within the
tumor microenvironment, obesity-associated fibrosis, or tumor
grade, such that tumor cores, obese tissue, and high-grade
tumors contain ECM fibrils with low amplitudes and short
wavelengths.
We next generated coverslip substrates with rows of aligned,

fibronectin-coated, fibril-sized (600-nm high, 300-nm wide, 3-μm
spacing) stiff linear acrylic ridges with waveforms that mimic
those measured for ECM fibers in tumors of lower and higher
metastatic potential (Fig. 1 K and L) (38). Although the spacing
and stiffness of the substrate ridges was not fully physiological,
the ridges provided fibril-like dimensions and full control of
waveform parameters. Scanning-electron and stimulated emis-
sion depletion (STED) microscopies of U2OS osteosarcoma
cells adhered to these substrates showed that cells appeared to
“grab” the three-dimensional (3D) ridges, adhering via paxillin-
containing FA to all the ridge surfaces, approximating the in-
teraction of a cell with a collagen fibril in 3D (Fig. 1 H–J and
Movies S3 and S4). “Large-wave” (15-μm amplitude, 50-μm
wavelength) fibril-like substrates were similar to ECM bundles
in the periphery of skin tumors, low serous ovarian tumors, and
lean fat pad, while “small-wave” (3.1-μm amplitude, 10.5-μm
wavelength) fibril-like substrates mimicked skin and high serous
tumor and obese fat pad ECM fibrils. Cells were stained for
actin, Golgi, and DNA markers and polarization responses to
straight, large-wave, or small-wave substrates were quantified by
two metrics: Cell elongation was defined as the ratio of the
long-to-short axes of an ellipse fit to the cell area; cell polari-
zation was the angle of a line defined by the centers of mass of
DNA and Golgi fluorescence distributions relative to the
peak-to-peak axis of fibril-like waves (the “wave axis” in Fig. 1 K
and O). This showed that cells were similarly extended and po-
larized on straight and small-wave substrates, but exhibited sig-
nificantly reduced elongation and polarization on large-wave
substrates (Fig. 1 N and O). Analysis of movies of HEY-T30
ovarian tumor cells (that migrate more robustly that U2OS cells)
showed that they underwent directionally persistent migration on

straight and small-wave substrates, and reduced persistence
on large-wave substrates (Fig. 1P and Movie S5). This shows that
cancer cells polarize and migrate on low-amplitude, low-wavelength
fibril-like substrates that mimic ECMs in more aggressive tumor
microenvironments, while their migration is inhibited on
large amplitude and wavelength substrates that mimic normal
stroma ECMs.
We next performed a systematic examination of the effects of

ECM architecture on cell morphology and behavior. To deter-
mine which aspects of large-wave fibril-like substrates promoted
cell depolarization, we generated two series of wave substrates:
one with the large-wave amplitude constant (15 μm) and wave-
length varied from 12 to 200 μm (Fig. 2A); and one with the
large-wave wavelength constant (50 μm) and amplitude varied
from 5 to 45 μm (Fig. 2C). Analysis showed that for a fixed
15-μm amplitude, U2OS cell elongation and polarization and
HEY-T30 migration persistence all increased directly with sub-
strate wavelength, suggesting that polarized motility is inhibited by
short wavelength (Fig. 2 E–G and Movie S6). However, the small-
wave substrates described above that mimicked ECM fibers found
in aggressive tumors promoted polarization and directed migra-
tion despite their short wavelength, suggesting that low amplitude
may override wavelength in promoting polarized motility. Indeed,
examination of cell shape and behavior as a function of wave
amplitude showed a step-function response, with elongation, po-
larization, and migration persistence enhanced at amplitudes below
7.5 μm and inhibited at amplitudes greater than 15 μm (Fig. 2 H–J
and Movie S7). In contrast to migration directionality, HEY-T30
migration speed was insensitive to waveform (SI Appendix, Fig. S1G
and H). To determine whether the repetitive pattern of aligned
waves contributed to the cellular response, we analyzed our data as a
function of the nematic order of the fibril-like substrates. This
showed that the relationship between substrate nematic order and
cell polarization metrics was similar to that seen for substrate
wavelength, with a linear increase in cell polarization with increasing
nematic order, with the small-wave substrate data also an outlier
(SI Appendix, Fig. S1 B–F). Because all of our cell polarization data,
including the small-wave substrates, was best fit by the step-function
response seen with increasing wave amplitude, we chose to utilize
amplitude as the primary wave variable for further analyses. Im-
portantly, the response required 3D ridge ECM architecture, as
two-dimensional (2D) printing of similar wavy collagen patterns
interspersed by nonadhesive areas failed to produce a cell elon-
gation response to alterations in wave amplitude (SI Appendix,
Fig.S1 I and J). Our results suggest that wavy fibril-like ECMs inhibit
cell polarization and migration above a threshold amplitude.

PI3K Promotes Cell Polarization in Response to ECM Waveform
Independent of a Cell-Scale PIP3 Gradient. We next sought to de-
termine how cells might detect and translate ECM fibril wave
amplitude into polarized cell shape and migration responses. We
examined the elongation response to fibril-like wave substrates
in cells treated with inhibitors of known migration and polari-
zation pathways, including PIP3 generation, actin polymeriza-
tion, and myosin contractility (Fig. 3A). We first focused on the
role of the acidic phospholipid PIP3. Cells plated on wave sub-
strates and treated with 100 nM wortmannin to block PI3K ac-
tivity were able to adhere, but not elongate or polarize (Fig. 3A
and SI Appendix, Fig. S1 A–C and Movie S8). To determine if a
PIP3 gradient mediates cell polarization on wave substrates, we
analyzed the localization of the PH domain of Akt fused to GFP
(GFP-PH-Akt) as a biosensor for PIP3. GFP-PH-Akt polariza-
tion was defined as the distance between the centroid of the cell
shape and the center of mass GFP-PH-Akt fluorescence, nor-
malized to length of the cell major elliptical axis, such that this
number approached zero when fluorescence was distributed
symmetrically around the cell and increased when fluorescence
was asymmetrically distributed (SI Appendix, Fig. S2D). The
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metric was validated by plating cells on ECM islands of circular or
“crossbow” [mimicking a migrating cell (36)] shape (SI Appendix,
Fig. S2E). Surprisingly, this showed intermediate values of GFP-
PH-Akt polarization across a range of wave amplitudes that
produced varying effects on cell elongation and polarization
(SI Appendix, Fig. S2E). Thus, although PI3K activity is required
for cell polarization induced by low-amplitude ECM fibril-like
waves, polarization is independent of a cellular PIP3 gradient.
To determine whether PIP3 responds to local aspects of

waveform, we examined the distribution of GFP-PH-Akt along
single-wave ridges. For cells on straight ridges, GFP-PH-Akt was
localized along ridges across the cell length (Fig. 3B). In contrast,
in cells on wavy substrates, GFP-PH-Akt concentrated at curved
wave peaks, and was depleted from straighter segments between
peaks (Fig. 3 C and D). This was validated by averaging the
distribution of GFP-PH-Akt across many single half-wavelengths
for large-wave and small-wave substrates (Fig. 3E). Together,
these results show that although the curvature of fibril-like ECM
waves mediates local accumulation of PIP3, PI3K promotes cell
polarization response to waveform independent of a cell-scale
PIP3 gradient.

Lamellipodial Actin Assembly Machinery Localizes to Wave Curvature,
Not Cell Leading Edges. We next sought to determine if cell po-
larization response to waveform was mediated by polarized
lamellipodial actin assembly. Inhibition of the Arp2/3 complex
with CK-666 elicited a small but significant reduction in U20S
cell elongation and HEY T30 directional migration induced by
low-amplitude wave substrates (Fig. 3 A, F, and G and Movie
S9). We analyzed the localization of the Arp2/3 recruiter cor-
tactin by immunofluorescence (Fig. 3 H and I), GFP-Arp2 was
expressed as a marker of Arp2/3 (Fig. 3 K and L), and assembly-
competent free “barbed” ends of actin filaments (SI Appendix,
Fig. S2 F–I) were localized by permeabilization in the presence
of fluorescent monomeric actin. Similar to PIP3 biosensor lo-
calization, lamellipodial actin assembly markers did not localize
along the leading edges of elongated cells on small-wave sub-
strates, but concentrated at wave peaks in both polarized cells on
small-wave substrates and depolarized cells on large-wave sub-
strates (Fig. 3 J and M). In addition to wave peaks, free barbed
ends also localized to FA-like elongated plaques along the
straight segments on the “shoulders” of ECM waves and at cell
edges. Notably, treatment with CK-666 abolished barbed ends at
wave peaks, but not at FAs (SI Appendix, Fig. S2I). These results
indicate that polarity signaling and lamellipodial actin assembly
machinery respond to curvature of fibril-like ECM structures,
and although required for polarized motility, do not localize to
leading edges of polarized, directionally migrating cells.

FA Orientation and Maturation Correlates with Cell Polarization and
Migration on ECM Waves.We next sought to determine the role of
integrin engagement and FA organization in cell shape and mi-
gratory responses to ECM fibril waveform. Plating U2OS cells
on ECM fibril substrates coated with collagen, fibronectin, or
concanavalin-A (to promote adhesion without integrin engage-
ment) showed that cell elongation response to low-amplitude
ECM fibril waves was integrin-dependent, but not ECM
receptor-specific (Fig. 4 A and B). Fibroblasts from FAK−/− or
wild-type mouse embryos showed that compared to wild-type,
FAK-null cells showed a small but significant decrease in cell
elongation on straight or low-amplitude waves, suggesting that
although not required, integrin signaling through FAK enhances
cell polarization on low-amplitude wave substrates. Paxillin lo-
calization showed that in cells on straight ECM ridge substrates,
FAs were localized to leading cell edges and along ridges in the
cell body (35, 39) (Fig. 4E). In depolarized cells on large-wave
substrates, FAs localized mostly along wave peaks (Fig. 4 F and
H), while in polarized cells on small-wave substrates, FAs were

absent from wave peaks, but localized to peak shoulders and cell
leading edges (Fig. 4 G and H). Line-scan analysis showed that
FAs in cells on straight or small-wave substrates were elongated
(mature) FAs, whereas those at peaks of large waves were closely
spaced series of small (nascent) FAs (Fig. 4 I, K, and L). Because
paxillin concentrates at FA ends near the leading edge and zyxin
at the stress fiber–FA junction (40) (Fig. 4 M–O), we measured
FA orientation as the angle of a line defined by the peak fluo-
rescence intensities of paxillin and zyxin coimmunostaining
within each FA relative to the wave axis. In cells on straight
ECM ridges, the paxillin-zyxin axis of FAs was aligned parallel to
the ridges, as expected. In cells on large-wave substrates, FAs
were oriented near perpendicular (greater than ±45°) to the
wave axis (Fig. 4 P–R). In contrast, in cells on small-wave sub-
strates, FAs were never perpendicular, but were oriented closer
to parallel (±30°) to the wave axis. Thus, the fibril-like ECM
waveform regulates FA maturation and orientation, and FA
orientation correlates with the polarization and directional mi-
gration response of cells to the waveform.

ECM Waveform Dictates Stress Fiber Bending and Length. Because
FAs mature via actomyosin stress fiber contractility, we hy-
pothesized that stress fibers may be organized downstream of FA
orientation to mediate the cellular polarity and motility re-
sponses to ECM waveform. Inhibition of formin-family actin
nucleators with SMIFH2 blocked stress fiber formation and
caused a small but significant reduction in U2OS cell elongation
induced by low-amplitude substrate waves (Fig. 3A). Quantifi-
cation of stress fiber coalignment (“anisotropy”) (Fig. 5B) (41)
and alignment relative to the wave axis (Fig. 5C) showed that in
cells on straight and low-amplitude substrates, actin bundles
were highly anisotropic and tightly oriented along the wave axis.
In contrast, in cells on high-amplitude waves, bundle anisotropy
decreased and the distribution of stress fiber orientation relative
to the wave axis broadened and the average angle increased
(Fig. 5C). Thus, the coalignment and orientation of formin-
mediated actin stress fibers correlate with the polarization and
directional migration responses of cells to ECM waveform.
We next sought to determine how fibril-like ECM waves reg-

ulate stress fiber orientation and alignment. We used confocal
polarization microscopy to examine filament coalignment and
continuity within stress fibers in U2OS cells on straight, small-,
and large-wave substrates. This showed that well-aligned actin
filaments in bundles transitioned smoothly in orientation around
wave peaks on large-wave ECMs (Fig. 5D), but exhibited dis-
continuities or splaying on small-wave ECMs (Fig. 5D). Three-
dimensional confocal analysis showed that stress fiber length
depended on waveform and depth from the cell surface
(Fig. 5 F–H). In cells on straight fibril-like ridges, cortical bun-
dles in the z-plane at the ventral cell surface and subcortical
bundles deeper in the cell both spanned the full cell length along
ECM ridges (Fig. 5 F and F′). At the ventral surface of cells on
small-wave substrates, short, cortical stress fibers either were
aligned along the straight segments of waves at an angle to the
wave axis, consistent with the localization of FAs, or were dis-
continuous where they bent around wave peaks (Fig. 5 E, H, and
I). However, deeper in these cells, long continuous subcortical
stress fibers aligned along the wave axis and spanned the cell
end-to-end, over the tops of wavy ECM fibrils (Fig. 5 H′ and I′).
In cells on large-wave substrates, cortical actin at the ventral
surface formed bundles that followed the curve of the waves,
bending around the peaks (Fig. 5G). Deeper in these cells,
shorter, continuous subcortical bundles spanned half-
wavelengths forming “chords,” but did not span the full cell
length (Fig. 5G′). Thus, large-amplitude wave fibril-like ECMs
drive cortical actin bundles to bend around wave peaks, and this
behavior correlates with FA orientation perpendicular to wave
axis and cell depolarization. In contrast, small-amplitude waves
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Fig. 4. FA orientation and maturation correlates with cell polarization and migration on ECM waves. Imaging and analysis of (A, B, and E–R) U2OS cells and
(C and D) fibroblasts on fibronectin wave substrates. Confocal images of (A) U2OS cells and (C) FAK−/− fibroblasts with phalloidin-stained actin (red), GM130
(green), and DAPI-stained DNA (blue), on wave substrates with a wavelength of 50 μm and increasing amplitude, coated with (A) concanavalin A (conA) or (C)
fibronectin. Aspect ratio of (B) U20S cells and (D) fibroblasts as a function of wave amplitude. In B, substrates were coated with conA, collagen, or fibronectin:,
conA: n = 44, 43, 42, 41, 27, and 27 cells for straight, 5, 7.5, 15, 30, and 45, respectively; collagen: n = 22, 24, 21, 21, 20, and 21 cells for straight, 5, 7.5, 15, 30,
and 45, respectively; fibronectin: n = 27, 34, 21, 35, 27, and 17 cells for straight, 5, 7.5, 15, 30, and 45, respectively. Upper P value: = Mann–Whitney test
between fibronectin and ConA; Lower value: same test between fibronectin and collagen. In D, substrates were coated with fibronectin, FAK−/−: n = 31, 33,
35, 35, 26, and 27 cells for straight, 5, 7.5, 15, 30, and 45, respectively; wild-type MEFs: n = 29, 21, 23, 25, 23, and 19 cells for straight, 5, 7.5, 15, 30, and 45,
respectively. (E–S) U20S cells plated on fibronectin-coated ECM fibril wave substrates ((E, I, I′, and G) straight, (G, H, K, K′, and O) small-wave, and (F, H, J, N,
and R) large-wave substrates. (E–G) Immunolocalization of paxillin (red) and phalloidin (green) staining of actin. (H) Normalized average paxillin intensity (n =
41 and 105 images for large and small waves, respectively) along half-wavelengths of (Left) large wave and (Right) small waves. (I–K) Immunolocalization of
paxillin and (I–K) line scans. (L) Aspect ratio of paxillin-labeled FAs in cells plated on fibronectin-coated coverslips (2D) or wave substrates, each point rep-
resents one FA. 2D: n = 216; small wave; n = 249; large wave: n = 255; straight; n = 282. (M–O) Coimmunolocalization of zyxin (green) and paxillin (green).
Insets show 2.75× magnification of adhesions. (P–R) Radial histograms of FA orientation, defined as the angle of a line between the peak fluorescence in-
tensities of paxillin and zyxin staining within each FA relative to the wave axis. Straight: n = 88; large wave: n = 92; small wave; n = 78. Wave amplitude in
upper right. Blue arrows: wave axis. Long bars = mean; short bars = SD.
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limit cortical bundle length at the ventral cell surface either by
FA formation on wave shoulders or bundle breakage at wave
peaks, but permit long, subcortical bundles to form over the top
of fibril-like waves, presumably allowing integration of cyto-
skeletal forces across the cell and along the wave axis.

ECM Wave Amplitude Dictates Actomyosin Flow Orientation to
Mediate Cell Polarization. Because stress fiber and FA organiza-
tion are determined by myosin II-mediated contractility (42–44),
we hypothesized that myosin II could regulate these functions in
response to fibril-like ECM waveforms. Analysis of myosin IIA
[tagged on N and C termini with GFP and mApple (45, 46)]
organization in U2OS cells on wave substrates showed that
minifilaments localized periodically along all stress fibers, both
cortical and subcortical, in cells on both small- and large-wave
substrates. However, on large-wave substrates, myosin IIA ad-
ditionally localized to a subcortical actin meshwork that bridged

between stress fibers bent around wave peaks and chords at wave
bases, where it formed “ribbons” of laterally aligned minifila-
ments (SI Appendix, Fig. S2J), reminiscent of myosin II organi-
zation in the lamella of cells migrating on planar ECMs (47–49).
Coupled with the localization of PIP3, Arp2/3, and FAs at wave
peaks and myosin II ribbon structures behind the peaks, these
observations suggest that large-wave fibril-like substrates induce
the formation of “cryptic leading edges” that could orient FAs
through cytoskeletal retrograde flow.
To test whether actomyosin retrograde flow mediates cell-

polarization responses to wave amplitude, we analyzed GFP-
myosin IIA dynamics in U2OS cells plated on large-and small-
wave substrates. Time-lapse movies showed that for cells on
large-wave substrates, myosin IIA minifilaments formed near
wave peaks at the cell periphery and flowed centripetally, per-
pendicular to the wave axis, eventually condensing into the
subcortical chord stress fibers that spanned half-wavelengths
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Fig. 5. ECM waveform dictates stress fiber bending and length. Imaging and analysis of U2OS cells on fibronectin-coated wave substrates. (A) Confocal
images of phalloidin-stained actin in cells on wave substrates of 50-μm wavelength and increasing amplitude in the absence (control) or presence of 20 μM
SMIFH2. (B) Average stress fiber coalignment (actin anisotropy) and (C) stress fiber alignment relative to the fibril wave axis (SF orientation), as a function of
wave amplitude. (B) n = 35, 20, 29, 45, and 20 cells for straight, 5, 7.5, 15, and 30, respectively; (C) n = 35, 20, 29, 45, and 30 cells for straight, 5, 7.5, 15 and 30,
respectively. Long bars = mean, short bars = SD, Mann–Whitney tests shown. (D and E) Three-dimensional confocal polarization image of phalloidin-stained
actin. Color: F-actin anisotropy orientation (color-wheel Inset) saturation: anisotropy, white = isotropic. (F–H′) Confocal images of phalloidin-stained actin
(F–H, yellow box, Z1) at the ventral cell surface and (F′–H′, pink box, Z2) ∼1 μm above the ventral cell surface. (I) Average stress fiber length measured at Z1
and Z2. n = 61 and 80 for straight, Z1 and Z2, respectively; 55 and 83 for large-wave, Z1 and Z2, respectively; 97 and 75 for small-wave, Z1 and Z2, respectively.
Wave amplitude, upper right. Blue arrows: wave axis. Long bars = mean; short bars = 95% confidence intervals.

8 of 12 | PNAS Fischer et al.
https://doi.org/10.1073/pnas.2021135118 Contractility, focal adhesion orientation, and stress fiber orientation drive cancer cell polarity

and migration along wavy ECM substrates

D
ow

nl
oa

de
d 

at
 U

ni
ve

rs
ity

 o
f M

ar
yl

an
d 

C
ol

le
ge

 P
ar

k 
on

 A
ug

us
t 2

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021135118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021135118


(Fig. 6 A and B and Movie S11), similar to actomyosin dynamics
in the lamella of cells migrating on planar ECMs (49). Cells
spanning a full wavelength thus exhibited two spatially offset and
opposing myosin II flow-fields that ran perpendicular to the wave
axis and whose length and width were determined by the wave-
length and wave amplitude, respectively. In contrast, for cells
plated on small-wave substrates, actomyosin flow perpendicular
to the wave axis also occurred centripetally from peripheral wave
peaks. However, because the distance of retrograde flow was
limited by the small-wave amplitude, the flow from each peak
collapsed quickly into long subcortical stress fibers that spanned
multiple wavelengths along the wave axis (Fig. 6 C and D and
Movie S12). Flow was then dominated by the contractile motion
along these stress fibers from each pole of the elongated cell
toward its center. Together, these results suggest that curvature
of wavy ECM fibrils localizes PIP3 to wave peaks to direct local
actomyosin assembly and retrograde flows, that, in turn, drive
FA formation, orientation, and maturation to establish actin
stress fibers, whose length and organization is dictated by flow-
dependent interaction with fibril-like waveforms to determine
cell polarization and migration responses.

Myosin Contractility Regulates Cancer Cell Polarization and Migration
Responses to ECM Waveform. Given our finding that actomyosin
organization and dynamics determines cell migration responses
to the ECM waveform, we postulated that the intrinsic level of
contractility could dictate cancer cell migration ability on ECM
wave substrates. To test this, we first measured and ranked
several cancer cell lines and mouse embryo fibroblasts (MEF)
based on their level of phosphorylated myosin II regulatory light
chain (pMRLC) as a proxy for intrinsic actomyosin activity. This
showed a range of pMRLC levels as follows: HEY T30 <
U2OS < MB231 (breast cancer) < MEF <SKOV3 (ovarian
cancer) (Fig. 6 E and F). Analysis of cell elongation in response
to a range of ECM wave amplitudes revealed that low-
contractility U2OS and HEY T30 cells polarized on wave am-
plitudes of 7.5 μm or less, while more highly contractile MEF
polarized on amplitudes of 15 μm or less (Fig. 6G). Consistent
with this, the directional persistence of cell migration on 15-μm
amplitude waves was higher in high-contractility SKOV3 than in
lower contractility HEY T30 or MB-231 cells (Fig. 6H and Movie
S13). We then manipulated myosin II activity directly to de-
termine if changes in contractility were sufficient to regulate
cellular responses to the ECM waveform. Treatment with bleb-
bistatin reduced the depolarization threshold of U2OS cells from
7.5- to 5-μm amplitude waves (Figs. 3A and 6I and SI Appendix,
Fig. S2K) and decreased migration persistence of MB-231 cells
on low-amplitude waves (Fig. 6J and Movie S10). Conversely,
overexpression of mEmerald-myosin IIA in HEY T30 cells in-
creased their wave amplitude depolarization threshold from
7.5 to 15 μm (Fig. 6K). Thus, the contractility level of cancer
cells is sufficient to determine their ability to polarize and mi-
grate on wavy ECM fibril-like substrates, with higher contractility
promoting cell polarization across a broader range of ECM
waveforms.

Discussion
Our work shows that ECM wave architecture regulates contact
guidance of tumor cells via actomyosin contractility, and suggests
that oncogenic modulation of cell contractility may dictate the
range of ECM waveforms that are conducive to metastatic cell
migration. The stromal ECM of healthy tissue consists of a wavy
meshwork of collagen bundles, which is altered by conditions
such as obesity, where stromal bundles are straighter (13). In
cancer, it is generally accepted that the ECM around tumors acts
as a barrier through which tumor cells must travel in order to
metastasize. Proteolysis and remodeling of the wavy meshwork
into straighter bundles that radiate from the tumor by cancer and

immune cells and associated fibroblasts is thought to promote
cell dispersion (50). We tested the hypothesis that linear collagen
fibrils, such as those seen in obese mammary tissue and the tu-
mor microenvironment, promote contact guidance-mediated
cancer cell migration, while wavy ECM fibrils typical of healthy
stroma inhibit migration. We found in mouse and human tissues
(7) that collagen fibrils exhibit wave-like forms that vary as a
function of location in the tumor microenvironment, tissue adi-
pose level, or tumor grade, with tumor cores, obese tissue, and
high-grade tumors displaying ECM fibril waveforms of low am-
plitude and wavelength, and tumor periphery, lean stroma, and
low-grade tumors displaying ECM fibril waveforms of high am-
plitude and wavelength. Nanotopographic ECM-coated sub-
strates with features that approximated the ECM fibril size and
the range of waveforms observed in vivo demonstrated
waveform-dependent polarization and migratory responses in
cancer cells, with cell polarization and directional migration
promoted below a threshold of wave amplitude, and depolar-
ization and poor migration above that threshold. We propose
that in addition to a physical barrier, wavy ECM bundles serve as
a “cell polarization barrier,” with high-amplitude waves depola-
rizing tumor cells and preventing their directional migration and
dissemination. However, we further discovered that cancer cells
of different intrinsic contractility depolarized at different ECM
wave amplitudes, and that we could tune cell polarization on
wavy ECM substrates by manipulating contractility. Although
tumor ECM architecture has been suggested to be predictive of
cancer outcome (51), our results suggest that oncogenic up-
regulation of contractility could drive cell dissemination even
on wavy collagen bundles typical of noncancerous stroma. Thus,
ECM architecture and myosin II activation level should be
weighed in tandem in considering the predictive value of mi-
croenvironmental ECM architecture in cancer progression.
Contact guidance is a powerful polarization cue that can affect

all cell types studied to date (52). Our data extend those ob-
servations, showing that wavy topographic ECM fibril-like sub-
strates also regulate polarization of all cell types investigated.
Our study suggests a mechanistic model for how ECM fibril
waveform dictates the organization and dynamics of the acto-
myosin cytoskeleton to determine whether cells undergo contact
guidance-mediated migration or are blocked from migration by
cell depolarization (Fig. 6L). We found that migration on low-
amplitude ECM waves required PI3K and integrin signaling, as
well as Arp2/3, formin, and myosin II activities, similar to planar
ECMs. However, polarization signaling and lamellipodial actin
assembly machinery did not localize to leading edges in the di-
rection of cell migration along the wave axis, but concentrated at
wave peaks. PI3K signaling thus likely responds to local plasma
membrane curvature induced by membrane adhesion to curved
regions of fibril-like ECM ridges at wave peaks. Membrane
curvature may be sensed by I-BAR domain-containing proteins
(53), such as IRSp53, that could recruit and activate Rac1 to
initiate lamellipodia actin and myosin II filament polymerization
and nascent FA assembly (54–56). As such, each wave peak
along the cell edge creates a “cryptic leading edge” oriented
perpendicular to the wave axis.

Although these cryptic leading edges are not oriented with
migration, they still mediate cell polarization and migration
through their role in organizing actomyosin dynamics to direct
FA maturation and stress fiber orientation. Arp2/3-mediated
actin polymerization against the plasma membrane within each
cryptic lamellipodium drives local actin retrograde flow, while
myosin II contraction remodels this dendritic network into
contractile arcs by a network-contraction mechanism (47, 49).
Arcs undergo retrograde flow until reaching the base of the
wave, where they form chords that span half-wavelengths. In cells
on high-amplitude or large ECM fibril waves, as arcs undergo
retrograde flow over the distance of the wave amplitude, myosin
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Fig. 6. Actomyosin contraction is organized by ECM waves and determines cell polarization response. (A and C) Confocal images from time-lapse series of
U2OS cells expressing GFP-myosin IIA plated on fibronectin-coated large (A) or small (C) wave substrates (Movies S12 and S13). (B and D) Color-encoded
directional flow map of myosin IIA filament dynamics from analyses of time-lapse image series of the cells in A and C, Inset. Color legend for flow direction. (E)
Western blot of MRLC phosphorylated on serine 19 (pMRLC), MRLC, and GAPDH from lysates of cell types noted. (F) Quantification of normalized
pMRLC:MRLC ratios from Western blots, n = 4 experiments, range and median shown. (G) Aspect ratio and (H) cell migration persistence as a function of
substrate wave amplitude for cell types noted. (I) U2OS cell polarization as measured by Golgi-nucleus alignment to ECM fiber wave direction plotted as a
function of amplitude in (purple) the presence and (green) the absence of 40 μM blebbistatin. (J) Migration persistence of MB231 cells in the presence or
absence of blebbistatin. Control: n = 48, 35, 26, 32, 35 and 26 cells for straight, 5, 7.5, 15, 30, and 45, respectively; blebbistatin: n = 24, 10, 11, 10, 14 and 16 cells
for straight, 5, 7.5, 15, 30, and 45, respectively. (K) Aspect ratio as a function of substrate wave amplitude in HEY T30 cells with (+GFPmyoIIA) or without
(−GFPmyoIIA) overexpression of GFP-myosin IIA. Control: n = 27, 21, 26, 26, 16, and 17; +GFP-myosinIIA: 26, 42, 31, 44, 26, 17 cells for straight, 5, 7.5, 15, 30,
and 45, respectively. For statistical comparisons (Materials and Methods), ****P < 0.0001, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, and ns is not significant. Blue
arrows: wave axis. Long bars = mean; short bars = SD. (L) Speculative model for mechanism of cellular response to ECM waves. 1) Model for cell on 2D
substrate, 2) model for cell on linear ECM ridges, 3) model for cell on large-wave ECM ridges, and 4) model for cell on small-wave ECM ridges. See Discussion
for details.
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II continues to accumulate to strengthen the arcs and build
“ribbons” of aligned minifilaments (Fig. 6 L, 3), resembling the
lamella of migrating cells on planar ECMs (45, 46) (Fig. 6 L, 1).
Contraction and retrograde flow in these cryptic lamellae pull on
actin linked to FAs along the wave peak to orient the FAs per-
pendicular to the wave axis and thus cause cell depolarization. In
contrast, in cells on small ECM fibril waves, the distance of
retrograde flow from cryptic leading edges at wave peaks is
limited by the small-wave amplitude. This short distance limits
the amount of time that myosin II accumulates on the actin
network, and thus the cryptic leading edges do not develop into
contractile lamellae. Small contractile bundles form, but are ei-
ther too short to generate arcs, are weak and get broken while
bending around the ECM fibril wave peaks, or slip over low-
amplitude wave peaks and form chords at the base of waves
that coalesce into long, contractile stress fibers spanning multiple
wavelengths (Fig. 6 L, 4). These long stress fibers act to orient
FAs and integrate cytoskeletal forces along the wave axis to drive
directed cell migration. This results in linearly oriented adhe-
sions, stress fibers, and contraction, as observed in straight ECM
fibers (Fig. 6 L, 2), and thus similarly directed cell migration.

The role of actomyosin contractility in promoting tumor cell
metastasis has been controversial. In many types of solid tumors,
increased ECM stiffness correlates with tumor progression and
enhanced cell migration via actomyosin-mediated mechano-
sensation (57–59). However, whether more aggressive tumor
cells necessarily have enhanced contractility is less clear. In
ovarian cancer, tumor cell stiffness and invasion are inversely
correlated in vitro (60), and metastatic tumor cells are softer
than benign cells (61), suggesting that actomyosin contractility
may be lower in more aggressive tumor cells. However, cell
stiffness is not necessarily a proxy for contractility. For example,
the anticancer drug cisplatin increases cell stiffness and de-
creases invasion independent of contractility but dependent on
F-actin (62, 63). Furthermore, other studies show Rho/ROCK-
mediated contractility in tumor cells correlates with enhanced
migration (64, 65), invasion (66), intravasation, survival in the
blood stream, and metastasis (64). Contractility also can
promote tumor cell motility and metastasis via adhesion-
independent amoeboid migration (67–71). Actomyosin activity
can drive bundle formation, which is necessary for both amoeboid
migration (70) and for navigating curved ECM fibril environ-
ments. Thus, together with our findings, this suggests further study
of the predictive value of myosin II activity in cancer prognosis
would be valuable.

Materials and Methods
Antibodies and Reagents. For detailed reagent listings, see SI Appendix,
Supplemental Materials & Methods.

Cell Lines and Culture. Cell culture was performed via established methods.
For individual cell line protocols, see SI Appendix.

Nanotopographic Substrates. Nanotopographic were fabricated as previously
described (38). For more detailed description, see SI Appendix, Supplemental
Materials & Methods.

Mouse Tumor Models. Mouse tumor and stroma were imaged essentially as
previously described (13); additional details are available in SI Appendix.

Animal protocols and care were approved by the Institutional Animal Care
and Use Committees at the National Heart Lung and Blood Institute or
Cornell University.

Imaging. Various previously described imaging modalities were used, in-
cluding spinning-disk confocal microscopy, second harmonic imaging, 3D
STED, and scanning-electron microscopy. Full details for each are in
SI Appendix.

Confocal Fluorescence Polarization. Confocal fluorescence polarization images
of phalloidin labeled F-actin were acquired with Zeiss LSM 780 adapted with
a liquid crystal-based polarization modulator. Confocal polarization data
were acquired by switching the polarization state of the excitation laser
using a liquid crystal universal compensator (sandwich of two variable re-
tarder plates without a polarizer; Meadowlark Optics Inc.). This method is an
adaptation of excitation-resolved fluorescence polarization imaging in
transmission (72) and emission-resolved instant fluorescence polarization
imaging in reflection (73). Confocal fluorescence polarization was employed
for analysis of F-actin orientation (74). Briefly, the polarization state of the
laser was calibrated against a rotating polarizer placed on the stage, using
the calibration process used for instant fluorescence polarization microscope
(73). The universal compensator was programmed to produce four excita-
tion polarization orientations (0, 45, 90, 135). A redundant image at 0° ori-
entation was acquired to account for photobleaching. Images were collected
using the Zen Black software equipped with a Visual Macro Editor. We used
a custom MicroManager plugin (OpenPolScope.org) to control the liquid
crystal in response to the images produced by Zen Black software.
Polarization-resolved images were background-corrected and used to re-
trieve fluorescence intensity, anisotropy, and orientation using the MATLAB
code used for analysis of instant fluorescence PolScope (https://github.com/
mehta-lab/Instantaneous-PolScope).

Cell Fixation and Immunofluorescence. Cell fixation and immunofluorescence
was performed as previously described (43). For full details, see SI Appendix.

Western Blotting. Western blotting was performed essentially as described
previously (43). For full details, see SI Appendix.

ECM Micropatterning. To create 2D micropatterns of ECM proteins on cov-
erslips with equivalent waveforms to those produced by 3D nanotopography,
Alexa 647-labeled fibronectin was deposited in patterns created by a PRIMO
DMD micropatterning device (Alveole), as previously described (75). Further
details are provided in SI Appendix.

Image Analysis. Image analyses were performed using ImageJ and Meta-
morph packages, For detailed descriptions of each analysis, see SI Appendix.

Statistical Analyses and Presentation. Statistical analysis for each data set was
performed using GraphPad Prism. Details are given in SI Appendix.

Data Availability. All study data are included in the article and supporting
information.
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