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Abstract
Collective cell invasion (CCI) through interstitial collagenous extracellular matrix (ECM) is
crucial to the initial stages of branching morphogenesis, and a hallmark of tissue repair and
dissemination of certain tumors. The collagenous ECM acts as a mechanical barrier against CCI.
However, the physical nature of this barrier and how it is overcome by cells remains incompletely
understood. To address these questions, we performed theoretical and experimental analysis of
mammary epithelial branching morphogenesis in 3D type I collagen (collagen-I) gels. We found
that the mechanical resistance of collagen-I is largely due to its elastic rather than its viscous
properties. We also identified two strategies utilized by mammary epithelial cells that can
independently minimize ECM mechanical resistance during CCI. First, cells adopt a narrow tube-
like geometry during invasion, which minimizes the elastic opposition from the ECM as revealed
by theoretical modeling of the most frequent invasive shapes and sizes. Second, the stiffness of the
collagenous ECM is reduced at invasive fronts due to its degradation by matrix metalloproteinases
(MMPs), as indicated by direct measurements of collagen-I microelasticity by atomic force
microscopy. Molecular techniques further specified that the membrane-bound MMP14 mediates
degradation of collagen-I at invasive fronts. Thus, our findings reveal that MMP14 is necessary to
efficiently reduce the physical restraints imposed by collagen-I during branching morphogenesis,
and help our overall understanding of how forces are balanced between cells and their surrounding
ECM to maintain collective geometry and mechanical stability during CCI.

Introduction
Collective cell invasion (CCI) through fibrillar collagenous extracellular matrix (ECM) is a
form of cohesive and guided multicellular movement that is observed in a variety of
physiologic processes including tissue repair, blood vessel formation, and morphogenesis of
branching organs such as lung, kidney, pancreas, salivary gland, and mammary gland.1-4 In
addition, CCI is a key step in the dissemination of most solid tumors.3,5 A critical
prerequisite for both physiologic and pathologic CCI is that cells employ effective strategies
to overcome the physical constraints posed by structural and mechanical properties of
collagenous ECM at invasive fronts.1,2,4,6,7 These constraints include space limitations due
to the complex entanglement and pore distribution of the fibrillar ECM meshwork,7,8

particularly in dense ECM in which the average pore size is much smaller than the average
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cell size.7,9 ECM also poses mechanical resistance against the deformation caused by the
compressive forces of expanding multicellular invasive front due to its viscoelastic
properties.1,4 Cells predominantly employ degradative enzymes to overcome the resistance
imposed by ECM during CCI.2,10,11 Of these enzymes, the family of matrix
metalloproteinases (MMPs) is the most well studied.2,12 Consistently, CCI is abrogated
using broad spectrum MMP inhibitors.13,14 Among the different MMPs, collagen-I is
specifically degraded by both secreted collagenases (MMP-1, -8 and -13) and the cell-
surface (membrane-type) collagenase MMP14 (a.k.a. MT1-MMP).14,15 However, MMP14
has proven indispensable to different invasive processes through collagen-I, including
epithelial branching morphogenesis, tumor cell migration and angiogenesis.6,14,15

It has been postulated that ECM degradation at invasive fronts renders a softer, less resistant
ECM, thereby facilitating invasion.1,4,7 However, direct evidence supporting this hypothesis
remains unreported, and overall our quantitative understanding of how MMPs in general and
MMP14 in particular compromise the structural and mechanical integrity of the ECM to
facilitate CCI is still scarce.4,16 Accordingly, the goals of this study were three-fold: (i) to
determine what are the mechanical barriers that dense fibrillar collagen poses to CCI, (ii) to
determine what biophysical mechanisms are employed by cells to overcome these
mechanical barriers, and (iii) to identify which of these mechanisms is MMP14-dependent.

To address our goals, we studied CCI in a physiological context by monitoring branching
morphogenesis of phenotypically normal mammary epithelial cells (MECs) in 3D collagen-I
gels.13,17 To assess quantitatively the micromechanical alterations of the ECM during
branching, we used the nanotechnique atomic force microscopy (AFM),18 which can
provide direct measurements of the Young’s Elastic Modulus (E)—indicative of resistance
to deformation—of soft biological samples including ECM gels and cells with sub-
micrometre resolution.18-20 AFM measurements demonstrated that mechanical resistance of
collagen-I is reduced at invasive fronts, and genetic manipulations revealed that MMP14 is
necessary for this localized reduction in ECM resistance. Additionally, theoretical modeling
and morphometric analysis revealed that MECs undergoing branching morphogenesis
optimize their geometries to further minimize elastic forces exerted by collagen-I fibers in
order to facilitate branch formation and elongation.

Results
Tubular shapes with a thickness up to 3 cell diameters are the most frequent multicellular
invasive geometries during early branching through collagenous ECM

Owing to the viscoelastic nature of collagenous gels,21 the invasion of multicellular
expanding bodies is opposed by both elastic and viscous forces from the surrounding ECM.
Theoretical models of contact elasticity and fluid mechanics predict that, in addition to a
strong dependence of these forces on the elastic and viscous properties of the ECM, they
depend also on the specific shape and size of the invasive body.22,23 Qualitative examination
of MECs during early branching in 3D collagen-I gels (Fig. 1A and Supplementary Fig. 1 of
the ESI†) revealed that an overwhelming majority of invasive bodies corresponded to
narrow tubes, whereas few exhibited spherical shapes. Closer examination indicated that
most tubular bodies could be modeled as either a truncated cone or a cylinder. We
conducted a morphometric analysis on each multicellular protrusion of branching MECs
consisting of: (i) measuring the width of the tip (wtip), the width of the base (wbase) of the
last straight section of the protrusion, and the length of the whole protrusion (L); and (ii)
labeling the protrusion as either a cylinder, cone, sphere or uncertain (i.e., commonly conical

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c1ib00073j
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at the tip and cylindrical at the base), as illustrated in Fig. 1A. Computing the ratio wtip/
wbase measured for over ~200 invasive bodies and plotting their relative frequency (%)
clearly revealed two peaks centered at ~0.4 and ~0.9 (Fig. 1B). The peak at ~0.4
corresponds to the predicted value for a truncated conical body with a base thickness 2–3
cells greater than the tip thickness. The peak at ~0.9 is close to the value predicted for a
cylinder. Comparing the computed wtip/wbase values with our visual geometrical labeling
allowed us to score values below 0.5 as cones, and values above 0.75 as cylinders, whereas
values in between were scored as uncertain. Based on this scoring, we assessed that 95% of
invasive bodies corresponded to tubular sprouting, among which 47% exhibited a cylindrical
shape, 31% were conical and 17% had an uncertain or mixed shape (Fig. 1B). To
characterize the invasion through sharp ended tubules further, we measured the
semiincluded angle (θ; see Fig. 1A) of invasive geometries scored as either cones or
uncertain (wtip/wbase < 0.75). The frequency plot of θ data is shown in Fig. 1C, and revealed
that ~70% of θ values fell within the narrow range of 10–20 deg, with a peak centered at
12.5 deg.

MECs exhibit a round morphology both in vivo24,25 and in 3D culture,13,17,20 and the
corresponding width or diameter of a single cell (w1) in 3D collagen-I gels has been
previously determined to be within 5–10 μm, with an average value of 7 μm.26 Given the
systematic round morphology of MECs and their well-defined average diameter, we
assessed the most common sizes of the invasive bodies in terms of cell diameters. Because
the overwhelming majority of invasive bodies had a single cell at the tip, as revealed by
genomic DNA staining (Supplementary Fig. 1 of the ESI†), we first estimated w1 as the
minimum wtip for each image, and used this value to assess the theoretical number of cells
necessary to fill either the thickness of the base or the long axis of invasion as wbase/w1 and
L/w1, respectively. The corresponding frequency plots are shown in Fig. 1D and E. The first
plot exhibits a peak at 2 cells, and reveals a narrow distribution in which ~75% of invasive
bodies were 1–3 cells thick at the base (Fig. 1D). The second plot shows a wider distribution
in which ~50% of tubular shapes were 5–10 cells long (Fig. 1E).

Fig. 1F shows drawings illustrating the idealized invasive cross-section geometries based on
the most frequent shapes and sizes found in our CCI assay after 4 days of branching
induction. We considered w1 as the unit of length to facilitate direct comparison between
these cross-sections. For each idealized shape (i.e., cylinder, cone and sphere) we drew three
compatible combinations of the three most common values for the maximum width, length
and θ (Fig. 1C–E). Furthermore, to identify those geometrical combinations potentially
more permissive for lumen formation (identified with an asterisk in Fig. 1F), we used a
simple theoretical approach based on drawing a monolayer of cells lining the boundary of
each geometry and on considering cells as hard-spheres with equal width w1. These
drawings revealed that all possible cylindrical geometries—characterized by their radius R–
were compatible with all the most frequent maximum width (1–3w1) and length (~7w1)
values (Fig. 1F, a–c). Unlike cylinders, the most frequent θ values restricted the width of the
conical geometries to ≥ 3w1 and the length of the tube to ~5w1 (Fig. 1F, d–f). Likewise, the
widths and lengths of the truncated spherical geometries characteristic of budding were
restricted to ≥ 3w1 (Fig. 1E, g–h). These idealized illustrations revealed that less than half of
the most common invasive geometries observed during early branching (Fig. 1E, a–e) are
theoretically able to accommodate a lumen (Fig. 1E, c, e). In support of this prediction, we
observed a modest appearance (<10%) of nuclei-free regions at the center of invasive bodies
suggestive of lumen upon examination of nuclei distribution by confocal microscopy (data
not shown). Collectively, these illustrations showed that cylindrical geometries give rise to
longer tubes that are less permissive for lumen formation, whereas cones act otherwise.
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Invasion through narrow tube-like geometry minimizes ECM viscoelastic resistance
The theoretical impact of the most common invasive geometries on the elastic (Fel) and
viscous (Fvis) resisting forces posed by collagenous ECM in the direction of invasion (Fig.
2A) was assessed using analytical expressions reported elsewhere and described in eqn (4)-
(8). To understand theoretically how cells overcome the elastic resistance imposed by the
ECM during CCI, we first considered a simplified hypothetical scenario in which E of the
ECM gel remains constant during invasion, which corresponds to a total absence of ECM
remodeling. In this scenario, as the invasive multicellular body expands, it will cause a
deformation or indentation on the surrounding ECM. Owing to its elastic properties, the
ECM will oppose a force Fel against this deformation. To assess Fel, we took into account
that the size of the ECM gel is much bigger than the size of any invasive body. In these
conditions, Fel can be approximated by a suitable solution of the Boussinesq problem, which
addresses the indentation of a semi-infinite elastic body (the ECM gel) subjected to a normal
loading force imposed by an indenter of a given geometry (the invasive body).22 The
solutions for the Boussinesq problem for the most frequent invasive geometries were
derived elsewhere,22,27,28 and are shown in eqn (4)-(6). These solutions reveal that Fel
depends on the geometry of the invasive body, the ECM indentation (δ), and E. Substituting
the most common geometrical parameters reported in Fig. 1 and the average E measured
with AFM on cell-free regions of collagen-I gels (E = 550 ± 80 Pa) in eqn (4)-(6) elicited the
Fel vs. δ curves shown in Fig. 2B, where δ was set equal to the length of the invasive body.
To facilitate the interpretation of these curves in terms of cell numbers, the δ axis was
divided in units of w1 (using the average value of 7 μm here and throughout the text),26 and
the maximum was set to the most common maximum length (7w1) (Fig. 1F). Fig. 2B shows
that the four lowest Fel values corresponded to the two most common cylindrical and conical
tubular geometries (a, b, d and e in Fig. 1F and 2B), which are non- or poorly- permissive of
lumen formation. Conversely, the highest Fel values were observed with the least common
geometries, which can readily accommodate a lumen (c and f–i in Fig. 1F and 2B). To
analyze ECM elastic resistance to deformation further we computed the effective gel
stiffness (keff) as a function of gel deformation as the first derivative of Fel with respect to δ
(keff = dFel/dδ) (Fig. 2C). Consistent with Fig. 2B, the four lowest keff values for δ up to
7w1 corresponded to the two most common cylindrical and conical tubular geometries (Fig.
2C, a, b, d and e), and were on average ~3-fold smaller than keff values for spheres. Fig. 2C
also revealed that keff of cylinders is largely δ independent, whereas keff of cones and
spheres increases with δ as a power-law (δm), where m was 1 and 0.5, respectively.
Collectively, our theoretical analysis indicated that, in the absence of ECM remodeling, the
least common invasive geometries (i.e. spheres) will experience the highest resisting elastic
opposition from the ECM, whereas the opposite applies to the most common geometries,
which are non permissive of lumen formation.

Owing to the viscous properties of collagenous gels, invasive bodies will also be opposed by
a viscous force Fvis, which depends largely on the geometry and velocity (v) of the invasive
body, and the viscosity (η) of the collagenous gel. To assess Fvis in a first approximation, we
treated the collagenous gel as a fluid. In these conditions, the specific expression for Fvis
depends on the Reynolds number (Re) defined as Re = avρ/η,23 where a is the maximum
width of the invasive body, and ρ is the density of the collagenous gel. Using the most
common maximum L value (Fig. 1F) and the average w1 yielded v ~ 10−4 μm s−1. The
average η value assessed by AFM was η ~ 2.3 Pa·s, in agreement with previous
measurements in bulk.21 Combining v, η and the most common value for a from Fig. 1E
elicited Re ≪ 1. In these low Re conditions, Fvis can be assessed as Fvis = −b·v, where b is
the translational friction coefficient. Fig. 2D shows calculated b values as a function of L
and w1 (Fig. 2A) for the most common invasive geometries. The b data were calculated
using eqn (7)-(8), which correspond to a cylinder, an ellipsoid (used as a surrogate for a
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cone due to the non-availability of an analytical expression of b for a cone), and a sphere.
Because eqn (8) is valid only for L ≫ thickness, b values for tubular geometries were plotted
for L > 3w1, and up to 10w1 to enable visualizing b values for the thicker cones and
ellipsoids (Fig. 2C, c and f). As in Fig. 2B–C, the four lowest b values corresponded to the
most common tubular geometries, which are also non or poorly permissive for lumen
formation (a, b, d, and e in Fig. 1F and 2D), whereas the highest b value corresponds to the
spherical geometry (g–i in Fig. 1F and 2D). Nonetheless, irrespective of the specific
invasive geometry, average values for b and v elicited Fvis ~ 10−6 μN, which is five orders
of magnitude lower than theoretical values of Fel. Therefore, these theoretical calculations
indicate that the mechanical resistance posed by the ECM against CCI is largely due to the
elastic rather than the viscous properties of the ECM.

Tubular sprouting minimizes available surface area and enclosed volume, and maximizes
the surface to volume ratio

A major physiological function of branching morphogenesis during development in vivo is
to build epithelial trees that maximize the surface area of organs within a given volume to
facilitate exchange of nutrients, metabolites, gases and wastes with the microenvironment.2,4

To examine whether these physiologically-dependent geometrical restrictions found in vivo
were fulfilled also in our in CCI assay, we calculated the surface area (S), encapsulated
volume (V) and the ratio S/V (Fig. 3B–D) of the most frequent invasive geometries for L
values up to 7w1 as in Fig. 2. For this purpose, we chose the ideal shapes that capture the
most common invasive geometries more faithfully by modeling tubular sprouting with either
a cylinder or a truncated cone, and spherical budding with a truncated sphere, i.e. a sphere
devoid of a spherical cap of height h, as described in Fig. 3A. For the truncated cone we
considered R = w1/2, which corresponds to a single cell at the tip as illustrated in Fig. 1F.
For the truncated sphere we used h = R/3 based on the most frequent thicknesses of our CCI
assay (Fig. 1D, F), and R was calculated using the relationship 2R = L + h as illustrated in
Fig. 3A. Our calculations showed that, in addition to minimize Fel and b, the four more
common tubular geometries also minimized both S and V, whereas they maximized the ratio
S/V (Fig. 3B–D). These calculations also point out that the narrowest cylinder (Fig. 3D, a)
was particularly efficient in maximizing the ratio S/V, since it rendered a ratio after 7w1 that
was three-fold larger than the average ratio of the other tubular geometries.

MECs minimize ECM elastic resistance further through local proteolytic degradation at
invasive fronts

There is solid evidence that ECM undergoes remodeling during CCI, and that ECM
degradation driven by MMPs is a common key initial process in driving this
remodeling.2,16,29 In the context of mammary branching morphogenesis, previous studies
reported an absolute requirement for MMPs in branching of MECs in collagenous gels.2,13

Accordingly, it is conceivable that MECs could minimize Fel further by locally degrading
the ECM, thereby down-regulating E of the collagenous gel at invasive fronts. To test this
hypothesis, we used AFM to measure locally E of gels either at invasive fronts or > 100 μm
away from cell clusters in the absence or presence of the broad spectrum MMP inhibitor
GM6001 (40 μM) as illustrated in Fig. 4A. Only the closest invasive bodies to the gel
surface (< 25 μm in depth) were considered to guarantee that our AFM measurements were
not biased by large differences in the depth of the cell clusters within the gel (see methods
and Supplementary Fig. 2 of the ESI†). We found that the average E at invasive fronts was
nearly half the average E measured far from cell clusters (Fig. 4B). Furthermore, this
dramatic ECM softening at the edge of invasive bodies was abrogated with GM6001,
thereby supporting our hypothesis that ECM softens locally at invasive fronts, and that this
softening is driven by MMP-dependent local degradation.
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To analyze the extent of this local collagenous degradation, we repeated the branching
experiments with cell clusters embedded in regular collagen-I mixed with dye quenched
collagen (DQ-Collagen), which enables direct visualization of collagen filaments by
fluorescence microscopy owing to the large number of fluorescent dyes present along the
DQ-Collagen.7,30 Representative confocal images and corresponding bright field images of
branching MECs are shown in Fig. 4C (the full confocal stack is available in Supplementary
Fig. 3 of the ESI†). The white arrows in the left panel point to an area void of DQ signal
located at the very front of an invasive body. Such areas void of DQ-signal were
consistently observed at invasive fronts, whereas they were barely observed and randomly
distributed in non-branching clusters or in clusters treated with GM6001 (more examples
shown in Supplementary Fig. 4 of the ESI†). Morphometric analysis of the areas void of
DQ-signal revealed an average width of 25–40 μm, which is slightly larger than the depth of
invasive bodies probed with AFM. These findings indicate that the local ECM softening
measured at invasive fronts spatially matched the appearance of areas void of fluorescent
signal, which is indicative of degradation of filamentous collagens.

Relationship between elasticity and concentration of collagen gels is well captured by
current models of semiflexible polymers

To understand quantitatively how local collagen degradation (i.e., reduction in
concentration) leads to gel softening, we conducted two complementary experiments. First,
we treated a cell-free 3 mg ml−1 collagen-I gel with exogenous bacterial collagenase up to
60 min. This enzymatic degradation induced a dramatic disappearance of collagen filaments
as revealed by confocal reflection microscopy (CRM) (Fig. 5A).7 We also measured how
collagenase altered the mechanics of the gel and found a five-fold decrease in E as measured
by AFM (Fig. 5B). Therefore, as in our branching assay, we observed that collagenase-
dependent gel softening was associated with loss of fluorescence signal indicative of
degradation of collagen filaments. Second, we measured E on gels prepared at different
collagen concentrations (c) (1–4 mg ml−1), and observed a marked gel stiffening with
increasing c (Fig. 5C). Current models of semiflexible polymers, which were developed to
describe the mechanical characteristics of filamentous proteins entangled without permanent
crosslinks, predict that E depends on the average length between entanglements (Le), the
average mesh size or void length between filaments (ε), and c.31 For semi-diluted polymers
(Le ≫ ε), these models predict E ~ c2.2, whereas they predict the slightly stronger
dependence E ~ c2.5 for densely crosslinked concentrated gels (Le ~ ε). We conducted a
morphometric analysis of CRM images of cell-free collagen gels with Image J and estimated
Le ~ 2 μm and ε ~ 0.8 μm, thereby suggesting that our collagen gel could be modeled as a
semiflexible semi-diluted polymer. Consistently with this morphometric analysis, we found
a slightly better fitting of E vs. c data for semi-diluted (r2 = 0.97) instead of concentrated (r2

= 0.94) crosslinking (Fig. 4F). These data reveal that reduction of collagen concentration by
collagenolytic degradation is an efficient strategy to soften a collagenous gel, and highlight
the suitability of current models of semiflexible polymers to describe E vs. c data for
collagen gels.

MMP14 is required for rendering a softer collagenous ECM at invasive fronts
Previous studies reported that MMP14 is required for branching morphogenesis of normal
MECs.2,17 Thus, we hypothesized that this specific MMP is necessary for the collagenase-
dependent local softening observed at invasive fronts. To test this hypothesis, we used
genetic manipulations to either increase or decrease MMP14 expression by infecting our
mouse MEC model (EpH4 cells) with lentivirus containing cDNA for MMP14 and for
shRNA against it, respectively. This genetic approach rendered two stable EpH4 cell lines
that efficiently either overexpressed MMP14 (Fig. 6A) or downregulated it (Fig. 6C), as
revealed by western-blotting and RT-PCR, respectively. MMP14 overexpression enhanced
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branching in 3D collagen gels by increasing the relative length per branching tubule (Fig. 6B
and Supplementary Fig. 5 of the ESI†). Conversely, shRNA targeting MMP14 abrogated
branching (Fig. 6D). In concert, we observed that MMP14 overexpressing cells rendered the
collagen gel nearly 50% softer at invasive fronts than regions of the gel > 100 μm away
from cell clusters, consistent with control experiments with untransfected cells (Fig. 4B) and
with the elevated basal expression of MMP14 (Fig. 6A). In contrast, clusters of shRNA-
treated MECs did not branch, and the E of the collagen surrounding these clusters was
unaltered compared to collagenous ECM > 100 μm away (Fig. 6E). These data indicate that
MMP14 is necessary to reduce the elastic resistance of pericellular collagen-I to facilitate
branching.

Discussion
By combining morphometric analysis and theoretical modeling with AFM and confocal
microscopy measurements, we found that ECM mechanical resistance is largely due to its
elastic properties (as opposed to its viscous properties), and identified two strategies used by
MECs to reduce ECM elastic resistance during early CCI: an optimized geometry and an
MMP14-dependent local ECM softening at invasive fronts.

ECM resistance against CCI is dominated by its elastic properties
Branching morphogenesis and other types of CCI are particular manifestations of the
expansion of a biological material within another, a general physical process known as a
moving boundary problem (MBP). Several models are available to describe MBP based on
either the laws of fluids or deformable solids.1 Previous studies on MEC branching
morphogenesis suggested that this invasive process could be described using fluid-based
MBP models.4 However, two pieces of evidence reported in our study and elsewhere
strongly suggest that CCI should be described using the laws of deformable solids. First,
branching of MECs cells through a collagenous gel is a low speed process (~10 μm day−1).
In these conditions, the opposing force due to viscous properties of collagen-I gels is 5
orders of magnitude smaller than the opposing force due to its elastic properties. Likewise,
similar low invasive speeds have been observed in other CCI assays in collagen-I
gels7,13,16,32-35 and in other ECM gels (e.g., Matrigel and fibrin)36-38 that are known to
exhibit an E within the same range of collagen-I.20 Second, the viscoelasticity of epithelial
cells, collagen gels and collagenous tissues is dominated by elastic rather than viscous
stresses at the relevant time-scales for CCI,19,21 even after proteolytic degradation.10,11

Accordingly, we argue that ECM mechanical opposition is largely determined by its elastic
properties, whereas viscous forces are negligible in opposing CCI. In addition, these data
indicate that CCI should be physically modeled as a deformable body (i.e., a multicellular
structure) expanding within another deformable body (i.e., the ECM). The implications of
this modeling in terms of the mechanical and shape stability of invasive bodies are
addressed at the end of the discussion.

The average E of cell-free collagen gels measured with AFM (Fig. 5C) was consistent with
bulk measurements reported elsewhere at similar semi-diluted concentrations,39,40 and fell
within the physiological range reported for mouse mammary tissue.41 We also observed that
E of cell-free gels scaled with c roughly as E ~ c2 (Fig. 5C). This dependence is well
captured by current models of semiflexible semidiluted polymers in which the fibril length is
larger than the pore or mesh size.31,42 In agreement with our data, similar scaling of E with c
has been recently reported in bulk measurements. 30,39,40 These findings underline that
molecular processes that elicit an imbalance in collagen turnover and c may be very efficient
in modifying the elasticity of collageneous ECM, which is a critical aspect of the
maintenance of tissue-specific function and architecture in mammary and other collagen-
rich tissues.20,41
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Biomechanical strategies for overcoming ECM physical resistance against CCI during
early invasion

ECM poses steric obstacles against CCI owing to its entangled 3D structure that delineates
pore or mesh sizes often smaller than typical cell thicknesses.7,8 In our assay, we assessed an
average pore size of < 1 μm, which is smaller than the average MEC diameter.24 Likewise,
previous morphometric studies of 1–3 mg ml−1 collagen gels reported pore sizes smaller
than the nominal diameter of single MECs.39,43 In contrast, invasive bodies after 4 days of
branching were typically 2–3 cells wide (Fig. 1D), which corresponds to a thickness of ~
15–20 μm (i.e., twenty-fold larger than the assessed average pore size). Some poorly
adhesive cells including immune, dendritic and cancer cells may be able to accommodate
shape and migrate as single cells through collagenous gels without proteolytic
degradation.14,44 However, shape accommodation is an unfeasible and/or inefficient strategy
in CCI given the larger thicknesses of multicellular invasive bodies compared to collagen
pore sizes, the increased ECM adhesion due to binding to the surrounding collagenous
ECM, and the limited deformability of both mammary rudiments and single epithelial
cells.20

The quantitative theoretical and experimental analysis conducted for early MEC invasion
during branching morphogenesis enabled the identification of efficient strategies for
overcoming ECM resistance. The identification of narrow tube-like shapes as the most
frequent invasive geometries (Fig. 1) and the subsequent theoretical analysis of the impact
of these invasive geometries on ECM elastic resistance (Fig. 2) revealed that they were
optimal in reducing opposing mechanical forces exerted by ECM. The most frequent
invasive geometries were identified as narrow cones and cylinders, and do not appear to be
restricted to EpH4 cells, but they are rather ubiquitous judging by qualitative image
examination of different CCI processes through collagenous gels reported elsewhere for
non-malignant epithelial cells from mammary13,16,32 and other tissues,33-35,45 as well as in
cancer cells.3,46 The relative abundance of both the thinnest cylinders and cones is
consistent with the similarity of their respective Fel values (Fig. 2B). This similarity suggests
that the probability of finding the thinnest cone or cylinder is very close, and may ultimately
be modulated by small local differences in cellular and/or ECM-dependent physical
processes, including: (i) the invasion depth; (ii) the spatial heterogeneity of E of gels and
cells; (iii) the heterogeneity of pore size distribution, and (iv) a potential cell preference for
lower keff, which is consistent with our data and with a recent observation that cells can
respond directly and rapidly to changes in keff.47

In addition to reducing ECM resistance, narrow tube-like invasive geometries minimize S
and V of invasive bodies, but maximize the ratio S/V (Fig. 3). We can envision functional
advantages to invasion provided by these topological aspects. High S/V may facilitate
cellular exchange of products with the surrounding microenvironment,2,4 whereas low V
implies that invasion can proceed with a small number of cells. On the other hand, low S
implies that fewer cell-cell and cell-ECM adhesions are required during early branching.
Therefore, these topological features could increase the efficiency of CCI during
development, repair and tumor invasion, since the required cellular resources are
theoretically reduced.

In the absence of ECM remodeling, our simulations minimizing elastic ECM resistance for
the most common invasive geometries yielded Fel ~ 0.25 μN for gel deformations up to 7
cell diameters (Fig. 2B). These simulations are likely an underestimation, provided the
strain-hardening effect reported in collagenous gels.9,42 To put this force scale in biological
perspective, previous AFM studies showed that compressive forces of ~0.1 μN applied
locally on the surface of single cells with an AFM tip were sufficient to compromise the
mechanical integrity of multiple cell types.48,49 Although ECM elastic resistance is
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distributed over the expanding body rather than acting locally within a single cell, these data
suggest that ECM elastic forces in the direction of invasion can be large enough to become
unbearable for invasive bodies enclosing few cells, which corresponds to the most frequent
geometry of our branching assay. Accordingly, these findings strongly suggest that
reduction of ECM elastic forces by an optimized geometry is not sufficient, supporting the
requirement for ECM degradation during CCI. Consistently, we observed localized ECM
degradation and softening at invasive fronts (Fig. 3), in agreement with a long-standing
hypothesis in the field.1,4,7 In this context it is worth noting that this localized ECM
remodeling may facilitate CCI through separate processes that may occur coincidentally.
First, collagen degradation removes steric obstacles at invasive fronts, thereby increasing the
room available to accommodate the thickness of the invasive body (i.e., a path clearing
function), and/or facilitating the assembly of tracks that are filled by following cells (i.e.,
path-generating function).15 Second, because opposing Fel increases linearly with E of the
collagen gel, a reduction of E will have a direct and proportional impact in reducing
opposing elastic forces according to eqn (4)-(6). Third, local gel softening creates a stiffness
gradient within the ECM, which may act as a migratory cue on its own.9,50 Finally, there is
evidence that degraded fibrillar collagens per se can stimulate growth.2

Role of MMP14 in overcoming collagenous ECM physical resistance against CCI during
early invasion

Our experiments revealed that MMP14 activity in EpH4 cells was necessary to efficiently
reduce mechanical and structural collagen-I obstacles at invasive fronts in our branching
assay (Fig. 6). This finding is consistent with the sustained elevated MMP14 expression
found in EpH4 cells at the tips of engineered mammary tubules in collagenous gels,17,51 and
with the fact that MMP14 is localized at the cell membrane, where it is present in its active
form.6 To our knowledge, these data are the first direct experimental evidence of a
previously suspected role for MMP14 in compromising the mechanical integrity of the
ECM.7 Because MMP14 is elevated at the leading edge of mouse mammary and ureteric
ducts in vivo,52,53 and at invasive fronts of breast cancer cells cultured in 3D collagen gels,7

we hypothesize that the efficiency of MMP14 in removing ECM physical obstacles is not
restricted to EpH4 cells, but it is rather a general hallmark of epithelial CCI. In support of
this hypothesis, a large body of evidence indicates that MMP14 is an essential pericellular
collagenase during development, tumor growth and angiogenesis.6,12,15

Balance of forces during morphogenic CCI
The ultimate functional goal of mammary branching morphogenesis and other types of
epithelial morphogenic CCI is to build a network of hollowed epithelial tubes (ducts) that
transport vital fluids or gases to or from specialized spherical cavities (referred to as cysts,
alveoli or acini) in an efficient manner.3,45 This is a very complex process, as it requires the
concurrence of different cell types, soluble factors, ECM components, and a tight spatial and
temporal control of ECM remodeling.4,12,44 In the context of mammary tissue development,
primary duct elongation is driven by the formation and proliferation of spherical-like
terminal end bud (TEB) structures, which elicits a tubular network that branches further
within the surrounding stroma through a process of TEB bifurcation and lateral side
branching.12,25 Some of these intricate structures have been partially reproduced using 3D
cultures. In particular, MEC clusters invade and form duct-like structures akin to side
branching in collagen-I gels when exposed to FGF2 (Fig. 1) or other morphogens of
mesenchymal origin,13,17,54 while primary mammary explants invade and form alveolar
structures akin to TEB bifurcation in laminin-rich ECM gels (e.g. Matrigel) when stimulated
with TGFα or FGF2.25,36 In this study we focused on the influence of mechanics on the
former process, and identified that the physical laws of deformable bodies are essential
regulators of morphogenic CCI. A major implication of this finding is that the mechanical

Alcaraz et al. Page 9

Integr Biol (Camb). Author manuscript; available in PMC 2013 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and shape stability of both the invasive bodies and the surrounding ECM requires the
balance between cell-dependent endogenous (outwards) forces55 and ECM-dependent
exogenous (inwards) resistance. This force balance requirement also implies that any
increase in exogenous forces must be compensated for by an increase in cell endogenous
forces and/or a reduction of the opposing exogenous forces. Conversely, any decrease in
endogenous forces must be counterbalanced otherwise.

In the context of the aforementioned 3D culture assays used to study mammary branching
morphogenesis, our theoretical analysis predicts that an increase in either the length or
thickness of a multicellular body is penalized by an increase in the elastic resistance posed
by the ECM. This elastic penalty is particularly dramatic during CCI invasion as spherical
structures (Fig. 2B). Our analysis also predicts that multicellular bodies that invade as
spheres or other non-optimal geometries must counterbalance the increased ECM resistance.
To this aim, cells may increase proteolytic activity to degrade and remodel ECM ahead of
the invasive direction even further. However, because ECM degradation must be somewhat
limited to avoid compromising the mechanical integrity of the tissue altogether, it is
conceivable that cells counterbalance ECM resistance largely by increasing their
endogenous mechanical resistance. The latter can be accomplished through different
strategies, including (i) upregulation of actomyosin contractility,25,32,51,56 (ii) increasing the
number of cell layers within the invasive body,25,45,55,57 (iii) building up hydrostatic
pressure within a sealed lumen,57 and (iv) strengthening the basement membrane through
altered structure and/or composition.58 In support of these predictions, both increased
number of epithelial layers and lumen maintenance have been observed during branching of
mammary explants or organoids in Matrigel,25,36 and in TEBs or in lobulo-alveoli structures
in vivo.25 Likewise, altered composition and thickness of the basement membrane have been
reported at invasive fronts during mammary branching in vivo.12 In addition to mammary
tissue, most of the processes that can theoretically support an increase in endogenous
resistance have been observed in epithelial cells from other branching organs35,38,56,59 as
well as in non-morphogenic types of CCI (i.e., tumor invasion).3,32,41,60 However,
increasing endogenous resistance by raising fluid pressure appears to be restricted
tomorphogenic CCI, given the requirement for a sealed cavity (i.e., lumen) capable of
building up such fluid pressure,3,61 which is largely absent in tumors.3,41

Collectively, the results and analyses delineated in this work underscore that examining
morphogenic CCI in terms of force balance can improve our current understanding of how
epithelial cells form ducts and acini, and how the size and shape of these structures are
regulated, which is a matter of much interest because defects in epithelial tubular networks
are hallmarks of a variety of human diseases including cancer.

Conclusions
In this study, we analyzed the mechanical nature of ECM resistance against CCI, and sought
to identify efficient strategies to overcome this resistance using a 3D culture model of
mammary epithelial branching morphogenesis in collagen-I gels. We found that collagenous
ECM poses exogenous mechanical resistance against CCI mainly through elastic forces that
oppose ECM deformation, whereas viscous forces are negligible owing to the low invasive
speed of MECs during branching. Because elastic stresses are dominant over viscous
stresses in ECM gels, epithelial cells and tissues, even after ECM degradation, these
findings indicate that CCI should be physically modeled as a deformable body invading
another deformable body. Accordingly, any increase in exogenous ECM elastic resistance
must be counterbalanced by reducing this resistance, increasing cell intrinsic forces, or both.
In support of this prediction, we identified two strategies that can independently reduce the
elastic resistance imposed by the collagenous ECM on cells. The first strategy is based on
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adopting a narrow tube-like invasive geometry, which minimizes elastic forces according to
the theory of contact elasticity. The second strategy is based on locally degrading the ECM
at invasive fronts, thereby inducing a local softening of the ECM gel and a concomitant
reduction of at least 50% of the ECM stiffness and elastic resistance. This latter observation
is of particular interest because it provides experimental evidence of a long-standing
hypothesis in the field. Local ECM softening at invasive fronts was largely driven by
MMP14 activity, in agreement with previous studies supporting a prominent role for
thismembrane-bound collagenase in physiologic and pathologic CCI. In contrast, we
discarded shape accommodation as an efficient strategy to overcome ECM barriers during
CCI. In addition, our theoretical analysis revealed that invasive geometries permissive for
lumen formation such as those involved in ductal formation or other forms of morphogenic
CCI are subjected to increased ECM elastic resistance, and predicted that cells must employ
additional strategies to compensate for this raise in ECM resistance, including increased cell
layers, building up fluid pressure within a sealed lumen, or strengthening of the basement
membrane. Collectively, our findings and theoretical analyses shed new light on how cells
overcome ECM mechanical resistance during CCI in general, and in morphogenic CCI in
particular, while maintaining their shape and mechanical integrity.

Material and methods
Preparation of 3D collagen-I gels

Acid-soluble collagen-I (Cellagen IAC-50, Koken) was neutralized on ice by mixing gently
8 volume (vol) with 10X 1 : 1 DMEM/F12 (1 vol) and 0.1N NaOH (1 vol) to obtain a 4 mg
ml−1 collagen solution. Depending on the experiment, collagen solution was diluted in
DMEM/F12 to obtain the desired final concentration (1–4 mg ml−1). Desired volumes of
collagen solutions at final concentrations were incubated at 37 °C for 30 min to allow
gelation, and immediately hydrated with DMEM/F12. In some experiments, collagen gels
were incubated with 100 μg ml−1 bacterial collagenase (Sigma).

Branching morphogenesis of EpH4 cells in 3D collagen-I gels
Functionally normal EpH4 cells were propagated in growth medium as described
elsewhere.20 To induce branching in 3D collagen-I gels, we followed a protocol previously
published by our laboratory (schematic representation shown in Supplementary Fig. 6 of the
ESI†).13 In brief, cell clusters were prepared by suspending EpH4 cells in growth medium
on top of agarose-coated wells, and by incubating them at 100 rpm and 37 °C overnight.
Single cells were removed by centrifugation and the clusters were washed three times with
DMEM/F12. Cell clusters were embedded in a solution of 3 mg ml−1 collagen-I. Cell-
containing neutralized collagen-I solution was poured on wells of a 48-well plate pre-coated
with a thin layer of collagen-I gel. Wells were incubated at 37 °C for 30 min to allow
gelation, and hydrated with branching induction medium containing DMEM/F12
supplemented with insulin-transferrin-selenium, penicillin/streptomycin and 9 nM FGF2
(Sigma) for 4 days. For AFM measurements, glass-bottomed culture dishes (MatTek) were
used instead of 48-well plates to allow access of the AFM probe on the 3D cultures.
Branching medium was replaced every two days. In some experiments, the broad spectrum
MMP inhibitor GM6001 (40 μM) (Calbiochem) was added to the branching induction
medium. When required, MECs in 3D cultures were stained when the live dye Calcein AM
(Invitrogen).

Lentiviral shRNA
Lentivirus containing cDNA for human MMP14 or shRNA (Mission shRNA, Sigma)
against MMP14 were isolated from HEK293 cells. Transfected HEK293 cells were cultured
in DMEM containing 5% FBS, 100 U/ml penicillin and 100 μg ml−1 streptomycin. Culture
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media was replaced after 24 h with fresh media. After 48 h, recombinant lentivirus were
concentrated from filtered culture media (0.45 μm filters) by ultracentrifugation at 25 000
rpm for 90 min (SW41Ti Roter, Fullerton). To infect lentivirus into EpH4 cells, 1.0 × 105

cells were plated in each well of a 6 well-plate and treated with polybrene for 30 min. For
stable expression of shRNA or overexpression of MMP14, cells were selected by adding 5
μg ml−1 puromycin to growth medium for at least 4 days. Lentivirus with scrambled
sequences were used as a control.

RT-PCR analysis
Total RNA was isolated from 3D cultures using the QIAGEN RNeasy Mini kit. A total of
100 ng of RNA was used to synthesize cDNA using SuperScript II First-Strand Synthesis
System (Invitrogen). MMP14 was amplified with 5′-GAGATCAAGGCCAATGTTCG and
5′-GTCCAGGGCTCGGCAGAATC primers. GAPDH was amplified using commercially
available primers (QIAGEN).

Western blotting
Samples were lysed using PBS containing 2% SDS. Protein concentration was determined
using the BCA Protein Assay kit (Pierce) following manufacturer’s instructions. Protein
samples (20 μg) were mixed with Laemmli sample buffer and heated at 95 °C for 5 min.
Samples were loaded into a pre-cast 4–20% tris-glycine polyacrylamide gel (Invitrogen)
using the NOVEX system (Invitrogen). Resolved proteins were transferred to nitrocellulose
membrane (Whatman) and blocked in PBS containing 0.05% Tween-20 and 5% w/v non-fat
dry milk for 1 h at room temperature. Membranes were incubated overnight at 4 °C in a PBS
solution containing 5% BSA, 0.1% Tween-20 and specific primary antibodies against
MMP14 (Chemicon) or Actin (Sigma). Appropriate secondary antibodies were incubated in
PBS containing 0.05% Tween-20 and 5% bovine serum albumin (Sigma) for 1 h, and
detected with the Pierce SuperSignal detection kit (Thermo Scientific). The corresponding
bands were imaged with the FluorChem 8900 analysis system (Alpha Innotech).

Morphometric analysis of invasive structures during branching morphogenesis
To analyze CCI morphologies, 2–3 phase contrast microscopy images of branching cell
clusters were obtained for at least 10 independent experiments using either a 10X or 20X
objective. Qualitative image analysis included labeling each invasive structure as best
described by a cylinder, cone, sphere or uncertain –when it was unclear the distinction
between a cylinder and a cone– by visual examination. All quantitative image measurements
were performed with Image J.62 For each invasive structures, the width of the tip (wtip) and
the base (wbase) as well as the length of the invasive body (L) were assessed by manually
drawing a straight line and measuring the corresponding length in pixels. For conical shaped
structures we manually drew the opening angle 2θ and measured the corresponding
semiincluded angle as θ. The frequency of each invasive geometry was assessed by
computing the ratio wtip/wbase for each image and comparing the resulting ratios with the
qualitative geometrical labeling. This comparison enabled scoring as cones or cylinders
those ratios below 0.5 and above 0.75, respectively, whereas values in between were scored
as uncertain. For each image, the width corresponding to a single cell (w1) was estimated as
the minimum of wtip, and was used to assess the cell number either at the base or along the
long axis of invasion of each multicellular invasive body wbase/w1 and L/w1, respectively.

Confocal microscopy
To visualize collagen remodeling during branching, EpH4 cells were seeded in No. 1.5
thickness borosilicate chamber slides (Nalge Nunc International) within 3 mg ml−1 collagen-
I gels mixed with 2% (v/v) DQ-Collagen (type I Collagen; Invitrogen) of identical
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concentration. Images were acquired after 4 days of branching induction with a LSM 710
laser-scanning confocal microscope (Zeiss) using a LD C-Apochromat 40x water immersion
objective. DQ-Collagen was excited with a 488 nm laser and emitted signal was captured
from 493–582 nm. Image stacks of 50 μm total depth and 1.1 μm slice thickness were
obtained, and each image was line averaged over 2 scans. Brightfield images were captured
concurrently. Collagen-I fibers in cell-free gels were visualized by CRM by exciting
collagen with a 488 nm laser and collecting the reflected signal at the same wavelength. To
assess nuclear distribution in branching MECs, cells were fixed, permeabilized and stained
with DAPI and phalloidin (Invitrogen) as previously described,20 and image stacks were
collected using either the 40x or a 20x water immersion objective.

Mechanical measurements with AFM
All measurements were carried out using a stand-alone AFM (Bioscope, Veeco) adapted to
an inverted optical microscope as described in detail elsewhere.19 In brief, force (F)
measurements were conducted using low spring constant cantilevers (k = 0.03 N m−1)
(Microlever, Veeco). For measurements on cell cluster populated gels, we first located the
closest clusters to the AFM tip by identifying those clusters that were in focus with the
cantilever (Fig. 3A and Supplementary Fig. 2 of the ESI†). Occasionally, focusing an
invasive front rendered the tip slightly out of focus. In these conditions, we discarded cluster
edges that required a vertical movement of the objective to bring the cantilever back into
focus that were larger than half the cantilever height (0.5 hc), which is estimated as ~25 μm.
This distance was calculated considering the actual geometry of the cantilever as hc = htip +
Lc·tanβ, where htip is the height of the tip, Lc is the length of the cantilever and β is the
tilting angle of the cantilever with respect to the base of the cantilever holder, which were
taken as 3 μm, 220 μm and 12 deg, respectively, according to the manufacturer’s data sheet.
By using these selection rules we guaranteed that the depth of the top of each cluster were
<25 μm. Once a suitable cluster was identified, we approached gently the tip to the gel
surface with the aid of a stepping motor either right on top of an invasive front (for
branching clusters), or at the edge of the cluster, or far away (> 100 μm) from the cluster
edge. For each gel location, three force vs. piezo displacement curve (F–z curves) were
acquired following the initial tip contact with the gel surface at moderate loading force (~1
nN) and low speed (~5 μm s−1). In these conditions, the contribution of the hydrodynamic
forces on the cantilever due to the surrounding medium can be neglected.63 For each gel
location, E and sample indentation (δ) were computed as averages of the values obtained by
least-squares fitting of a contact elastic model to each set of three F–z curves as described
elsewhere.19 For each culture condition, we measured 4–5 clusters and 2–3 invasive fronts
per cluster, and corresponding E data were screened for outliers using Chauvenet’s
criterion.20 For measurements on cell-free collagen gels, a similar protocol was applied on at
least 9 random gel locations. In some experiments, we measured the loss modulus G″ of
cell-free collagen-I gels with AFM using low-amplitude (75 nm) and low frequency (ω =
20.4 Hz) oscillations as described elsewhere,19 and calculated the corresponding dynamic
viscosity as η = G″/ω. All mechanical data are given as mean ± SE and correspond to at
least 2 independent experiments.

Modeling topology and mechanical resistance
The most common branching geometries were either tube-like shapes or spherical buds.3,45

The former can be modeled as either cylinders or truncated cones, whereas the latter can be
described as truncated spheres (Fig. 3A). Assuming these idealized invasive geometries –
cylinder, cone and sphere–, as well as absence of ECM degradation and continuous contact
between the ECM and the invasive multicellular body, we used equations reported
elsewhere to assess: (i) available surface area (S) for ECM binding and corresponding
volume (V) of the invasive body, (ii) elastic resisting force (Fel) opposing the expansion of
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the invasive body due to the deformation of the ECM, and (iii) translational friction
coefficient (b) of the invasive body.

The corresponding S and V for a cylinder, a truncated cone and a truncated sphere were
calculated using eqn (1)-(3) (details on how to obtain these equations are available in
Supplementary Methods of the ESI†), respectively, as:64

(1a)

(1b)

(2a)

(2b)

(3a)

(3b)

where R is the smallest radius, L is the length of the invasive tubular body, θ is the
semiincluded angle, and f is the height of the spherical cap normalized to R corresponding to
the truncated sphere. Note that S equations exclude the surface of the base of the body, since
it is not involved in cell-ECM adhesion.

Owing to the viscoelastic nature of collagenous gels,21 the invasion of multicellular
expanding bodies will be opposed by both elastic (Fel) and viscous (Fvis) forces from the
surrounding ECM. The contact theory of elasticity predicts the following Fel for a cylinder, a
blunted cone and a sphere in the direction of invasion:22,27,28

(4)

(5)

(6)

where ν is the Poisson’s ratio (taken as 0.5 for collagen-I gels).20,40 These equations assume
that E of the collagenous gel is much smaller than E of the expanding multicellular body, in
agreement with previous mechanical measurements on EpH4 cells.20

The frictional viscous force experienced by the multicellular body along the axis of invasion
at low Reynold’s number can be assessed as Fvis = −b·v, where b is the translational friction
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coefficient, v is the speed of the invasive body and η is the viscosity of the collagen-I gel.23

For a sphere, this coefficient can be calculated using Stoke’s law as23

(7)

For tube-like solid bodies, b can be assessed as23,65

(8)

where L is the same as in eqn (1)-(3) and γ is a correction factor that depends on the ratio
between L and the maximum thickness of the invasive body in the direction of movement
(2R). Eqn (8) applies for L ≫ 2R. For a cylindrical geometry, data available elsewhere65,66

predicts an average γ = −0.06. In contrast, to our knowledge there is no currently available
analytical expression of b for a cone. Instead, we modeled a cone as half an ellipsoid,23,65,67

which can be described by eqn (8) and an average γ = −0.15 (details on γ values are
available in Supplementary Methods of the ESI†).

Statistical analysis
Comparisons between two groups were performed using two-tailed Student’s t-test.
Differences were considered significant at p < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AFM atomic force microscopy

CCI collective cell invasion

c collagen concentration

collagen-I type I collagen
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CRM confocal reflection microscopy

E Young’s elastic modulus

ECM extracellular matrix

FGF2 fibroblast growth factor 2

Fel elastic force

Fvis viscous force

MBP moving boundary problem

MEC mammary epithelial cell

MMP matrix metalloproteinase

S surface

TEB terminal end bud

V volume

3D three-dimensional
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Insight, innovation, integration

The interstitial collagenous extracellular matrix (ECM) acts as a physical barrier against
collective cell invasion (CCI), which is an important process in branching
morphogenesis, tissue repair and tumor dissemination. To obtain new insight regarding
the mechanical nature of this barrier and how it is overcome during CCI, we used an
innovative approach that combined morphometric analysis and mechanical modeling to
predict that geometries assumed by mammary epithelial cells undergoing branching
morphogenesis are optimized to reduce the mechanical resistance from the ECM. We
combined this approach with atomic force microscopy to measure alterations in ECM
microelasticity that occur during CCI. This integrated approach revealed that ECM
mechanical resistance is largely due to its elastic properties, and that cells use at least two
strategies to minimize independently the elastic resistance of the ECM during early
invasion: an optimized geometry and an MMP14-dependent local ECM softening at
invasive fronts.
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Fig. 1.
Morphometric analysis revealed the most frequent multicellular geometries during early
invasion. (A) Representative phase-contrast image of a cluster of EpH4 cells in collagen-I (3
mg ml−1) induced to branch with FGF2 for 4 days. White arrow and stars point to invasive
geometries labeled as cylindrical- or cone-like, respectively, by qualitative image
examination. L, wbase and wtip were measured in each invasive body, whereas 2θ was
measured on conical-like bodies only as shown in the image. Note that some branching
structures are out of focus due to their large 3D size. Scale bar corresponds to 20 μm. (B–E)
Normalized histograms of the ratio wtip/wbase (B), θ (C), wbase/w1 (D), and L/w1 (E)
measured over ~200 invasive bodies. Details on the thresholds used to distinguish cones,
cylinders and uncertain (mixed) geometries are given in the main text. For each image, w1
was taken as the minimum wtip. (F) Drawings illustrating the idealized most frequent cross-
section invasive geometries based on combining one of the three most frequent widths
(cylinder, sphere) or semiincluded angles (cone) with one of the most common and
compatible tube lengths for cylinders (a–c), cones (d–f) and spheres (g–i) as found in the
frequency plots (B–E). All lengths were scaled in units of the single cell width w1 to
facilitate direct size comparisons. The asterisk (*) indicates those geometries theoretically
permissive for lumen formation here and in Fig. 2 and 3. Likewise, the geometrical values
and letters describing these idealized most frequent geometries were also used in Fig. 2 and
3.
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Fig. 2.
Theoretical simulations of the impact of the most frequent invasive geometries on Fel and
Fvis in the absence of ECM degradation. (A) Drawing illustrating the ECM-dependent
elastic and viscous forces acting on the tip of an invasive body in the direction of invasion,
and the relevant geometrical parameters (L, δ and v). (B–C) Theoretical ECM elastic
resistance against invasion was quantified as either Fel (B) or keff (C) as a function of gel
indentation up to 7 cell diameters for the three most frequent cylindrical (blue), conical (red)
and spherical (gray) invasive geometries as described in Fig. 1F. (D) Likewise, the
Translational Friction Coefficient was used to assess the theoretical ECM viscous resistance
for cylinders (blue), ellipsoids (red, used as surrogate for a cone), and sphere (gray) as a
function of L. Note that the ticks in the x-axis are given in units of 7 μm, which corresponds
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to the average diameter of single MECs (w1).26 Formulas used in these simulations are
shown in the main text. The letters a–i on the right side of each plot (B–D) correspond to the
letters used in Fig. 1F, and are also used in Fig. 3.
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Fig. 3.
Theoretical simulations of the impact of the most frequent multicellular geometries during
early invasion on their topology. (A) Drawings defining the relevant geometrical parameters
used to simulate the topological parameters for a cone, a truncated cone, and a truncated
sphere that best capture the most frequent invasive geometries. (B–D) Plots showing S, V
and S/V as a function of L up to 7 cell diameters for the three most frequent geometries
using the same color coding and x-axis ticks as in Fig. 2. The most frequent geometrical
values described in Fig. 1F were considered in the topological calculations. Details on all the
geometrical values and formulas used in these calculations are given in the main text. Note
that only one curve is shown for the spherical geometry in B–D, since the values for L and R
are not independent, but related by 2R = L + fR as shown in A. As in Fig. 2, w1 was taken as
the average MEC diameter.26
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Fig. 4.
Assessment of local ECM degradation and softening at invasive fronts by AFM and
confocal microscopy. (A) Representative bright-field (BF) images illustrating the spatial
localization of the AFM measurements. Only the cell clusters closest to the gel surface (< 25
μm in depth) were considered, which correspond to cell clusters nearly in focus with the
AFM cantilever (see methods for details). For each cell cluster, the tip of the AFM
cantilever was positioned at the very edge of either an invasive tubule (top left) or a non-
invasive cluster (bottom left), the corresponding E was measured, and normalized afterwards
with respect to E measured far (> 100 μm) from the cell cluster (Efar) (right images). White
arrow points to an invasive front (top left image) or an edge of a non-invasive cluster
(bottom left image). Scale bars correspond to 40 μm. (B) Normalized E data obtained in the
absence or presence of GM6001. *P < 0.05 between normalized data obtained at the cell
cluster edge or far from it. (C) Confocal sections (left images) showing collagen filaments
surrounding the middle of a cell cluster embedded in 3D collagen-I gel containing
fluorescent DQ-Collagen and untreated (top images) or treated (bottom images) with
GM6001. Corresponding BF and merged images are shown in the middle and right of each
panel. The arrows (top left) point to an area void of DQ-Collagen fluorescence in the
untreated cells, whereas such void areas were absent or randomly distributed in GM6001
treated cells. The full series of confocal sections are shown in Supplementary Fig. 3 of the
ESI†. Scale bars correspond to 20 μm.
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Fig. 5.
Structural and elastic properties of cell-free collagen-I gels untreated or treated with
exogenous collagenase. (A) Representative confocal sections of collagen filaments obtained
by CRM corresponding to an untreated or a collagenase treated (up to 60 min) 3 mg ml−1

collagen-I gel. Scale bars correspond to 5 μm. (B) E of untreated or collagenase treated
collagen-I gels measured by AFM. **P < 0.01. (C) E of different concentrations of cell-free
collagen-I gels measured by AFM. Data were fitted to semiflexible polymer models
corresponding to semi-diluted (red) or concentrated (blue) gels.
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Fig. 6.
Effect of MMP14 increased or reduced expression on ECM mechanical integrity. (A–B)
MMP14 overexpression experiments: EpH4 cells were stably transfected with MMP14. (A)
Western-blotting showing increased MMP14 activity of transfected EpH4 cells with respect
to control. (B) Representative epifluorescence images of control or MMP14 overexpressing
cells stained with the live dye Calcein AM. Note that MMP14 overexpressing cells exhibited
longer tubules. (C–D) Reduced MMP14 expression experiments: (C) PCR gel showing a
reduction in MMP14 expression in EpH4 cells stably transfected with shRNA against
MMP14 with respect to scrambled shRNA control. (D) Representative epifluorescence
images of control or transfected cells stained with Calcein AM. Note the absence of
branching structures in the MMP14 shRNA transfected cells. (E) Normalized E data of
either MMP14 shRNA or MMP14 transfected EpH4 cells measured by AFM. *P < 0.05
between normalized E at the invasive front or far from it. All scale bars correspond to 200
μm.
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