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The architecture of branched organs such as the lungs, kidneys, and mammary glands arises through the developmental process of branching
morphogenesis, which is regulated by a variety of soluble and physical signals in the microenvironment. Described here is a method created to
study the process of branching morphogenesis by forming engineered three-dimensional (3D) epithelial tissues of defined shape and size that
are completely embedded within an extracellular matrix (ECM). This method enables the formation of arrays of identical tissues and enables
the control of a variety of environmental factors, including tissue geometry, spacing, and ECM composition. This method can also be combined
with widely used techniques such as traction force microscopy (TFM) to gain more information about the interactions between cells and their
surrounding ECM. The protocol can be used to investigate a variety of cell and tissue processes beyond branching morphogenesis, including
cancer invasion.

Video Link

The video component of this article can be found at http://www.jove.com/video/54283/

Introduction

The development of branched epithelial tissues, known as branching morphogenesis, is regulated by cell-derived, physical, and environmental
factors. In the mammary gland, branching morphogenesis is an iterative process through which guided collective cell migration creates a
tree-like architecture. The first step is primary bud formation from the milk ducts, followed by branch initiation and elongation1’2. Invasion of
branches into the surrounding stroma is induced by the systemic release of steroid hormones at puberty. New primary buds then initiate from
the ends of existing branches, and this process continues to create an epithelial tree®. Although many important biochemical signals have been
identified, a comprehensive understanding of the cell biological mechanisms that guide this complex developmental process is currently lacking.
Moreover, mechanistic studies on the influences of specific cues are difficult to deconstruct from experiments in vivo, as precise spatiotemporal
perturbations and measurements are often not possible.

Three-dimensional (3D) culture techniques, such as whole organ culture, prima?/ organoids, and cell culture models, are useful tools for
systematically investigating the mechanisms underlying tissue morphogenesis4’ . These can be particularly useful for determining the
influences of specific factors individually, such as mechanical forces and biochemical signals, on a variety of cell behaviors, including migration,
proliferation, and differentiation.® Engineered cell culture models, in particular, readily enable the perturbation of individual cells and their
microenvironment.

One such culture model uses a microfabrication-based approach to engineer model mammary epithelial tissues with controlled 3D structure that
consistently and reproducibly form branches that migrate collectively when induced with the appropriate growth factors. The major advantage

of the model is the ability to precisely manipulate and measure the effects of physical and biochemical factors, such as patterns of mechanical
stress, with high statistical confidence. This technique, together with computational modeling, has already been used to determine the relative
contributions of physical and biochemical signals in the guidance of the normal development of mammary epithelial tissues and other branched
epithelia7'”. Presented here is a detailed protocol for building these model tissues, which can be readily extended to other types of cells and
extracellular matrix (ECM) gels, and which serves as a potential tool for the testing of therapeutics.
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1. Preparation of Solutions

1. To prepare a 5 mg/ml solution of insulin, dilute the powdered insulin stock with 5 mM hydrochloric acid (HCI) in dH,O (500 mg insulin in 100
ml solvent). Prepare 100 ml solvent by adding 50 pl of concentrated HCI to 100 ml distilled water (dH,0).

2. To make a 1x solution of PBS, dilute the 10x phosphate-buffered saline (PBS) stock solution to 1x with dH,O under sterile conditions.

3. Prepare the polydimethylsiloxane (PDMS) elastomer solution as follows: mix the PDMS prepolymer together with the curing agent in a 10:1
(w:w) ratio.

4. Prepare the cell culture medium as follows: to 500 ml of stock Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12), add
10 ml of sterile fetal bovine serum (FBS), 500 pl of gentamicin reagent, and 500 pl of 5 mg/ml insulin.

5. To prepare the 1% bovine serum albumin (BSA) in 1x PBS solution, add 1% (w:v) solution of BSA powder to 1x PBS and mix thoroughly.

To prepare a 4 mg/ml solution of neutralized bovine type | collagen, add 50 pl 10x Hank's balanced salt solution (HBSS) buffer, 30 pl 0.1

N sodium hydroxide (NaOH), 30 pl cell culture medium, and 400 pl of stock collagen to a chilled 1.5 ml microcentrifuge tube. Mix slowly by

pipetting up and down; avoid introducing bubbles. To remove any bubbles, briefly centrifuge the mixture at 4 °C.

Prepare a fixative solution by diluting 16% paraformaldehyde 1:4 (v:v) in 1x PBS.

Prepare a nuclei labeling solution by diluting the stock nuclei labeling solution 1:1,000 (v:v) in 1x PBS.

Prepare a 0.3% phosphate-buffered saline and detergent (PBST) solution by mixing 1x PBS with 0.3% (v:v) detergent.

0. Prepare blocking buffer by diluting goat serum 1:10 (v:v) in 0.3% PBST.

1. Prepare a primary antibody solution for a particular protein of interest by diluting primary antibody (for example, rabbit anti-focal adhesion

kinase (FAK)) 1:200 (v:v) in blocking buffer.

12. Prepare a secondary antibody solution by diluting a fluorescent probe-conjugated antibody (for example, goat anti-rabbit) 1:1,000 (v:v) in

blocking buffer.

o

ST20oN

2. Preparation of Elastomeric Stamps for 3D Micropatterning

Note: Elastomeric stamps are made with PDMS.

1. Make a PDMS solution at the same ratio as described in step 1.3 and mix thoroughly. Place the mixture in a vacuum chamber for 15-30 min
to remove any air bubbles that were introduced during the mixing process.

2. Pour the degassed solution into a plastic weigh boat or Petri dish containing a silicon master that is lithographically patterned with features of
desired geometry. For best results, cure the PDMS solution at 60 °C for ~12 hr.
Note: The silicon masters are highly customizable; this protocol uses rectangular structures with dimensions of 50 ym x 200 ym x 50 ym
spaced 200 um apart. The silicon masters can be made using standard photolithography techniques. Briefly, an epoxy-based photoresist
is spin-coated on top of a silicon wafer. A mask detailing the desired stamp features is placed on top of the photoresist-coated wafer, which
is then exposed to UV light. The desired features not blocked by the mask are exposed to the light and the photoresist at these locations
becomes crosslinked, while the remainder of the photoresist coating is soluble and can be washed away.

3. After the PDMS has cured around the desired features on the silicon master, remove the PDMS and master from the plastic container.
Carefully separate the PDMS from the silicon wafer and remove excess PDMS from around the imprinted features using a clean razor blade.

4. Now cut the PDMS patterned with imprinted features into individual rectangular stamps (~8-mm x 5-mm) with a razor blade. Store these

feature-side-up in a clean 100-mm-diameter Petri dish.

Additionally, use the PDMS solution described in step 1.3 to make supports for the rectangular stamps.

Using a spin coater, spread ~2-3 g of the PDMS solution evenly on a 100-mm-diameter Petri dish and cure the PDMS for ~12 hr at 60 °C as

in step 2.1. Then, using a razor blade, cut the thin layer of PDMS into rectangles (~5 mm x 2 mm).

Note: Two supports are needed for each PDMS stamp made in step 2.3. The supports can be stored in the 100-mm-diameter Petri dish that

contains the PDMS stamps.

7. Before the PDMS stamps and supports can be used for cell culture, sterilize by immersion in 70% ethanol and dry using an aspirator in a
biosafety cabinet (cell culture hood).

o o

3. Preparation of 3D Epithelial Tissues

1. In a biosafety cabinet, add a drop of approximately 50 pl of 1% BSA in PBS to the top of each stamp. Place the droplet covered stamps at 4
°C for a minimum of 4 hr to ensure that the BSA adsorbs to the surface of the stamp.

2. Aspirate BSA solution from the PDMS stamps.

3. Wash the surfaces of the stamps twice with cell culture medium (50 pl per wash per stamp should be sufficient), aspirating after each wash.

4. Handle the sterilized PDMS stamps and supports using curved stainless steel tweezers. In a biosafety cabinet, lay out one 35-mm-diameter
tissue culture dish for each PDMS stamp. In each dish, lay down two PDMS supports separated by a distance slightly less than the length of
the PDMS stamps.

5. Using the tweezers, sterilize as many circular glass coverslips (15 mm in diameter, #1) as there are PDMS stamps using 70% ethanol.
Aspirate the excess liquid from the coverslips while holding them with the tweezers. Store the washed coverslips in a separate 100-mm-
diameter Petri dish.

6. Dispense ~50 pl of the collagen mixture to evenly coat the surface of each PDMS stamp.

7. Pick up each collagen-coated PDMS stamp with the tweezers and gently invert them. Lower the inverted stamps on top of the PDMS
supports laid out in 35-mm-diameter tissue culture dished such that the collagen is between the stamp and the bottom of the tissue culture
dish. Incubate the dishes at 37 °C for 30 min.
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1.

12.

13.

14,

15.

16.

Dispense ~50 pl of the remaining collagen mixture onto each of the circular coverslips (later, these will be placed on top of the engineered
tissues to completely encapsulate them in collagen) and incubate them at 37 °C for 30 min.

Obtain a 100-mm-diameter tissue culture dish containing epithelial cells (ex. EpH4 mouse mammary epithelial cells) at ~40% confluency.
Aspirate the cell culture medium and wash once with 10 ml 1x PBS. Add 2 ml of trypsin to the cells and incubate at 37 °C for 5-10 min.

Add 8 ml of fresh culture medium to the tissue culture dish containing trypsinized cells, detaching any remaining adherent cells from the dish.
Mix gently by pipetting and move the cell mixture to a 15 ml conical tube and centrifuge at 100 x g for 5 min.

Aspirate the supernatant from the conical tube and resuspend the cell pellet in cell culture medium. Using a hemocytometer, count the cells to
determine the concentration of the suspension. Adjust the suspension volume to obtain a final concentration of ~10%-10"cells/ml.

Remove the gelled collagen samples from the incubator. Using the tweezers, gently lift the PDMS stamps straight upwards to detach them
from the molded collagen and discard them.

Dispense ~30 pl of the concentrated cell suspension onto the surface of each collagen gel containing molded cavities of desired geometry.
Observe the cells under a brightfield microscope with a 10X/0.25 NA objective while gently shaking the dishes side to side to promote cell
settling within the cavities. The cavities should be filled within ~5 min.

To remove excess cells from around the cavities, tilt each tissue culture dish on its side and gently dispense ~400 pl cell culture medium over
the surface of the collagen gel. Aspirate the liquid and repeat the wash 1-2 more times, checking the collagen gels under the microscope in
between each wash.

After the excess cells have been cleared from around the cell-filled cavities in the collagen mold, place the tissue culture dishes into a cell
culture incubator at 37 °C for 15 min. Then, using the tweezers, gently invert the collagen-coated class coverslips and place them on top of
the cell-filled collagen molds such that the collagen from the coverslips forms a cap over the cell-filled cavities. Incubate the samples at 37 °C
for 15 min.

Once the collagen caps have adhered to the cell-filled collagen mold, dispense ~2-2.5 ml cell culture medium slowly over the glass coverslip
on top of the gels. Culture the samples at 37 °C for 1-3 days.

Note: 24 hr after initial seeding, the epithelial tissues can be treated with growth factors such as epidermal growth factor (EGF) or hepatocyte
growth factor (HGF) to induce branching.

4. Immunofluorescence and Image Analysis

10.

11

14.

15.

Aspirate the cell culture medium from the tissue culture dishes and add enough fixative solution to cover the cell-containing gels. Incubate the
dishes at room temperature for 15 min on a shaker at 200 rpm.

Aspirate the fixative, fill the tissue culture dishes with 1x PBS, and incubate at room temperature for 15 min on a shaker at 200 rpm. Repeat
twice for three total washes.

To label nuclei: Aspirate the PBS from the tissue culture dish and replace with Hoechst solution. Incubate at room temperature for 15-20
min. To stain for FAK or another marker that is detectable with antibodies, skip to Step 4.5.

Aspirate the nuclear labeling solution and wash the cell-containing gels three times with 1x PBS as in Step 4.2. Stained samples can be
stored in 1x PBS at 4 °C until further use.

To stain for a protein of interest: Aspirate the PBS from the tissue culture dishes, add 300 pl of 0.3% PBST, and incubate the sample at
room temperature for 15 min.

Aspirate the PBS, cover the gels with blocking buffer, and incubate on a shaker (200 rpm) at room temperature for ~4 hr.

Aspirate the blocking buffer, cover the gels with primary antibody solution, and incubate on a shaker at 200 rpm overnight at 4 °C.

Aspirate the primary antibody solution, add 0.3% PBST solution, and incubate on a shaker at 200 rpm at room temperature for 30 min.
Aspirate the PBST and repeat every 30 min for 3-4 hr.

Repeat steps 4.7 and 4.8, this time incubating with the secondary antibody solution. Wrap the tissue culture dishes with aluminum foil to
prevent photobleaching of the secondary antibody. After the final wash, stained samples can be stored in 1x PBS at 4 °C until further use.
To visualize samples, use a 10X/0.30 NA objective focused on the midplane of the epithelial tissues.

. To visualize cell nuclei, image fixed samples labeled with a nuclear marker using a 10X/0.30 NA objective under UV illumination.
. To visualize samples stained for a protein of interest, image using a 10X/0.30 NA objective on an inverted fluorescence microscope.
13.

To create frequency maps of protein staining of multiple tissues (typically 50 or more) of identical initial geometry, first import each of the

images using standard image analysis software (see Materials) and convert them to 8-bit grayscale.

To threshold these images, convert them to binary (i.e., halftone/black and white) by defining a grayscale cutoff point; grayscale values below

the threshold become black, and those above the threshold become white. Then, combine each of the individual binary images into a single

image stack.

Next, register the stacked images (i.e., align or match them) in the analysis software. Many image analysis software packages come with a

freely available registration plugin.

1. Use each image in a stack as a template for the alignment of the next image, such that the images in the entire stack are aligned by

propagation. Finally, overlay (project) the images in the aligned image stack based on average intensity to form a single image with a
pixel frequency map. This image can then be color-coded using image editing software of choice'®"".

Representative Results

General schematic of mammary epithelial tissue microfabrication

A general schematic of the microfabrication procedure outlining the experimental work flow is shown in Figure 1. The end result is an array

of epithelial tissues of identical geometry and spacing that are completely embedded within an ECM gel. A representative experiment uses
EpH4 mouse mammary epithelial cells cultured in a gel of bovine type | collagen at a concentration of 4 mg/ml. To ensure the highest quality

of engineered tissues, the techniques outlined in the protocol should be followed closely. Figures 2A and 2B show low and high magnification
views of arrays of rectangular wells that have been molded into a type | collagen gel prior to cell seeding. The shape of the wells is determined
by the shape of the features on the silicon master. It is important to lift the PDMS mold straight up from the collagen so as not to distort the cavity
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geometry. Figure 2C shows rectangular wells in a type | collagen gel that have been filled with mammary epithelial cells (excess cells have been
washed off the surface of the collagen). In this example, each 200 pm x 50 um rectangular well contains approximately 80-100 cells.

Addition of growth factors induces morphogenesis

24 hours after seeding, the tissues may be treated with growth factors such as HGF or EGF and cultured over several days to model branching
morphogenesis. Typically, branches begin to form as early as 4 hours after growth factor stimulation. Figure 3A shows representative results
from rectangular mammary epithelial tissues within a type | collagen gel 24 hours after the microfabrication procedure, after which cells have
adhered to the collagen and to each other. No branches are observed prior to growth factor addition. Figure 3B shows a representative
rectangular tissue that has undergone branching 24 hours after the addition of HGF at 10 ng/ml. In this case, branches occur at the ends of the
tissues (as opposed to the middle), where the cells experience the highest mechanical stress”. Multiple tissues of identical initial geometry in the
same gel can then be imaged to determine population averages of branch location and branch length, enabling high-throughput analysis.

Immunofluorescence staining to visualize protein localization

Immunofluorescence staining of the tissue arrays in the culture model allows us to determine protein localization within a tissue with high
statistical confidence. Figure 4A shows representative results from a branching rectangular mammary epithelial tissue stained for focal adhesion
kinase (FAK). Creating frequency maps of tissues of identical geometry can be used to visualize the average spatial localization of proteins

of interest within the tissues, which can be compared to the localization of other proteins as well as branching activity. Figure 4B shows a
frequency map of average FAK staining for 50 tissues showing FAK enrichment at the short ends of rectangular tissues, where branching
typically occurs.

Figure 1. Schematic outlining the microfabrication procedure. Please click here to view a larger version of this figure.

. .- !

Figure 2. Images taken during the microfabrication process. (A) Low and (B) and high magnification phase-contrast images of rectangular
cavities in type | collagen created using an elastomeric PDMS mold. (C) Cavities from (A) and (B) are filled with mammary epithelial cells. Scale
bars, 100 um. Please click here to view a larger version of this figure.
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Figure 3. Microfabricated tissues undergo branching morphogenesis. (A) Phase-contrast image of a representative rectangular tissue 24
hr after microfabrication. (B) Phase-contrast image of a representative rectangular tissue that has started to undergo branching 24 hr after the
addition of HGF at 10 ng/ml. White arrows indicate newly formed branches. Scale bars, 100 um. Please click here to view a larger version of this
figure.

Figure 4. Immunofluorescence staining of microfabricated tissues. (A) Immunofluorescence staining for FAK in a mammary epithelial tissue
after branch initiation. (B) A frequency map of average FAK staining in 50 tissues. Scale bars, 100 um. Please click here to view a larger version
of this figure.

The protocol described above outlines a method to produce identical epithelial tissues of pre-defined shape, enabling spatial control of the
mechanical stress experienced by cells in the tissue. An elastomeric mold is used to create cavities in type | collagen that are then filled with
epithelial cells and covered with an additional collagen layer such that cells are completely encapsulated in a 3D collagen matrix environment.
Further culture of these tissues and treatment with growth factors to induce branching from the initial architecture make this system amenable
for the study of branching morphogenesis of epithelial cells. There are several critical steps in the protocol. The first is lifting the PDMS molds
straight upwards from the gelled collagen prior to cell seeding. Any horizontal movement during this step will distort the cavities, and they will
no longer retain the desired geometry. Then, after the cavities have been seeded with cells, it is important to carefully wash off any excess cells
that remain on the surface, as these may interfere with the behavior of the patterned tissues, particularly if they are very close to the tissues.
Washing too rigorously, however, may result in cells being washed out of the cavities. Lastly, in the final micropatterning step when the cell-
containing collagen gels are being immersed in culture medium, it is important to add the medium slowly and directly on top of the coverslip.
Adding medium to the side of the dish away from the coverslip may result in detachment of the coverslip and the collagen lid. Each of these
steps needs to be performed with care to achieve the best results.

Over the past few decades, several culture models have emerged for the study of epithelial morphogenesis, many of which involve the ex vivo
culture of intact organs or explants of organs. Major advantages of culturing tissue taken directly from an animal are that tissue architecture
remains intact and that cell-cell interactions are maintained. However, these models are not readily amenable to studies investigating the specific
effects of a particular cell type or physical m|croenV|ronment Additionally, organs and organ explants can be fragile and difficult to culture ex
vivo. Others used primary mammary epithelial cells'?, in which gene expression can be more readily manipulated, though this method does not
conserve in vivo tissue architecture. Moreover, like |ntact organs, these cells can also be difficult to culture for long periods of time®. There is a
need, therefore, for more robust culture models of epithelial morphogenesis that can be more precisely controlled and readily perturbed to gather
reproducible data.

A widely used 3D cell culture technique is the formation of epithelial cell clusters embedded in collagen or other ECM proteins'" '3,

Disadvantages of this technique, however, include the inability to precisely control or predict the location of clusters within the gel, cluster size
and shape, and branching sites. In addition, it is difficult to manipulate or measure the mechanical cues experienced by cells in different regions
of the tissue clusters. Engineered tissues enable better control of these parameters.

The engineered tissue protocol described here is an easy to use, versatile, and reproducible 3D cell culture method that eliminates the
heterogeneity commonly found in ex vivo culture systems and 3D clusters. Such engineered cell culture models provide a platform for more
precise control of physical and biochemical signals, and results can be easily combined with computatlonal models to predict the effects of
perturbations or measure cellular forces using techniques such as traction force microscopy (TFM) 10 A caveat of the model system, however,
is that it does not completely replicate the cellular, chemical, and physical microenvironment within the mammary gland in vivo. Nonetheless,
essentially all parts of the system are modifiable: including the cells used (in which gene expression can also be altered by transfection), tissue
geometry, ECM composition, and other biochemical factors (ex. growth factors). Primary mammary epithelial cells can also be cultured in this
system; they form a lumen and undergo branching morphogenesis from the same locations as immortalized cell lines’. Moreover, the model can
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be modified to incorporate other cell types to more appropriately represent the native mammary gland microenvironment”, or to investigate the
underlying mechanisms that give rise to any branched organ.
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