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Abstract
Spatial patterning of cell behaviors establishes the regional differences within tissues that
collectively develop branched organs into their characteristic treelike shapes. Here we show that
the pattern of branching morphogenesis of three-dimensional (3D) engineered epithelial tissues is
controlled in part by gradients of endogenous mechanical stress. We used microfabrication to
build model mammary epithelial tissues of defined geometry that branched in a stereotyped
pattern when induced with growth factors. Branches initiated from sites of high mechanical stress
within the tissues, as predicted numerically and measured directly using 3D traction force
microscopy. Branch sites were defined by activation of focal adhesion kinase (FAK), inhibition of
which disrupted morphogenesis. Stress, FAK activation, and branching were all altered by
manipulating cellular contractility, matrix stiffness, intercellular cohesion and tissue geometry.
These data suggest that the pattern and magnitude of mechanical stress across epithelial tissues
cooperate with biochemical signals to specify branching pattern.

Insight, innovation, integration—Morphogenesis is ultimately a physical process wherein
tissues are sculpted into their final three-dimensional (3D) patterns. Mechanical stresses from the
microenvironment can also play regulatory roles, but their influence on pattern is difficult to
ascertain in 3D systems in vivo. Here we integrate 3D microscale engineered tissues with insight
from biological mechanics to understand the role of endogenous mechanical stresses in patterning
tissue development. The innovation lies in the use of numerical modeling to design experiments
that can predict the stress distribution and resulting morphogenesis of model tissues.
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Introduction
Branching morphogenesis is a striking example of complex tissue architecture arising from
spatially patterned cell behavior. Subgroups of cells are instructed to form nascent branches
and invade the surrounding stroma while neighboring cells remain quiescent. A number of
biochemical signals – growth factors, proteases, extracellular matrix (ECM) molecules and
morphogens1, 2 – act as global regulators of branching morphogenesis in vivo and in culture.
Nevertheless, the local regulators that determine branch initiation points and the spacing
between ducts remain obscure3. Advances in engineering three-dimensional (3D) tissues
have opened the possibility of using organotypic tissue mimetics to study such complex
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developmental programs quantitatively4. To delineate the local regulators of branching, we
recently developed an engineered tissue model of the mammary epithelial duct comprised of
mouse mammary epithelial tubules of precisely defined geometry surrounded by collagen
gel5, 6. Although it does not completely replicate the histology of the mammary gland, this
technique generates thousands of engineered tissues of identical size, shape, and branching
pattern, making it useful for identifying the signals that influence branch initiation sites.
Branching of the engineered tubules was inhibited by high concentrations of autocrine-
secreted transforming growth factor (TGF)-β5, confirming a long-standing hypothesis in the
field7. Branch sites in vivo and in culture thus appear to be controlled in part by
concentration gradients that form in the surrounding microenvironment.

In addition to biochemical cues, tissues are exposed to cues of biophysical nature, including
substratum stiffness and cytoskeletal tension, which control key morphogenetic processes
such as proliferation, apoptosis, and differentiation8–12. Recent studies have also suggested a
role for the mechanical environment in the development of branched tissues13–16. Down-
regulating contractility in the embryonic lung results in decreased branching14 whereas up-
regulating contractility promotes branching13. Similarly, disrupting stress fiber formation
and tissue contractility inhibits branching in the kidney and results in a dysmorphic organ17.
In the lung, salivary gland, and mammary gland, the basement membrane thins out adjacent
to emerging branches14, 18, 19, consistent with the hypothesis that mechanical stresses are
concentrated at future sites of branching and influence matrix turnover and
morphogenesis20. Mechanical stresses arise from the isometric contraction of individual
cells, but become concentrated into patterns as a result of asymmetries in the geometry of
the tissue, as demonstrated in amphibian embryos21 and in two-dimensional (2D) cultured
epithelial sheets11. We thus set out to test whether the pattern of branching is templated by
endogenous patterns of mechanical stress.

Here we used numerical and engineered culture models to investigate the role of endogenous
mechanical stress in the patterning of branching morphogenesis. We show experimentally
that mechanical stress is distributed non-uniformly across 3D model epithelial tissues.
Branching occurs at regions of high stress, and changes in the extent of branching correlate
with changes in the magnitude of stress at branching sites. Endogenous stress activated focal
adhesion kinase (FAK), inhibition of which prevented branching of the model tissues. These
results suggest that mechanical stresses and biochemical signals from the microenvironment
cooperate to determine sites of branching.

Results
Mechanical stress is distributed non-uniformly across model epithelial tissues

To investigate whether patterns of mechanical stress were present within morphogenetic
epithelia, we used the finite element method (FEM) to solve a computational model of an
epithelial tubule contracting within a compliant ECM gel (Fig. 1A). We simulated
contraction by the epithelium and computed the resulting maximum principal stress within
the tissue. The elastic moduli of the epithelial and ECM portions of the model were chosen
to match those of normal mammary cells and tissue15, 22.

For cylindrical tubules, the FEM model predicted that stress would be distributed non-
uniformly and concentrated at the tips of the tubules (Fig. 1B,C). To verify the predicted
stress experimentally, we took advantage of the fact that regions experiencing higher
mechanical stress store more elastic strain energy. Relaxing the strain results in
displacement of the matrix; the magnitude of displacement correlates with the local
magnitude of stress23, 24. We used a microfabrication approach to engineer mammary
epithelial tubules of size and geometry corresponding to those of the FEM model, embedded
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in a collagenous matrix5, 6. Matrix displacement was monitored by incorporating fluorescent
beads within the surrounding collagen gel (Fig. 1D). Cell relaxation resulted in non-uniform
displacement of the beads around the tubules (Fig. 1E,F). Larger displacements were
recorded at the tips than at the trunks, indicating that stress was concentrated at the tips of
the tubules, consistent with the predictions of the FEM model. Adding hepatocyte growth
factor to the engineered tubules induced multicellular branches to invade into the
surrounding collagen in a highly patterned fashion from the tips of the tubules (Fig. 1G–L),
as reported previously5. Comparing the stress distribution and branching profiles reveals that
branches emerge from regions that experience elevated stress.

Cellular contractility regulates mechanical stress and branching morphogenesis
To define the role of mechanical stress in branching morphogenesis, we perturbed the stress
experienced by the tissue by modulating cellular contractility both numerically and
experimentally. Varying the contractility of the epithelium in the FEM model had no effect
on the relative patterns of simulated stress, but increasing contractility led to a higher
magnitude of stress at the tips of the tubules (Fig. 2A–D). Based on these results, we
examined how modulating cellular contractility affected mechanical stress and branching
morphogenesis of the engineered tubules. Contractility of the actomyosin cytoskeleton is
regulated in part by signaling through RhoA, its effector Rho kinase (ROCK), and myosin
light chain kinase (MLCK). Reducing contractility with the ROCK inhibitor Y2763225 or
increasing contractility with the myosin light chain phosphatase inhibitor calyculin A26 had
no effect on the pattern of stress or branching (Fig. 2E–K). However, as contractility
increased the magnitude of stress and extent of branching (the fraction of tubules that
branched) from the tips increased (Fig. 2H,L). Branching also correlated with contractility
when tubules were transduced with dominant negative (RhoA-N19) or constitutively active
(RhoA-L63) RhoA (Fig. 2M–P). Similar results were obtained using the MLCK inhibitors
ML-7 and BDM and the phospholipid mediator lysophosphatidic acid (LPA) (Supp. Fig. 1).
Although proliferation and cell motility are required for branching in this system5, neither
was inhibited by manipulating contractility (Supp. Figs. 2–3). These results are consistent
with the FEM predictions: as cellular contractility increases, the patterns of stress and
branching remain unchanged, but the magnitudes of stress and branching both increase.

Matrix stiffness regulates mechanical stress and branching morphogenesis
The mechanical properties of a tissue are defined by the contractility of the cells as well as
by the compliance of the surrounding ECM. Stiff ECM disrupts the tubulogenesis of
mammary epithelial cells16 and induces proliferation, invasion and loss of mammary
epithelial architecture15, 27, 28. Matrix elasticity has also been shown to control membrane
protrusions by individual endothelial cells29 and growth factor receptor expression and
sprouting during blood vessel morphogenesis30. To examine the effect of ECM compliance
on the stress profile within the tissue, we performed simulations in which we varied the
elastic modulus of the matrix portion of the FEM model. Increasing matrix stiffness
increased the magnitude of stress but had no effect on the pattern (Fig. 3A–C). We examined
the effect of ECM compliance on branching morphogenesis experimentally by varying the
stiffness of the collagen surrounding the engineered tubules by crosslinking with D-ribose31

(Fig. 3G). The elastic moduli of the crosslinked gels corresponded to the moduli of the
matrix within the FEM model. Increasing the stiffness of the matrix had no effect on the
pattern of branching but enhanced branching from the tips (Fig. 3D–F). Thus, as the matrix
becomes stiffer the patterns of mechanical stress and branching remain unchanged, but the
magnitudes of stress and branching both increase.
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Intercellular cohesion governs mechanical stress and branching of epithelial tissues
Individual cells within tissues are mechanically coupled to their neighbors via cadherin-
mediated intercellular adhesions32, and perturbing these connections has been found to
prevent the transmission and concentration of mechanical stress11. To disrupt the
transmission of stress between cells within the tubules, we expressed a dominant-negative
mutant of E-cadherin (EΔ) that blocks connection to the actin cytoskeleton by inhibiting the
junctional localization of β-catenin33 (Fig. 4A,B). Expression of EΔ resulted in a flattened
stress profile across the tubules, as determined by evaluating the displacements of beads in
the collagen surrounding the tubules (Fig. 4C,D). Expression of EΔ completely prevented
branching (Fig. 4E,F) without inhibiting cell proliferation or motility (Supp. Fig. 4–5).
These data suggest that branching requires transmission of mechanical stress.

Focal adhesion kinase activity is non-uniform across epithelial tissues
Focal adhesion kinase (FAK) integrates a number of extracellular cues to control ECM
adhesion and cell migration34. Deletion of FAK retards mammary ductal elongation35 and
causes aberrant branching morphogenesis36. These findings, along with evidence that
mechanical stress activates FAK by phosphorylation at Y39737, 38, led us to examine the
role of FAK in the mechanical regulation of branching morphogenesis. Immunofluorescence
analysis revealed that FAK phosphorylation was increased at the tips of the tubules (Fig.
5A,B), consistent with our experimental and computational findings that cells in these
regions also experienced the highest stress. To test directly whether FAK regulates
branching of the engineered tubules, we expressed FAK Dter, a dominant-negative mutant
that lacks the kinase domain39. Cells that expressed FAK Dter showed reduced
phosphorylation of Y397 at cell-matrix adhesions (Fig. 5C,D) and a homogeneously low
level of FAK phosphorylation across the tubules (Fig. 5E,F). Furthermore, FAK Dter-
expressing tubules failed to undergo branching morphogenesis (Fig. 5G,H). However,
expression of FAK Dter had no effect on cell proliferation or motility within the tubules
(Supp. Fig. 4–5). As expected, treatment with pharmacological agents that inhibited
actomyosin contractility and branching decreased phosphorylation of FAK Y397, whereas
phosphorylation was increased upon treatment with agents that activated contractility and
branching (Fig. 5I; Supp. Fig. 6). Furthermore, stiffening the collagen matrix, which
increased extent of branching (Fig. 3), enhanced the phosphorylation of FAK Y397 at the
ends of the tubules (Fig. 5J,K). These data suggest that mechanical stress regulates
branching in part by activating FAK.

Tissue geometry patterns mechanical stress and branching morphogenesis
Recent studies have established a relationship between the geometry of 2D epithelial sheets
and their patterns of endogenous mechanical stress11, 40. To determine how geometry affects
mechanical stress and branching morphogenesis of 3D epithelial tissues we varied the initial
tubule shape. Changing the shape altered the predicted distribution of mechanical stress
across the tissue, with regions of high convex curvature experiencing the highest stress (Fig.
6A–C, M–O). Immunofluorescence analysis of engineered tubules of the corresponding
geometries showed that activated FAK was concentrated in the high stress regions (Fig. 6D–
F). Branching assays revealed a partial match between the patterns of stress and branching
(Fig. 6G–I): regions of low stress were prevented from branching, but not all high stress
regions branched (asterisks in Fig. 6H,I). This apparent discrepancy can be explained by
considering the concentration profile of TGFβ, an epithelial-secreted morphogen that
inhibits branching morphogenesis in this system5. An FEM model of TGFβ secretion and
diffusion predicted that every high stress region that failed to branch was exposed to high
concentrations of TGFβ (Fig. 6J–O). These results suggest that high mechanical stress is
necessary but not sufficient for branching: when cells within the engineered tissues are
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presented with opposing mechanical and biochemical cues, the biochemical signal (i.e.
TGFβ) dominates the resulting phenotype.

Discussion
Spatial non-uniformities of mechanical stress have previously been reported in 2D epithelial
sheets11, 40. Here, we predicted computationally and demonstrated experimentally that 3D
model epithelial tissues experience patterns of endogenous mechanical stress that are
dictated by the initial shape of the tissue. Although cytomechanical factors have been
implicated in the morphogenesis of the lung14 and kidney17, the regulation of branching
pattern has been traditionally ascribed to biochemical and genetic factors1, 41. Indeed, we
recently demonstrated that the concentration profile of the autocrine inhibitory morphogen
TGFβ acts locally to control morphogenesis by preventing spurious branching5. Here, we
showed that mechanical stress is elevated at branch sites, which suggests that mechanical
gradients may also play a role in the patterning of branching morphogenesis. It is important
to note, however, that branching only occurred at locations where the biochemical and
mechanical cues were predicted to reinforce each other. Sites were prevented from
branching when provided with the stimulatory cue of high mechanical stress and the
inhibitory cue of high TGFβ concentration. Conversely, low TGFβ concentration failed to
permit branching when mechanical stress was removed pharmacologically. We found also
that the magnitude of mechanical stress at branching sites correlated with the extent of
branching: decreasing the magnitude of stress by decreasing cellular contractility or matrix
stiffness resulted in decreased branching, whereas increasing the magnitude of stress
resulted in increased branching.

How might mechanical stress regulate branching morphogenesis? Possible mechanisms
include removal of steric hindrances by matrix degradation and enhanced cellular motility
and invasiveness. Branch initiation in the lung14, salivary gland18, and mammary gland19 is
preceded by local thinning of the basement membrane, which is thought to remove a
physical obstacle, thus allowing the adjacent epithelium to invade in a fashion analogous to
a “run in a stocking”42. Matrix turnover at branching sites has been attributed to a stress-
induced local increase in the production of ECM-degrading matrix metalloproteinases
(MMPs)14. This local increase in MMP activity, however, necessitates the pre-existence of
spatial non-uniformities in mechanical stress. In the present study we demonstrated that such
mechanical gradients can arise within a model epithelial tissue from intercellular
transmission of stress along the tissue geometry. Furthermore, MMP14 is elevated at the
leading edge of mouse mammary and ureteric ducts 43–45 and at the tips of engineered
mammary tubules46. Inactivation of the Rho pathway abolishes both elevated MMP1446 and
branching from the tips. Stress-induced branching may thus proceed through local
stimulation of MMP activity47, 48.

High local stress could also activate a mechanically-sensitive signaling pathway resulting in
enhanced cellular motility and invasion. Our observation of elevated levels of active FAK at
branch sites, along with the finding that FAK activity is necessary for branching, suggests
that high mechanical stress might induce branching morphogenesis in part through
activation of FAK. At the cellular level, FAK regulates migration and invasion by causing
membrane protrusions and focal adhesion turnover (reviewed in 34, 49). At the tissue level,
deletion of FAK disrupts normal development of the mammary gland35, 36 and lung
bronchioles50. Conversely, tissue stiffness was found recently to activate FAK and induce
invasion of mammary epithelial cells in culture and in vivo27. Activated FAK could thus
regulate branching by promoting migratory and invasive behavior at the tips of the tubules.
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High mechanical stress may also result in gene expression changes at nascent branch sites.
Expression of mesenchymal markers such as Twist-1, Twist-2 and Snail has been observed
in the tip regions of mouse mammary ducts51 and at future branching sites in engineered
mammary tubules5. The roles of these genes in branching morphogenesis, as well as the
factors that influence their localized expression patterns, remain to be determined. However,
we recently found that mechanical stress induces patterned epithelial-mesenchymal
transition (EMT) in 2D epithelial monolayers40; a similar phenomenon may occur in the
context of 3D epithelial tissues undergoing morphogenesis into collagenous ECM. It is
important to emphasize that TGFβ is probably not responsible for the expression of
mesenchymal markers in the branching tubules. Although TGFβ is a potent promoter of
EMT in mammary epithelium containing an oncogenic or disruptive stimulus52, 53, the
overwhelming majority of normal mammary epithelial cells, including those used here, do
not undergo EMT upon treatment with TGFβ54, 55. Indeed, we have previously
demonstrated that the spatial profile of TGFβ correlates inversely with the locations at which
mesenchymal markers are expressed within our model tissues5. Further studies are required
to define the gene expression changes at branch initiation sites, which may be the junction at
which mechanical and biochemical signals are integrated during branching morphogenesis.

It is well accepted that mechanical changes accompany and drive malignant transformation
and progression within branched organs such as the breast and lung56, 57. To our knowledge,
the work presented here provides the first experimental confirmation that mechanical stress
is altered at branch initiation sites in multicellular aggregates, and supports the hypothesis
that mechanical stress also dynamically orchestrates the normal morphogenesis of treelike
tissues3, 42. Finally, the results of this study, implicating mechanical stress as a regulator of
organogenesis, underscore the need to consider endogenous multicellular mechanics in
tissue engineering strategies aimed at faithfully reconstructing these organs ex vivo.

Materials and Methods
Cell culture and reagents

Functionally normal EpH4 mouse mammary epithelial cells were cultured in 1:1 Dulbecco’s
Modified Eagle’s Medium: Ham’s F12 nutrient mixture (DMEM:F12) (Hyclone), 2% fetal
bovine serum (Atlanta Biologicals), 5 µg/ml insulin (Sigma), 50 µg/ml gentamycin (Sigma).
Tubules were treated upon induction of branching with Y27632 (Tocris), calyculin A
(Calbiochem), cytochalasin D (Tocris), ML7 (Calbiochem), BDM (Calbiochem), or LPA
(Cayman Chemical) diluted to the concentrations indicated in the text. Recombinant
adenoviruses encoding E-cadherin lacking the β-catenin-binding domain (EΔ) and mutant
FAK lacking the autophosphorylation site (FAK Dter) were gifts from Christopher Chen
(University of Pennsylvania) and Lewis Romer (Johns Hopkins University), respectively.
Recombinant adenoviruses encoding RhoA-N19 and RhoA-L63 were obtained from Cell
Biolabs. High titer preparations of recombinant adenoviruses were generated using the
AdEasy Virus Purification Kit (Stratagene). Cells were transduced at an MOI resulting in
>99% transduction efficiency.

Microfabrication
Elastomeric stamps of poly(dimethylsiloxane) (PDMS; Sylgard 184, Ellsworth Adhesives)
containing the desired geometries in bas-relief were fabricated by a combination of
photolithography and soft lithography5, 6. Stamps were rendered non-adhesive by coating
with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). Modified stamps
were placed atop a drop of neutralized liquid collagen (Koken, Japan) which was then gelled
at 37°C. Stamps were removed and a suspension of mammary epithelial cells was allowed to
settle within the molded collagen cavities. The extra cells were washed away with culture
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medium and a gelled collagen “lid” was placed on top of the pattern. The epithelial cells
adopted the shape and size of the collagen cavities they occupied, forming tubules that
remained quiescent until they were induced to branch by adding hepatocyte growth factor (5
ng/ml; Sigma). Within 24 h after growth factor addition, multicellular branches invaded the
surrounding collagen matrix. To increase the stiffness of the collagen surrounding the
tubules, the molded gels were crosslinked by incubation in D-ribose at 37°C for one week
prior to adding cells.

Measurement of matrix displacements
To visualize displacements within the collagen matrix, 1-µm diameter fluorescent
microbeads (Invitrogen) were mixed with the neutralized liquid collagen. The positions of
the beads in a single plane were recorded before and after relaxing the tubules with 0.05 %
Triton X-100 in PBS. The displacement maps were generated using the Imaris tracking
software (Bitplane). To validate that greater displacements corresponded to greater stress,
we used the displacement maps to calculate the average strain (which is proportional to the
average stress) at the midsection and ends of the tubules.

Rheometry
The rheological measurements of collagen gels hydrated with culture media were performed
on a Physica MCR 501 rheometer (Anton Paar) with cone-and-plate geometry. The chamber
was held at 37°C and 100% humidity using a Peltier plate and humidity chamber. All
measurements were performed in the linear viscoelastic regime (0.01–3% strain, 0.1–25 rad/
sec angular frequency). The measured storage modulus (G′) was used to compute Young’s
modulus (E) using E = 2G'(1+ν), assuming a Poisson ratio ν of 0.258.

Imaging and immunofluorescence analysis
To quantify the magnitude and pattern of branching, samples were fixed, stained for nuclei
with Hoechst 33258 (Invitrogen), and visualized using a Hamamatsu Orca 1394 camera
attached to a Nikon Eclipse Ti microscope at 10× magnification. The binarized images of
~50 tubules were stacked with Scion Image software to obtain a pixel frequency map, which
was subsequently color-coded in Adobe Photoshop. All experiments were conducted at least
three times. The extent of branching was also quantified by measuring the pixel intensity
within frequency maps at a location 12 µm from the tips of the initial tubule for the three
replicates of each condition. The averaged pixel intensities at these locations were divided
by the pixel intensity at the trunk of the tubule (corresponding to cell frequency of 100%) to
yield the percent of tubules that have extended branches. Values less than 5% were
considered to be noise arising from misalignment during stacking.

For immunofluorescence analysis of β-catenin and E-cadherin, samples were washed in PBS
and fixed in 4% paraformaldehyde for 15 min at room temperature. Samples were
permeabilized with 0.1% Triton X-100 in PBS (PBS-T) for 15 min and blocked for 1 h at
room temperature in 10% goat serum in PBS (PBS-S), followed by overnight incubation in
primary antibody recognizing β-catenin (Sigma) or E-cadherin (Cell Signaling) at 1:100
dilution in PBS-S. Samples were washed extensively with PBS and incubated in secondary
antibody cocktail at 1:1000 in PBS-S for 1 h at room temperature.

For immunofluorescence analysis of FAK pY397, samples were washed in PBS and fixed in
4% paraformaldehyde for 15 min at room temperature. Samples were permeabilized 2 × 10
min in 0.5% Igepal Ca-630 and incubated in PBS-T for 15 min. Samples were blocked
overnight at 4°C in PBS-S, followed by overnight incubation at 4°C in primary antibody
recognizing FAK pY397 (Invitrogen) at 1:100 dilution in PBS-S. Samples were washed
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extensively with PBS and incubated in secondary antibody at 1:1000 in PBS-S overnight at
4°C. Frequency maps were constructed from fluorescence images as described above.

Proliferating cells were visualized with the Click-iT EdU Imaging Kit (Invitrogen) as
previously described46. Frequency maps of cell proliferation were constructed from
fluorescence images as described above.

Numerical modeling
A 3D computational model of the engineered tubules was solved for the profile of
mechanical stress using the finite element method (FEM) in Comsol Multiphysics 3.5a
software (Comsol Inc). For conciseness, we report the maximum principal stress across the
tissues. No shear stresses exist in the principal directions at any point of the tissues. Thus,
the highest of the three principal stresses (all normal) summarizes the stress state at that
point in a single quantity. The epithelial tubules of varying geometry were represented as a
contractile shell 10 µm thick59 with Young’s modulus of 500 Pa22 and Poisson ratio of
0.499 (practically incompressible). An equilibrium state was assumed and a zero pressure
drop across the shell was prescribed. The tubule was embedded in a passive compliant slab
of cylindrical geometry (2 mm in height and diameter), Young’s modulus of 170 Pa and
Poisson ratio of 0.2, representing the collagen matrix in the culture model15, 58. The external
boundaries of the collagen matrix were fixed by prescribing zero displacement. The strains
measured experimentally did not exceed 5%, which is well within the limit for linear
behavior of collagen58. Accordingly, the gel was modeled as a linearly elastic solid.

We modeled isometric tension arising from cellular contractility by prescribing a prestress
(pt) to the epithelial portion. The prestress value was chosen to match the prestrain (ε0 ~
0.6%) found experimentally by measuring the length of initial and detergent-relaxed tubules.
Stress tensors were calculated throughout the system, and the maximum principal stress
through the midplane of the tubules was visualized and reported.

We modeled changes in cellular contractility within the epithelial tubule by changing the
magnitude of the imposed prestress. In particular, to model increased or decreased
contractility, we increased or decreased pt to yield ε0 of 0.2% or 1%, respectively. These
values were determined experimentally by measuring the length of tubules treated with
Y27632 or calyculin A before and after relaxation. Similarly, to model a stiffer ECM, we
increased the modulus of the matrix portion to match the stiffness of the crosslinked gels at
860 Pa, while keeping the modulus of the epithelial shell fixed at 500 Pa.

Real-time microscopy
For real-time imaging, tubules were constructed of mammary epithelial cells that stably
expressed NLS-YFP46. Time-lapse movies were collected using a Hamamatsu ECCD
camera attached to a Nikon Ti-U inverted microscope customized with a spinning disk (BD
Biosciences) and fitted with a humidified environmental chamber held at 37°C and 5% CO2.
Confocal stacks of 20–25 images (2 µm thick) were acquired using a Plan Apo 20× 0.4 NA
objective every 15 min beginning at 24 hours after initial microfabrication for a total of 20
hours. Movies were assembled and cells tracked in 3D using ImarisTrack (Bitplane).

Western blot analysis
Samples were lysed using RIPA buffer, mixed with Laemmli sample buffer, heated at 75°C
for 5 min, resolved by SDS/PAGE, and transferred to nitrocellulose. Membranes were
blocked in 5% milk and incubated overnight at 4°C in 5% milk containing antibodies
specific to FAK pY397, total FAK (Invitrogen) or actin (Cell Signaling). Antibodies were
visualized using the ECL Plus Western Blotting Detection System (GE Healthcare).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ECM extracellular matrix

FAK focal adhesion kinase

FEM finite element method

LPA lyosphosphatidic acid

MLCK myosin light chain kinase

MMP matrix metalloproteinase

TGFβ transforming growth factor-beta

2D two-dimensional

3D three-dimensional
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Fig. 1. Patterns of mechanical stress correspond to sites of branching in epithelial tissues
(A) FEM mesh, showing the cellular (epithelium) and ECM (matrix) portions of the stress
model. (B, C) FEM stress profile of an epithelial tubule. (D) Fluorescent image of
engineered mammary epithelial tubule showing cellular membranes (green) and microbeads
(red) embedded in the surrounding collagen gel. (E) Map of bead displacements around a
single engineered tubule and (F) average displacements around 15 tubules. (G) Phase
contrast image of engineered tubule before induction of branching. (H) Phase contrast
image, (I) fluorescent image of E-cadherin (red) and nuclei (blue), and (J) frequency map of
engineered tubules after induction of branching. (K, L) Branching is quantified by
measuring the pixel intensity (PI) at a fixed location away from the tip in the grayscale
frequency map, and then calculating the percent of tubules that have extended branches.
Scale bars, 50 µm; displacement scale bar (red), 3 µm.
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Fig. 2. Patterns of mechanical stress and branching morphogenesis are affected by cellular
contractility
Mechanical stress profiles of tubules with increasing contractility: prestress (pt) that yields
prestrain (ε0) of (A) 0.2 % (B) 0.6 % (C) 1% and (D) combined stress profiles. (E–H)
Matrix displacement maps around control tubules and tubules treated with 10 µM Y27632
or 0.1 nM calyculin A. (I–K) Frequency maps of branching from control tubules and tubules
treated with 10 µM Y27632 or 0.1 nM calyculin A. (L) Branching was also quantified by
measuring the pixel intensity 12 µm away from the tubule tip. Branch frequency decreases
when tubules are treated with Y27632, and increases when tubules are treated with calyculin
A. (M–O) Frequency maps and (P) quantification of branching from tubules constructed of
cells transduced with adenovirus encoding RhoA-N19, RhoA-L63, or control vector.
*p<0.05; **p<0.01; Scale bars, 50 µm.
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Fig. 3. Patterns of mechanical stress and branching morphogenesis are affected by matrix
stiffness
Mechanical stress profiles of tubules surrounded by matrices of different stiffness: (A)
Ematrix = 680 Pa, (B) Ematrix = 860 Pa and (C) combined stress profiles. Frequency maps of
branching tubules embedded in collagen gel crosslinked with (D) 0 and (E) 50 mM D-
ribose. (F) Branch frequency increases as the stiffness of the collagen gel increases (G).
Rheological measurements of collagen gels crosslinked with D-ribose. *p<0.05; Scale bars,
50 µm.
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Fig. 4. Intercellular cohesion is required for patterning stress and branching morphogenesis
β-catenin immunofluorescence in (A) control mammary epithelial cells and (B) cells
expressing EΔ. Matrix displacement maps following relaxation of (C) control tubules and
(D) tubules expressing EΔ. Frequency maps of branching from (E) control tubules and (F)
tubules expressing EΔ. Scale bars, 50 µm.
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Fig. 5. FAK is activated at tips of tubules and required for branching morphogenesis
(A) FAK pY397 immunofluorescence and (B) frequency map in engineered tubules. FAK
pY397 immunofluorescence in (C) control cells and (D) cells expressing FAK Dter.
Frequency maps of FAK pY397 in (E) control tubules and (F) tubules expressing FAK Dter.
Frequency map of branching from (G) control tubules and (H) tubules expressing FAK
Dter. (I) Western blot analysis of FAK pY397 and total FAK in tubules treated with Y27632
or calyculin A. FAK pY397 immunofluorescence in (J) control tubules and (K) tubules
constructed in collagen crosslinked using ribose. *p<0.05; Scale bars, 50 µm.
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Fig. 6. Patterns of mechanical stress and branching morphogenesis are affected by tissue
geometry
(A–C) FEM stress profiles of tubules of various geometry. Frequency maps of (D–F) FAK
pY397 immunofluorescence and (G–I) branching from tubules of the corresponding
geometries. Arrows denote regions of high mechanical stress that branch, and asterisks
denote regions of high mechanical stress that do not branch. (J–L) Predicted concentration
profiles of TGFβ around tubules of various geometry. (M–O) Relative strength of the
mechanical and biochemical inputs as a function of position within the tissue. Scale bars, 50
µm.
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