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Abstract

The influence of stromal cells, including fibroblasts on mammary tumor progression has been well documented through the use of mouse
models, in particular through transplantation of stromal cells and epithelial cells in the mammary gland of mice. Current transplantation
models often involve the use of immunocompromised mice due to the different genetic backgrounds of stromal cells and epithelial cells.
Extracellular matrices are often used to embed the two different cell types for consistent cell-cell interactions, but involve the use of Matrigel
or rat tail collagen, which are immunogenic substrates. The lack of functional T cells from immunocompromised mice prevents accurate
assessment of stromal cells on mammary tumor progression in vivo, with important implications on drug development and efficacy. Moreover,
immunocompromised mice are costly, hard to breed and require special care conditions. To overcome these obstacles, we have developed an
approach to orthotopically transplant stromal cell and epithelial cells into mice from the same genetic background to induce consistent tumor
formation. This system involves harvesting normal, carcinoma associated fibroblasts, PyVmT mammary carcinoma cells and collagen from
donor C57BL/6J mice. The cells are then embedded in collagen and transplanted in the inguinal mammary glands of female C57BL/6J mice.
Transplantation of PyVmT cells alone form palpable tumors 30-40 days post transplantation. Endpoint analysis at 60 days indicates that co-
transplantation with fibroblasts enhances mammary tumor growth compared to PyVmT cells transplanted alone. While cells and matrix from
C57BL/6J mice were used in these studies, the isolation of cells and matrix and transplantation approach may be applied towards mice from
different genetic backgrounds demonstrating versatility. In summary, this system may be used to investigate molecular interactions between
stromal cells and epithelial cells, and overcomes critical limitations in immunocompromised mouse models.

Video Link

The video component of this article can be found at http://www.jove.com/video/2716/

Protocol

1. Isolation and extraction of donor collagen from C57BL/6J mice

1. Sacrifice mature normal female C57BL/6J mice using approved IACUC methods.
2. Harvest the tails and soak in 70% ethanol for 45 minutes to sterilize tissues. Dry the tails with tissue paper, wrap in aluminum foil. Store the

tails in -20°C until needed.
3. Place the tails in a sterile environment such as a laminar flow hood. Using scissors, split the skin at the tail root and peel away from the tail.

Remove 0.5 to 1 cm from both ends of the tail and divide the remaining tail up into three or four pieces. Dissect the tendons from the tails and
separate the tendons into individual fibers using a scalpel or razor blade.

4. Transfer the tendon fibers to a sterile container and wash with sterile distilled water. Transfer tendons from tail of 5-7 mice to a 50 ml conical
tube containing 35 ml sterile de-ionized water containing 50 units/ml penicillin penicillin, 50 μg/ml streptomycin and 250 ng/ml amphotericin,
and 0.034 N acetic acid diluted from a stock solution of glacial acetic acid (17 N). Place on rocker at 4°C for a week to extract the collagen.

5. Spin down debris in a table top centrifuge at 3000 g for 15 minutes. Transfer supernatant, approximately 30 mls to two polycarbonate tubes
adapted for the Beckman 50.2 Ti rotor and spin at 35,000 g (approximately 17000 rpm) for 1 hour.

6. The volume of the supernatant will need to be reduced to achieve a concentration of 1-2 mg/ml. Transfer the supernatant to an ultracel 50
k Amicon filtration unit and spin in a table top centrifuge at 3000 rpm for 15 at 4°C. Transfer the filtrate to a sterile conical tube and save.
Repeat the centrifugation until the volume is reduced to 5-6 ml.

7. Read the protein concentration. We use a standard Bradford assay (Biorad), using BSA standards (Biorad) and undiluted samples. Measure
a sample from your filtrate, as a negative control.

8. Further check for purity of extraction by resolving a sample of purified collagen on a 6% SDS polyacrylamide gel, 10 lanes, 1.5 mm gel
thickness. Prepare 20 μg of sample in 30 μl 1x SDS-PAGE loading buffer containing 63 mM Tris HCl 10% glycerol, 2% SDS 0.0025%
bromophenol blue in 1.5 ml eppendorf tubes. Prepare an equivalent amount of protein from rat tail collagen type I as a positive control. In
addition, prepare a set of BSA standards at 2.5, 5, 10, 20 μg diluted in PBS and 1X loading buffer. Boil the samples at 95°C for 5 minutes.

9. Let the samples cool and briefly microfuge (maximum speed for 10 seconds) to spin down condensation.
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10. Load the samples samples along with a molecular weight marker. For example, load 5 μl of Kaleidoscope Biorad protein standard.
Electrophorese at 150 volts for approximately 1 hour or until the dye front reaches the bottom.

11. Remove the gel and stain in coomassie blue buffer. Prepare this buffer by mixing 2 g of coomassie blue, 75 ml glacial acetic acid, 500 ml
ethanol in a total volume of 1000 ml containing de-ionized water. Also prepare the same amount of destain buffer using the recipe except
without coomassie blue reagent. Cover the gel with a sufficient volume for coomassie blue and place on a rocker.

12. Rock gently for 1 hour at RT and decant the stain. Replace the destain solution when it turns dark blue. Detain the gel overnight or until the
individual bands are resolved on the gel. Locate two collagen bands (molecular weights= 90 kda and 130 kda) and note the strength of the
bands against the standards and controls. Image the gel using a gel doc system, if necessary.

2. Isolation and culture of donor mammary carcinoma cells and fibroblasts from normal
and PyVmT C57BL/6J mice

1. Sacrifice age matched female normal or PyVmT transgenic mice after 10 weeks of age when tumors are evident and palpable in PyVmT
transgenic mice using approved IACUC methods.

2. Expose the mouse on its back on a flat surface and immobilize the limbs using tape adhesive.
3. Make an upside down T incision between the nipples of the thoracic and inguinal mammary gland and pull the skin flap back to expose the

mammary glands. Remove the mammary tissues and mince into small pieces using surgical scissors.
4. Prepare 100 ml of an enzymatic digestion cocktail containing: 200 mg trypsin, 500 mg collagenase, 4 mg DNAse, 100,000 units

hyaluronidase in sterile PBS and antibiotics overnight on ice and then for 3 h at 37°C.
5. Add 10 ml of PBS containing 10% fetal bovine serum (FBS) to each sample and centrifuge cell pellet in a table top centrifuge at 1500 rpm for

5 minutes at 4°C.
6. Gently aspirate the supernatant and resuspend the cell pellet in 5-7 ml of PBS/10% FBS. Repeat the spin and wash two more times.
7. Resuspend the cell pellet in 10 ml of DMEM containing 10% FBS containing 50 units/ml penicillin , 50 μg/ml streptomycin and 250 ng/ml

amphotericin on 10 cm dishes coated with collagen type I. To coat plates with collagen, dilute the collagen 1 ml (using stock 1.5 mg/ml) into
39 ml of 0.02 N acetic acid diluted in sterile distilled water or PBS. Pipet 5 mls of collagen working solution onto 10 cm plates. Incubate at
room temperature for a minimum for 10 minutes. Aspirate excess collagen. Parafilm unused plates and store at 4°C for a week.

8. Change the media 2- 3 times a week. Successful digestion of tissues will be characterized by the presence of epithelial foci surrounded by
spindle shaped fibroblastic cells.

9. Separate the fibroblasts and epithelial cells by selective tryspinization. Aspirate the media and wash the cells with PBS once. Pipet 1 ml of
0.25% trypsin/0.54 mM EDTA onto cells and incubate at room temperature. Fibroblasts are more loosely adherent than epithelial cells. Check
for fibroblast detachment under the microscope after 2 minutes; cells should be floating in suspension or rounded up while epithelial foci
should still be adhered to the surface.

10. Lightly tap the dish to loosen the fibroblasts and gently pipet 10 mls of serum containing medium in the dish to remove the fibroblasts.
11. Pipet the media containing fibroblasts in a 15 ml conical tube and centrifuge as described in step 5). Replate these cells onto collagen coated

10 cm dishes and repeat the selective trypsinization process until fibroblasts and epithelial cells are completely separated.
12. Check for cell purity by immunofluorescence staining for epithelial markers such as CK14 and CK18 and fibroblast markers such as alpha

smooth muscle actin (α-sma).

3. Immunofluorescence staining of cultured cells

1. Place glass coverslips in 6 cm dishes. Sterilize by UV exposure for 5 to 10 minutes in a laminar flow hood.
2. Coat the coverslip with 1-2 ml of working stock collagen solution for 10 minutes at room temperature (RT). Aspirate excess.
3. Trypsinize and plate 200,000 epithelial cells or fibroblasts per sample. Add 3-5 ml of complete media and incubate for 24 hours.
4. Aspirate the media, wash cells with PBS and fix in ice cold methanol at -20°C for 7 minutes.
5. Wash cells with PBS twice to remove ethanol, and block with 1-2 ml of PBS containing 1% FBS for 1 hour at RT.
6. Using forceps, remove the coverslips and place in a large shallow container covered with parafilm or other hydrophobic surface.
7. Dilute the following primary antibodies 1:100 in blocking solution: anti-smooth muscle actin (α-sma, anti-CK14 (basal epithelial marker), anti-

CK18 (luminal epithelial marker).
8. Pipet 100 μl of antibodies directly onto the coverslips for 1 hour at RT. Incubate a separate coverslip of cells in blocking solution; this sample

will serve as the secondary antibody control.
9. Aspirate antibody and pipet 1 ml of PBS directly on the coverslip to wash. Aspirate and repeat 3-5 times.
10. Dilute the following secondary antibodies in blocking solution: anti-mouse-alexa 488 at 1:100, anti-mouse biotinylated at 1: 500, anti-mouse-

alexa-568.
11. Wrap the container with the coverslips in aluminum foil. Pipet 100 μl of appropriate secondary antibody directly on the coverslips: α-sma with

anti-mouse-alexa 568, CK 14 staining with anti-mouse biotinylated and CK18 with anti-mouse-alexa 488. Cover the container to protect the
samples from visible light.

12. Aspirate antibody and wash with PBS as in step 9). Leave the samples in PBS, except for CK14 staining.
13. Dilute streptavidin conjugated to alexa 568 1:500 in PBS. Incubate the CK14 stained samples with strepatividin-alexa 568 for 30 minutes at

RT in the dark. Wash in PBS as in step 9)
14. Dilute DAPI 1: 500 in PBS. Aspirate the PBS from the samples and incubate with DAPI for 10 minutes RT in the dark.
15. Rinse samples with PBS. Pipet 100 μl of Prolong anti-fade reagent onto glass slides, turn the coverslip over so that the cells are facing the

glass slide. Tilt the coverslip to one angle to gently make contact with the mounting media.
16. Image the samples using an immunofluorescence microscope. Keep the samples in the dark to protect the immunofluorescence signal, which

will last approximately 2 weeks.
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4. Preparation of collagen embedded cells for grafting

1. To embed cells in collagen, it is necessary to lower the pH of the collagen to achieve polymerization by mixing the collagen with a setting
solution. Prepare the setting solution by mixing 100 ml of 10X Earl's Balanced Salt Solution (EBSS) with 2.45 g of NaHCO3, 7.5 ml of 1 M
NAOH and 42.5 ml of sterile distilled water. Further sterilize using a bottle top 0.22 micron filter unit attached to a sterile bottle.

2. Mix the collagen (stock concentration 1 mg/ml) with setting solution at a starting 4: 1 ratio. For one graft, mix 100 μl of collagen with 25 μl of
setting solution in an eppendorf tube. Vortex briefly or pipet the sample up and down to mix the sample thoroughly.

3. Add collagen or setting solution at 5-10 μl increments and mix thoroughly until the phenol red dye in the mixture changes to a light pink to
orange color, reflecting a neutral pH. A yellow color indicates acidic pH while dark pink reflects basic pH. Keep the mixture on ice to prevent
polymerization.

4. Remove the fibroblasts and epithelial cells from the plate by trypsinization. First, aspirate the media and wash with 5 ml of PBS. Pipet 1 ml of
0.25% trypsin/0.54 mM EDTA in HBSS per plate. Incubate fibroblasts at RT for 2-5 minutes. Incubate epithelial cells at 37oC for 2-6 minutes.
Tap the plates gently to loosen the cells. Check for detachment using a microscope.Quench the trypsin by pipetting 9 ml of complete medium
on the plate and transfer the cells to a sterile 15 ml conical tube.

5. Remove 50 ul and count the cells by hemocytometer. Note the total volume of cells in each tube (approximately 10 ml).
6. Pellet the cells at 1500 rpm for 5 min at RT. Aspirate the cell pellet and resuspend the cells to a concentration of 100,000 cells/100 μl. For

example, resuspend 500,000 cells in a total volume of 500 μl of complete media.
7. Mix 250,000 stromal cells (250 μl) and 100,000 tumor cells (100 μl) in a separate tube. Microfuge 10 sec 1000 rpm, remove supernatant by

pipetting. Add 50 μl of the adjusted collagen solution to cells. Pipet up and down to disperse the cells evenly. Pipet the 50 μl in a sterile 6 cm
tissue culture plate to form a circular drop. Incubate the graft at 37°C for 10 minutes to polymerize.

8. Gently add 5 mls of complete media in the plate by tilting the plate at an angle and slowly pipetting the media by one side of the plate. Tilt the
plate around until the media covers the graft.

9. Incubate for 24 hours at 37°C. Transplant immediately.

5. Orthoptic transplantation of collagen embedded cells in C57BL/6J mice

1. Fabricate a thin glass rod for the transplantation surgery. Heat a glass Pasteur pipet using a Bunsen burner. Using forceps, stretch the end of
the pipet out to 2-3 mm in thickness. Let cool, and sterilize by 70% ethanol.

2. Sterilize the following surgical instruments by autoclaving and 70% ethanol: fine surgical scissors, blunt surgical scissors, blunt forceps, thin
forceps, wound clips, wound staple

3. Anesthetize mouse using with 2-3% isoflurane using an isoflurane scavenging machine. The average O2 flow rate used is 1 L/ minute through
the nose cone.

4. Lay the mouse on its back and immobilize the limbs with tape or other removable adhesive. Remove the hair with chemical hair remover such
as Nair. Sterilize the abdomen with cotton swabbing alternatively between 70% ethanol and betadine in a target-like fashion.

5. Hold up a part of the skin by the mammary gland using blunt forceps with one hand. With the other hand, using blunt surgical scissors to
make an upside down T- incision between the #9 and #10 nipples or #4 and #5 nipples of the inguinal mammary glands to expose the
mammary glands.

6. Make a pocket incision under the lymph node or mammary artery with small surgical spring scissors.
7. Remove the collagen graft from the tissue culture dish using forceps. Remove excess liquid from the collagen graft by gently dabbing onto a

sterile wipe and slide the collagen graft completely into the pocket using a thin glass rod.
8. Suture the skin flap using #2 gut absorbable sutures or wound staples.
9. Let the mouse recover in the cage.
10. Monitor the mice twice weekly at a minimum, palpating for tumors. Sacrifice the mice when the tumors reach 1 cm in diameter. Harvest

tissues for analysis.

6. Representative Results:

Isolation and extraction of collagen from C57BL/6J mice

These procedures were adapted from1. Extraction of collagen protein from 5-7 mouse tails yields approximately 1-1.5 mg/ml in a 6 ml final
volume, or 6- 9 mg of protein. By coommassie stain, bands corresponding to 90 kda and 130 kda are detected in the lanes loaded with samples
extracted from mouse tails, indicating the presence of collagen type I and pro-collagen respectively (Figure 1).

Isolation and culture of mammary carcinoma cells and fibroblasts from normal and PyVmT C57BL/6J mice.

The procedures were adapted from2. PyVmT carcinoma cells and fibroblasts can be distinguished by differences in cell morphology and
expression of specific epithelial and mesenchymal markers. PyVmT carcinoma cells are identified by cobblestone shape and co-express CK18,
a luminal epithelial marker and CK14, a basal epithelial marker, but not express α-sma (Figure 2). Mammary fibroblasts are larger cells with a
spindle shaped phenotype and express high levels of α-sma but do not express CK14 or CK 18 (Figure 2). These data indicate over 95% cell
purity for fibroblasts and epithelial cells using the outlined procedures.

Orthoptic transplantation of collagen embedded cells in C57BL/6J mice

These procedures were adapted from3, 4. Transplantation recipient mice are sacrificed when tumors in either experimental group reach 1.0 cm
in diameter, or approximately 60 days. While transplantation of PyVmT cells alone results in palpable tumors after 30- 40 days, reaching a mean
tumor mass of 0.335 grams at 60 days, co-transplantation of PyVmT carcinoma cells with mammary fibroblasts results in a mean tumor mass of
0.630 grams, indicating enhancement of tumor growth by fibroblasts (Figure 3).
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Figure 1. Coomassie stain analysis of collagen type I extraction from mouse tails. BSA (˜ 66 kda) is indicated by arrow. Commercial rat
tail collagen (20 μg protein), and purified mouse tail collagen (20 μg protein) are indicated by box (˜130 kda, ˜ 90 kda proteins). Std= molecular
weight standard.

 
Figure 2. Immunofluorescence staining of donor PyVmT mammary carcinoma cells and fibroblasts.  Panels a and b represent PyVmT
mammary carcinoma cells immunostained for antibodies to CK14 and CK18. Panel c represents fibroblasts stained with antibodies to α-sma.
Images shown with DAPI overlay at 20x magnification.
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Figure 3. Mammary tumor development in C57BL/6J mice in the presence or absence of fibroblasts. Mammary tumors were harvested
from mice transplanted with PyVmT carcinoma cells in the presence or absence of mammary fibroblasts and weighed. Mean+standard error of
the mean. N=6 per group.

Discussion

The functional contribution of fibroblasts in tumor progression has been demonstrated through transplantation models, in which carcinoma
associated fibroblasts co-transplanted with benign mammary epithelial cells results in increased tumor growth and invasiveness5. Conventional
transplantation approaches have involved the use of SCID or nude mice to co-transplant stromal and epithelial cells from different genetic mouse
backgrounds or different species. Immunocompromised mice lack functional T cells, which play critical roles in mediating anti-tumor immunity
through recognition of tumor specific antigens and subsequent targeting of tumor cells, inhibiting metastatic spread 6. Furthermore, recent
studies have shown that fibroblasts are important regulators of immune cell recruitment 7, 8, indicating that development of new approaches to
study stromal: epithelial cell interactions are necessary in order to more clearly understand the mechanisms of mammary tumor progression.
The outlined procedures demonstrate a reliable method to: isolate and culture mammary epithelial and mesenchymal cells and orthotopically
transplant these cells in immunocompetent mice to form mammary tumors. Using the outlined procedures, we have grafted over 40 mice using
different experimental groups and different endpoints with over a 97 % successful transplant rate, demonstrating the reliability of this system.
The effects of mammary fibroblasts on tumor growth in this system are consistent with previously published studies involving subrenal capsule
grafting of fibroblasts with mammary carcinoma cells 9. We have found few concerns with the system in this report. If the concentration of
the resulting stock is too low for embedding cells, one may further concentrate the collagen to a lower volume or isolate more collagen from
additional tails. To ensure consistent tumor formation, it is important to disperse the cells evenly in the collagen plug throughout the collagen by
pipetting and avoid the presence of bubbles in the collagen plug.

The low background of tumor formation in C57BL/6J mice 10, 11 allows us to investigate the functional contribution of specific oncogenes or
inactivation of tumor suppressors in stromal: epithelial interactions during mammary tumor progression. Expression of specific oncogenes and
tumor suppressors can be modified in stromal cells or epithelial cells through stable expression of siRNAs for example, prior to transplantation.
Because primary cells senesce with continual passaging, genetic manipulation of cultured cells is easier if the cells are immortalized, for example
through spontaneous immortalization or expression of an oncogene 12, 13, 14, 15. Immortalization of different stromal cell types has been achieved
with macrophages and endothelial cells 16, 17, 18. Immunofluorescence staining for specific stromal and epithelial markers revealed highly
purified populations of fibroblasts and epithelial cells isolated in these studies. However, the identification of contaminating cell populations may
necessitate the use of flow sorting to further purify the desired cell populations. As an alternative to immortalization and genetic manipulation
in culture, investigators have also isolated specific cell types from transgenic mice through flow sorting and directly transplanted these cells
into mice for the study of different tissues, including the mammary gland 19, 20. This approach This approach yields physiologically relevant
primary cells, but requires isolation of cells from mice each time. However, the supply of cells and purity of cell populations are dependent on
the abundance of the cell type and on the numbers of mice available. These challenges may be overcome with transplantation of tumor cells in
mice carrying fluorescent reporter such as actin-GFP mice 21. In this system, one would be able to investigate the effects of the overall stroma
on tumor progression, but not distinguish the contribution of specific stromal cells. Each of the approaches comes with specific advantages and
disadvantages, and may be combined with the system described in this report, according to the investigators' needs. In addition, the described
system can be adapted or modified for transplantation in different genetic backgrounds, transplantation of different stromal cell types and
mammary epithelial cells at varying states of malignancy to determine how these different variables affect stromal: epithelial interactions and
subsequent tumor progression.

Disclosures

Animal experiments:

Experiments on animals were performed in accordance with the guidelines and regulations set forth by the IACUC committee at the University of
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