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Development of an ex vivo breast cancer lung colonization model 

utilizing decellularized lung matrix 
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The metastatic spread of cancer cells to distant sites represents the major cause of cancer-related deaths in breast cancer 

patients, and lungs are one of the most common sites for metastatic colonization. Developing a physiologically relevant 

tissue culture model to mimic lung colonization of breast cancer is crucial to the investigation of the biology of cancer 

metastasis and evaluation of drug treatment efficacy. Here, we described an ex vivo lung colonization assay for breast 

cancer using the native three-dimensional (3D) lung extracellular matrix. The native matrix was isolated from murine lung 

with a decellularization technique, and the preservation of extracellular matrix (ECM) composition, integrity and 

mechanical properties was confirmed. We showed that metastatic MDA-MB 231 and 4T1 cells invaded and colonized in 

the decellularized lung matrix, whereas only a small mass of non-metastatic MCF7 cells survived in the same condition. 

Furthermore, knockdown of ZEB1, an epithelial-mesenchymal transition (EMT) inducer, significantly reduced invasion and 

colonization of MDA-MB 231 cells in the decellularized lung, suggesting an important role of EMT in breast cancer 

metastasis. We conclude that the decellularized lung retains biophysical and biochemical properties of lung ECM and 

provides a powerful tool to investigate lung colonization of breast cancer.

Insight 

1. Insight: This study demonstrates metastatic breast cancer 

cells survive in the lung-specific ECM microenvironment, 

but not non-metastatic MCF7 cells, and EMT facilitates this 

process. 

2. Innovation: For the first time, we used decellularized lung 

matrix to study lung colonization of breast cancer. We 

showed that metastatic MDA-MB 231 and 4T1 cells invaded 

and colonized in the decellularized lung matrix, whereas 

only a small mass of non-metastatic MCF7 cells survived in 

the same condition.   

3. Integration: The native lung matrix isolated by 

decellularization technology has been used as the 3D 

culture substrata to investigate lung colonization of human 

breast cancer. The decellularized lung retains the 

biophysical and biochemical signals from native lung matrix 

and provides a physiologically relevant microenvironment 

to support invasion and colonization of breast cancer cells. 

Introduction 

Lungs are one of the most common sites for the metastatic 

spread of solid tumors.
1
 Breast cancer metastasis to the lung is 

a multi-step process in which malignant cells disseminate from 

the primary tumor, migrate through circulation, and eventually 

colonize in the lung—the final and the most important step in 

the lung metastatic process. Currently there is no tissue 

culture model available to mimic metastasis of breast cancer 

to lungs. Most research on lung colonization is performed in 

xenograft models,
2
 which is time consuming and cannot be 

used to monitor the dynamic process of metastasis. Therefore, 

an urgent need exists to develop a physiologically relevant 

tissue culture model to study lung colonization of breast 

cancer.  

 The ‘seed and soil’ theory suggests that some distant 

organs provide a more favorable environment (soil) than 

others for facilitating colonization of certain cancer cells 

(seeds).
3
 Microenvironmental cues at the metastatic lesion are 

crucial for cancer cell colonization and metastasis. Lung 

colonization involves dynamic and reciprocal interactions 

between cancer cells and the tissue microenvironment. One of 

the essential components of the tissue microenvironment is 

ECM.
4
 We showed previously that mammary epithelial cells 

rapidly lose their polarized acinus structure and mammary-

specific gene expression upon dissociation from primary tissue 

and placement into two-dimensional (2D) cultures, indicating 

that a 3D ECM microenvironment is required for maintaining 

tissue structure and function.
5, 6

 ECM proteins directly regulate 
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cell adhesion, migration, invasion and colonization during 

breast cancer progression.
7-9

 Fibronectin and periostin have 

been identified as important components of the metastatic 

niche to support cancer cell colonization.
10, 11

 Loss of those 

components dramatically reduced colonization of breast 

cancer cells in the lung. Therefore, mimicking ECM cues at the 

metastatic lesion is crucial for the development of a 

physiologically relevant lung colonization model. 

 The 3D culture model has been widely used to investigate 

normal mammary tissue morphogenesis and breast cancer 

progression.
12

 Collagen I or laminin-rich ECM (lrECM) gels are 

the most commonly used ECM substrata in 3D culture assay. 

However, the ECM microenvironment in vivo is much more 

complicated than collagen or lrECM gels. Using high-

throughput proteomic approaches, Dr. Hynes et al. have 

analyzed the expression profiles of ECM protein in the lung 

and colon.
13

 Hundreds of ECM and ECM-related molecules 

have been identified in these two tissues.
13

 Importantly, 59 

ECM or ECM-associated molecules were detected only in the 

lung and 22 proteins were detected only in the colon.
13

 The 

lung-specific proteins primarily belong to the following 

categories: ECM glycoprotein, ECM-affiliated, ECM regulators 

and ECM secreted factors. Some of these tissue-specific ECM 

proteins play critical roles in regulating lung physiology.
13

 

These results indicate that the composition and enrichment of 

ECM molecules are distinct from one organ to another. 

Therefore, it is important to study proliferation, invasion and 

lung colonization of breast cancer cells in the native organ 

matrix.  

 Recent progress in decellularization techniques provides 

novel approaches for isolating natural ECM. Decellularized 

tissue has been successfully utilized for organ reconstruction,
14

 

but has not been used to study tumor progression until 

recently.
15

 Native lung ECM has been isolated through the 

decellularization process, and the isolated ECM retains in vivo 

structure and composition. It has been shown that 

composition of lung ECM isolated from different species is very 

similar, thus decellularized mouse or rat lung may be utilized 

to study human lung regeneration and lung cancer 

progression.
16

  

 We developed an ex vivo breast cancer lung colonization 

model using the decellularized lung matrix. By analyzing 

invasion and colonization of breast cancer cells in this model, 

we showed that metastatic breast cancer cells invaded and 

grew in the decellularized lung matrix, while only a small mass 

of non-metastatic cells survived in the same condition. 

Moreover, silencing Zeb1, an inducer of EMT, significantly 

reduced invasion and colonization of MDA-MB 231 cells in the 

decellularized lung, confirming the critical role of EMT in lung 

metastasis. Therefore, the ex vivo lung colonization model may 

bridge the gap between traditional cell-based research and 

mouse tumor models, especially for investigating the dynamic 

process of lung metastasis of breast cancer. 

Materials and methods 

Antibodies and reagents 

shZeb1 plasmid was purchased from Sigma. The following 

antibodies were obtained as indicated: anti-Collagen IV (Santa 

Cruz); anti-fibronectin (Abcam); anti-Ki67 (Spring Bioscience); 

anti-active-caspase3 (Millipore); anti-Snail (Cell Signaling); anti-

E-cadherin (BD Biosciences); anti-N-cadherin (Millipore); anti-

Vimentin (Thermo Scientific); anti-Twist (Santa Cruz); anti-

Tubulin (Millipore). 

Cell culture and virus preparation 

MDA-MB 231-Green cells or MDA-MB 231-Luc cells were 

propagated in DMEM/F12 (Sigma) with 10% fetal bovine 

serum (Invitrogen). MCF7-Green cells or MCF7-Luc were 

propagated in DMEM (Sigma) with 10% fetal bovine serum . 

HEK293 FT cells were transfected with shRNA vector (Sigma) or 

shZeb1 plasmid plus packaging lentivector using lipofectamine 

(Invitrogen). MDA-MB 231 cells were infected with lentivirus 

and selected by puromycin 48h after infection.  

Lung decellularization and cancer cell seeding 

The process of lung decellularization was modified from 

protocols described by Andrew P. Price and Todd Jensen.
17, 18

 

Adult FVB mice were euthanized, the sternum was cut and 

trachea exposed. To inflate the lungs, a syringe filled with rinse 

solution (deionized water with 5x Pen/Srep), was attached to 

an 18-gauge tubing adapter (Becton Dickinson, City, ST) and 

the tubing adapter was inserted into the trachea; the lungs 

were inflated with rinse solution. Lungs were excised with the 

trachea and heart then placed in a sterile 6-well plate and 

incubated in rinse solution for 1 h at 4oC. Lungs were removed 

from DI solution and injected with five rinses of 3mL rinse 

solution through the trachea. Triton solution (3 mL; 0.1% 

Triton X-100 with 5 × Pen/Srep) was injected through the  

tracheal aperture and incubated for 8 h at room temperature 

to lyse cells. Lungs were removed from Triton solution and 

rinsed 5 times with rinse solution. Deoxycholate solution (3 

mL; 2% sodium deoxycholate; SDC with 1x Pen/Srep) was 

injected through the tracheal aperture and incubated 

overnight at 4oC. Lungs were removed from the deoxycholate 

solution and rinsed 5 times with rinse solution. NaCl solution 

(3 mL; 1M NaCl with 5 × Pen/Srep) was injected through the 

same hole in the trachea and incubated for 1h at room 

temperature to lyse residual nuclei. Lungs were removed from 

NaCl solution and rinsed 5 times with rinse solution. DNase 

solution (3 mL; 30 mg/mL porcine pancreatic DNase in 1.3mM 

MgSO4 and 2mM CaCl2 with 5 × Pen/Srep) was injected 

through the tracheal aperture and incubated for 1h at room 

temperature to lyse DNA. Lungs were removed from DNase 

solution and rinsed with PBS solution.  

 Decellularized lung was cut into 5 mm square cubes and 

placed in a p-HEMA coated 24-well plate. 0.2x10
6
 MDA-MB 

231 cells and MCF7 cells were seeded on the top of the 

decellularized lung cubes and incubated at 37
 o

C, 5% CO2 for 

2h to allow cells to attach. The unattached cells were 

removed, and DMEM/F12 medium (.05 mL; 1×B27, 20ng/mL 

bFGF, 20ng/mL EGF, 0.5 μg/mL hydrocortisone, 5 μg/mL 

Insulin, 100μg/mL Gentamicin) was carefully added to each 

Page 2 of 9Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

well and incubated at 37
 o

C, 5% CO2. Images were taken using 

a Nikon microscope on day 9 after seeding. Luciferase activity 

of seeded MDA-MB 231-Luc cells or MCF7-Luc cells was 

measured using in vivo imaging system (IVIS, Xenogen IVIS 50 

imaging system). 

DNA extraction 

Equal amounts of mouse native lung tissue and decellularized 

lung tissue were transferred to a clean microcentrifuge tube 

and 500 μL  extraction buffer (0.1M NaCl, 20mM Trizma Base, 

25mM EDTA, disodium and 0.5% SDS) along with 50 μL  

proteinase-K solution (10 mg/mL) were added. Tissue was 

crushed in buffer with a clean, sterile scissor until well 

dispersed and tubes were incubated at 55
o
C overnight. The 

incubation was terminated by the addition of 0.75mL Phenol: 

Chloroform: Isoamyl Alcohol (25:24:1, v/v),the solution was 

mixed and centrifuged at 12,000 rpm for 6 min. The DNA was 

precipitated and DNA concentration was determined using a 

Nanodrop 2000 Spectrophotometer (Thermo Scientific). 

Stiffness measurements 

Sample preparation: lung tissue and decellularized lung tissue 

were prepared as described in the section of Lung 

decellularization and cancer cell seeding. Prior to 

measurement, a small sample of the tissue was placed on a 

clean glass cover slip for measurement. Agarose (Promega) 

and Matrigel (Corning) samples were prepared according to 

manufacturer’s directions and stored in a high-humidity 

environment until measured—generally within a few hours of 

preparation. 

Mechanical properties of the samples were measured using an 

Agilent 550 Scanning Probe Microscope. Stiffness of the 

materials was measured by bringing an AFM tip into contact 

with the samples and measuring force-displacement curves for 

each. The displacement corresponds to the vertical movement 

of the piezo. The point of contact was estimated as the point 

of displacement where the AFM force became nonzero. 

Displacment in these measurements is the bulk translation of 

the AFM cantilever. All samples were measured in an aqueous 

environment in order to mitigate evaporation effects. AFM tips 

were 450μm long cantilever tips with 0.2 N/m nominal 

bending stiffness (Cont AL-G-10 pyramidal with 20 nm radius). 

In order to account for variability in AFM tip geometry, actual 

spring constants for each AFM tip was measured prior to use 

by evaluating the resonant frequency of the cantilever in air.  

Immunofluorescence and immunohistochemistry  

Decellularized lung cubes with breast cancer cells were fixed in 

4% paraformaldehyde (PFA), embedded in paraffin and 

sectioned. Sections were de-paraffined, hydrated from xylene, 

100% ethanol, 95% ethanol, 85% ethanol and 70% ethanol to 

PBS solution. The tissue sections were blocked with 10% goat 

serum and incubated with Collagen IV, fibronection or mouse 

IgG antibody at 4°C overnight. Cell invasion into the 

decellularized lung tissue was quantified by measuring the 

invaded depth, invaded area or number of invaded cells of 

each image. 

For immunohistochemical staining, sections were blocked 

by incubation with 3% H2O2 for 20 min. Antigen retrieval was 

accomplished by steaming in citrate sodium buffer for 30 min. 

Slides were incubated with ki67 or active-Caspase 3 antibodies 

at 4°C overnight, then the sections were incubated with goat 

anti-rabbit IgG conjugated with horseradish peroxidase at 

room temperature for 60 min. The conjunct antibody was 

detected by diaminobenzidine (DAB), and images were taken 

by Nikon microscope. The ratios of ki67 or active-Caspase 3 

positive cells to total cells observed were quantified. 

 

Quantitate RT-PCR and Western blot analysis 

Total RNA was extracted from cells using Trizol reagent 

(Invitrogen). cDNA was synthesized using SuperScript First 

Strand Synthesis kit (Invitrogen) from 1.0 μg RNA samples. 

cDNA synthesis was performed with SuperScript III First-Strand 

Synthesis System according to the manufacturer’s instructions. 

Quantitative RT-PCR reactions were carried out using SYBR 

Green PCR master mix reagents (Thermo Scientific) on an ABI 

7500 Fast Real-Time PCR System (Applied Biosystems, USA). 

Thermal cycling was conducted at 95°C for 30 s, followed by 40 

cycles of amplification at 95°C for 5 s, 55°C for 30 s and 72°C 

for 15 s. The following primers were used to amplify Zeb1: 5′- 

TGTGACGCAGTCTGGGTGTAAT-3′ and 5′- 

TCGCCCATTCACAGGTATCAAG-3′; 18S rRNA: 5′-

ACCTGGTTGATCCTGCCAGT-3′ AND 5′-

CTGACCGGGTTGGTTTTGAT-3′.  

Cells grown on plastic were lysed in situ in 2% SDS in PBS 

buffer containing phosphatase and protease inhibitor cocktails 

(Calbiochem). Equal amount of protein lysates were subjected 

to SDS gel electrophoresis, immunoblotted and detected with 

an ECL system (Pierce). 

Statistical analysis 

Experiments were repeated at least twice. Results were 

reported as mean ± S.E.M. and the significance of difference 

was assessed by independent Student’s t-test. P < 0.05 

represented statistical significance and P < 0.01 represented 

statistical significance. 

Live subject statement 

All the animal experiments have been approved by the the 

Division of Laboratory Animal Resources (IACUC) at the 

University of Kentucky (2011-0862). All procedures were 

performed within the guidelines of the IACUC. No human 

subject was used in this study. 

Results and discussion 

The whole organ decellularization technique has been developed to 

isolate the native ECM scaffold.
14

 Using this technique, we 

generated decellularized lung and examined its biochemical and 

biophysical properties (Figure 1A, B). The lung-heart block was 

harvested from adult Balb/c mice, and lung epithelial and stromal 

cells were removed using the detergent Triton-100 and SDC. 
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Hematoxylin and eosin staining showed that alveolar structure was 

retained in the decellularized lung, but all epithelial and stromal 

cells were removed (Figure 1C). The DNA concentration of the 

decellularized lung was less than 10% of the native lung (Figure 2A). 

It has been shown that DNA concentration of decellularized lung 

was reduced to 5% of native lung tissue of rat.
19

  
Immunofluorescence staining with Collagen IV and fibronectin 

showed intact ECM networks for the airway and alveoli (Figure 2B). 

These results indicate that most cellular components are removed 

in the decellularized lung. To examine the biomechanical 

properties, the stiffness of the decellularized and native lung was 

measured using atomic force microscopy (AFM). The structural 

heterogeneity of the native and decellularized lung tissues resulted 

in some location-dependent variability of force-displacement 

measurements. Other researchers who have thoroughly studied the 

mechanics of decellularized lung tissue have noted similar 

variability and observed similar force-displacement curves.
20

 We 

found that decellularized lung has a similar force-displacement 

curve to that of native lung, with the native lung being slightly 

stiffer. Also, of the materials measured—Matrigel, decellularized 

lung, and several concentrations of agarose—the decellularized 

lung was the most mechanically similar to native lung tissue. All 

concentrations of agarose tested were stiffer than the native tissue, 

while Matrigel was more compliant than either native or 

decellularized lung tissue (Figure 2C). These results indicate that the 

decellularization process removed the cellular compartment 

without significant changes to the ECM structure and biomechanical 

properties.  

To determine whether decellularized lung matrix retains the 

functionality of the lung ECM microenvironment and supports the 

colonization of breast cancer cells, we compared colonization of 

metastatic breast cancer cell line MDA-MB 231 and non-metastatic 

MCF-7 cells in decellularized lung. Specifically, decellularized lung 

tissue was cut into small pieces and plated in non-attached 24 well 

plates. Luciferase- or GFP-labeled MCF-7 and MDA-MB 231 cells 

were incubated with the decellularized lung matrix and cultured for 

9 days; adhesion, growth and invasion of the cancer cells were 

monitored by bioluminescence analysis and fluorescence 

microscope. Equal amounts of Luciferase- or GFP-labeled MCF-7 

and MDA-MB 231 cells were incubated with the decellularized lung 

tissue blocks. After 24 hours, MCF-7 and MDA-MB 231 cells were 

both able to adhere to the lung matrix, but the number of MCF7 

cells attached on the decellularized lung was less than that of MDA-

MB 231 cells. The growth curve, assessed by luciferase activity and 

GFP signal, showed that MDA-MB 231 cells kept growing over the 

next 8 days (Figure 3A, B). Similar results were obtained with the 

metastatic cancer cell line 4T1 (Supplemental Figure 1). However, 

little change in the number of MCF-7 cells placed on decellularized 

lung matrix was observed (Figure 3A, B). To assess invasion of the 

cancer cells into the decellularized lung, the lung matrix was fixed, 

sectioned and examined by fluorescence microscopy. We found 

that a significant number of MDA-MB 231 cells invaded the lung 

matrix (Figure 3C, D, E). Only a few MCF-7 cells survived at the 

surface of the decellularized lung, and the number of invading cells 

and invasion distance was much less compared to MDA-MB 231 

cells (Figure 3C, D, E).  

To understand why MCF-7 cells failed to grow in the 

decellularized lung matrix, we compared proliferation and 

apoptosis for MDA-MB 231 and MCF-7 cells. The decellularized lung 

tissues with MDA-MB 231 or MCF-7 cells were fixed and paraffin 

embedded at days 3, 6 and 9 after seeding. Ki67 staining showed 

that both MDA-MB 231 and MCF-7 cells were proliferative in the 

decellularized lung matrix, although the ratio of Ki67 positive cells 

was slightly lower in MCF-7 compared to MDA-MB 231 cells (Figure 

4A, C). Cell proliferation was active before day 6 in the 

decellularized lung and was reduced on day 9. These results suggest 

that the failure of MCF7 cells to colonize in the lung matrix is not 

due to growth arrest. Cell apoptosis of MDA-MB 231 and MCF7 cells 

in the decellularized lung was assessed by active caspase 3 staining. 

We found the ratio of apoptotic cells was much higher for MCF-7 

than for MDA-MB 231 cells at days 3 and 6 (Figure 4B, D). These 

results suggest that the lung ECM microenvironment contains 

components that induce apoptosis in MCF-7 cells, which may 

suppress the colonization of the non-metastatic breast cancer cells.  

The MDA-MB 231 and 4T1 cell lines are highly metastatic and 

invasive.
2
 These cells usually colonize in lung after tail vein injection 

in immune deficient mice. MCF-7 is a low-invasive and non-

metastatic breast cancer cell line.
21

 The results obtained from the 

decellularized lung matrix are consistent with in vivo phenotypes of 

MDA-MB 231 and MCF-7 cells with respect to lung metastasis, 

suggesting that the decellularized lung matrix retains native ECM 

functionality and is a useful tool to investigate proliferation, 

invasion and colonization of breast cancer cells in lung.  

The epithelial-mesenchymal transition (EMT) is a process 

characterized by loss of epithelial characteristics and acquisition of 

a mesenchymal phenotype.
22

 EMT is considered a driving force of 

breast cancer progression and promotes metastasis by enhancing 

invasion and colonization.
23, 24

 Zinc-finger E-box binding homeobox 

1 (ZEB1) is an EMT inducer in human breast cancer, and suppresses 

expression of E-cadherin and basement membrane components.
25

 

Expression of ZEB1 promotes metastasis of tumor cells in a mouse 

xenograft model.
26

 MDA-MB 231 cells possess relatively high levels 

of ZEB1 and display some components of the EMT phenotype.
27

 To 

determine whether EMT promotes colonization of MDA-MB 231 

cells in the lung matrix, ZEB1 expression was knocked down by 

shRNA in MDA-MB 231 cells. Quantitative RT-PCR results showed 

that ZEB1 mRNA level was significantly reduced in shZEB1-

expressing cells (Figure 5A). Immunoblotting results confirmed that 

expression of EMT markers was reduced in ZEB1-silenced cells 

(Figure 5B).  Control and ZEB1-silenced cells were incubated with 

the lung matrix. We found that silencing ZEB1 had little effect on 

adhesion of MDA-MB 231 cells on the lung matrix (Figure 5C, D). 

However, by days 6 and 9, invasion and colonization was 

significantly reduced in ZEB1-silenced cells compared to control 

MDA-MB 231 cells (Figure 5E, F), confirming that the EMT process is 

important for invasion and colonization of breast cancer cells into 

the lung matrix.  

Biophysical and biochemical cues from the ECM 

microenvironment play important roles in proliferation and invasion 

of breast cancer cells. For instance, degradation of lung basement 

membrane is required for cancer cell invasion in situ. The traditional 

Transwell invasion assay has been widely used to study cancer cell 

invasion; however, Matrigel, which is used in this assay, does not 
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have a relevant basement membrane structure and integrity 

despite a composition of major  basement membrane proteins.
28

 It 

has been shown that decellularization has little effect on the 

integrity of basement membranes of airways, alveoli and capillary 

networks in the lung.
16

 In addition, we found that factors in the 

decellularized lung matrix induced apoptosis in the non-metastatic 

MCF-7 cells. These results suggest that the decellularized lung 

retains the biophysical and biochemical signals from native lung 

matrix and provide a physiologically relevant microenvironment to 

support invasion and colonization of breast cancer cells. 

Colonization of breast cancer cells in lung is regulated by 

cellular components in lung tissue. It has been shown 

microvasculature of the lung induce dormancy of metastatic breast 

cancer cells,
29

 while lung fibroblasts may enhance proliferation of 

breast cancer cells.
30

 Therefore, it is important to incorporate these 

components in the ex vivo lung colonization model to better mimic 

microenvironmental cues at the metastatic lesion. Breast cancer 

cells also interact directly or indirectly with lung epithelial cells. 

Function of the lung epithelial cells in breast cancer metastasis 

remains unclear, and the decellularized lung matrix may provide a 

powerful tool to study the crosstalk between the lung epithelial 

cells and metastatic breast cancer cells.  

Conclusions 

We have developed an ex vivo lung colonization model of 

breast cancer using decellularized lung matrix. Utilizing this 

model, we have examined colonization of breast cancer cells 

with different metastatic potential in lung ECM, and confirmed 

the crucial function of EMT in breast cancer lung colonization. 

This physiologically relevant tissue culture model mimics 

invasion and colonization of breast cancer cells in lung tissue 

and provides a powerful tool to investigate the disease and is a 

potential platform for evaluating drug treatment against 

breast cancer metastasis.  
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Figure 1. Decellularization procedure removes the cellular compartment in the lung. (A) A schematic showing the procedure of 

decellularization. (B) Images of mouse lungs before and after decellularization process. (C) Hematoxylin and eosin staining of native 

mouse lung and decellularized mouse lung demonstrate that cellular compartments were removed by the decellularization 

procedure. Scale bar: 100 µm. 

 

 

 
Figure 2. The composition and stiffness are retained in the decellularized lung. (A) Immunofluorescence images of native and 

decellularized mouse lung tissue sections. Sections were stained with DAPI (blue) and ECM proteins antibodies: collagen IV (col IV, 

green) and Fibronectin (FN, green). Cell nuclei were not detected in decellularized lung tissue section. ECM proteins collagen IV and 

Fibronectin were not affected by decellularization process. Scale bar: 100 µm.  (B) DNA concentration of native and decellularized 

mouse lung. DNA concentration of decellularized lung tissue was significantly reduced compared with native lung tissue; n=3. *, 

p<0.05. (C) Stiffness of lung tissue, decellularized lung, Matrigel, and agarose gel as measured by AFM. The decellularized lung was 

slightly softer than the native lung but stiffer than Matrigel.    
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Figure 3. Metastatic MDA-MB 231 cells grow and invade in the decellularized lung matrix. (A) IVIS Images showed the 

growth of MDA-MB 231-Luc cells and MCF7-Luc cells in decellularized lung tissue on Day 6. (B) Quantification of the IVIS results showed the 

number of MDA-MB 231-Luc cells and MCF7-Luc cells on Day 3, Day 6 and Day 9; n=4. *, p<0.05 (C) Upper panel: Fluorescence images 

showed the growth of GFP-labeled MDA-MB 231 and MCF7 cells in decellularized lung on Day 9. Bottom panel: IF staining of ColIV (red) 

and DAPI (Blue) staining on sections of decellularized tissue cultured with MDA-MB 231-Green cells and MCF7-Green cells. Scale bar: 200 

µm. (D, E) Bar graphs of the invaded depth (D) and number (E) of MDA-MB 231-Green cells and MCF7-Green cells in the decellularized lung 

tissue;  n=5. **, p<0.01. 

 

 
 

Figure 4. Analysis of cell proliferation and apoptosis in decellularized lung tissue. (A) IHC images showed Ki67 positive of MDA-MB 231-

Green cells and MCF7-Green cells in decellularized lung matrix on Day3, Day6 and Day9. (B) Active-Caspase3 in MDA-MB 231-Green 
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cells and MCF7-Green cells were analyzed by IHC on Day 3, Day 6 and Day 9. (C) Quantification of Ki67 staining results showed that 

MDA-MB 231 and MCF7 cells were proliferative in the decellularized lung. The total cell numbers were quantified by hematoxylin 

staining; n=4; **, p<0.01. (D) Quantification of active-Caspase3 staining showed that apoptosis was induced in MCF7-Green cells in 

decellularized lung matrix. The total cell numbers was quantified by hematoxylin staining; n=4; **, p<0.01. 

 

 

 
Figure 5. Knockdown of Zeb1 in MDA-MB 231 cells inhibits colonization of MDA-MB 231 cells in decellularized lung tissue. (A) Quantitate 

RT-PCR showed knockdown efficiency of Zeb1 shRNA in MDA-MB 231-Luc cells. (B) Western blot results showed the expression of 

EMT markers in control and Zeb1-silenced MDA-MB 231-Luc cells.  (C) IVIS Images showed the growth of control or Zeb1-silenced 

MDA-MB 231-Luc cells in decellularized lung tissue on Day 3, Day 6, and Day 9. (D) Quantification of the IVIS images showed the 

number of control or Zeb1-silenced MDA-MB 231-Luc cells on Day 3, Day 6 and Day 9; n=4. (E) Immunofluorescence staining showed 

invasion of control or Zeb1-silenced MDA-MB 231-Luc cells in decellularized lung matrix. Blue: DAPI, red: collagen IV. (F) Bar graph 

showed the invaded depth and number of control or Zeb1-silenced MDA-MB 231-luc cells in the decellularized lung tissue; n=5; **, 

p<0.01. 
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