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Abstract

The tumor microenvironment plays an important role in regulating cell growth and metastasis.

Recently, we developed an ex vivo lung cancer model (4D) that forms perfusable tumor nodules

on a lung matrix that mimics human lung cancer histopathology and protease secretion pattern.

We compared the gene expression profile (Human OneArray v5 chip) of A549 cells, a human lung

cancer cell line, grown in a petri dish (2D), and of the same cells grown in the matrix of our ex

vivo model (4D). Furthermore, we obtained gene expression data of A549 cells grown in a petri

dish (2D) and matrigel (3D) from a previous study and compared the 3D expression profile with

that of 4D. Expression array analysis showed 2,954 genes differentially expressed between 2D and

4D. Gene ontology (GO) analysis showed upregulation of several genes associated with

extracellular matrix, polarity, and cell fate and development. Moreover, expression array analysis

of 2D versus 3D showed 1006 genes that were most differentially expressed, with only 36 genes

(4%) having similar expression patterns as observed between 2D and 4D. Finally, the differential

gene expression signature of 4D cells (versus 2D) correlated significantly with poor survival in

patients with lung cancer (n = 1,492), while the expression signature of 3D versus 2D correlated

with better survival in lung cancer patients with lung cancer. Since patients with larger tumors

have a worse rate of survival, the ex vivo 4D model may be a good mimic of natural progression of

tumor growth in lung cancer patients.
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Introduction

The overall five-year survival rate for patients diagnosed with lung cancer in 2007 was

16%1. Because most patients with lung cancer present with distant disease and there are few

successful treatments for patients with distant disease, overall survival is poor. For patients

who would benefit from surgical resection of lung cancer, the major factor that contributes

to a patient's survival is the pathologic stage at the time of the resection. For patients with

non-small cell lung cancer, TNM staging system is used 2. The T, or tumor stage, is

determined by the size, location, and degree of local invasion of the primary tumor. A higher

T stage is correlated with greater metastatic disease to the lymph nodes and distant organs

and leads to overall poor survival.

Recently, we have developed an ex vivo lung cancer 4D model (previously described as an

ex vivo 3D model) that has been shown to produce growing perfusable lung nodules 3 that

mimic the tumor growth or T stage of lung cancer in patients. Similar to the human

condition, it allows formation of tumor nodules on a lung matrix from a collection of single

tumor cells, which grow over time. The 4D model uses a natural matrix, which maintains its

homology between species 4 and allows tumor cells from different species to grow in the

model. However, the most important aspect of the 4D model is that it has an additional

dimension of “continuous flow” in addition to allowing the tumor cells to grow in 3D space.

It allows the tumor cells to grow with a constant continuous flow of media through the

vascular space, which is separated from the epithelial space by a basement membrane 5. This

aspect overcomes the limitations of other 3D models and allows for a more dynamic study

of lung cancer growth. When we compared the growth of tumor cells growing in the 4D

model to the petri dish (2D), we discovered significant differences in proliferation rates, cell

death rates, and matrix metalloproteinase production 6. Moreover, the human lung cancer

cells grown in the 4D model produced matrix metalloproteinases that are found in human

lung cancer patients, not found from 2D culture 6.

The 4D model may be a better mimic of lung cancer growth than the 2D culture system, but

it is unknown if the 4D model is a better mimic of the natural history of lung cancer growth

in patients. In this study, we determined the differential gene expression profile between 2D

and 4D as well as the differential gene expression profile from 2D and 3D of the A549 lung

cancer cell line. We then determined the correlation between the differential gene expression

profile and survival in patients with lung cancer. We demonstrated that the differential gene

expression profile from the 4D model is correlated with poor survival in lung cancer

patients, while the 3D model is correlated with better survival.

Materials and Methods

Animal Handling and Cell Lines

The protocols for animal experiments were approved by the Institutional Animal Care and

Use Committee at the Methodist Hospital Research Institute (AUP-0910-0018). All the

animal experiments were carried out in accordance with all applicable laws, regulations,

guidelines, and policies governing the use of laboratory animals in research.
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We used the human alveolar basal epithelial adenocarcinoma cell line A549, which was

obtained from American Type Culture Collection (Manassas, VA, USA). The cells were

grown in complete media made from RPMI 1640 medium (Hyclone, South Logan, UT,

USA) supplemented with 10% fetal bovine serum (Lonza, Walkersville, MD, USA) and

antibiotics (100 IU/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin;

MP Biomedicals, Solon, OH, USA) at 37°C in 5% CO2. Once cells were 85% confluent,

they were washed with phosphate buffered saline (PBS) and subjected to trypsinization

using 0.25% trypsin (Cellgro, Manassas, VA, USA) to collect the cells from the flasks. The

cells were washed with media and finally suspended in 50 mL of complete media.

4D Model

We created the 4D model (previously described as ex vivo 3D model) as previously

described 3. Briefly, we used decellularized lung matrices from 6-week-old rats using 0.1%

Sodium Dodecyl Sulfate and 1% Triton-X100. The acellular matrices were thoroughly

washed with PBS supplemented with antibiotics (100 IU/mL penicillin, 100 μg/mL

streptomycin, and 0.25 μg/mL amphotericin; MP Biomedicals, Solon, OH, USA). Next, we

cannulated the trachea and placed 25 million A549 cells diluted in 50 ml of complete media

through the trachea of the 4D model (n = 3). We collected the cells with media that

passively came out of the model into a 500-mL container, we passed the media again

through the trachea three times, and we incubated it at 37°C for 2 hours to allow for cell

attachment. We then counted the cells in the container and determined the percentage of

tumor cells that were seeded on the 4D model. We placed an additional 200 mL of complete

media in the bioreactor previously described 3, and allowed the media to go through the

pump at 6 ml per minute and then through the oxygenator and the pulmonary artery of the

acellular lung matrix. The 6 ml per minute was used in the experiment since it provides

perfusion pressure of 10-15 mm Hg7. This is in the range of mean pulmonary artery pressure

in healthy humans of 14 ± 3.3 mm Hg8. Media in the bioreactor was replaced with fresh

media every day for 15 days. After 15 days, we removed the tissue of the 4D lung model.

We took a picture of the nodule and performed hematoxylin and eosin staining (H&E) as

previously described 3 and stored in RNAzol for RNA extraction.

Immunohistochemistry (IHC)

Immunohistochemistry was performed in the Pathology Core Laboratory at The Methodist

Hospital Research Institute as described previously6, 9. Briefly, for immunohistochemical

analysis, slides were incubated with the primary antibodies overnight at 4°C (E-cadherin

(Invitrogen, Camarillo, CA, USA) and CK7 (DAKO, Carpinteria, CA, USA)). Slides were

washed thrice with Tris-Buffered NaCl Solution with Tween 20 (Dako), followed by

incubation with the secondary antibody linked with horseradish peroxidase (Vector

Laboratories, Burlingame, CA, USA) for 20 minutes. Slides were washed again and DAB

(Dako) was used to develop the color for 5 minutes, followed by rinsing in distilled water. A

counterstain of modified Mayer's Hematoxylin (Dako) was used for 20 seconds, and then the

slides were rinsed sequentially with distilled water, 95% alcohol, 100% alcohol, and xylene.

A permanent coverslip was mounted on the slide. Stained slides were examined by expert,
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board-certified pathologists, and images were captured using a microscope (Olympus,

Center Valley, PA, USA).

2D Culture

We placed 25 million A549 cells in a 525-cm2 cell culture flask (BD) with 200 ml of

complete media (n=3). We took a picture of the cell growing in the culture flask. We

replaced the same amount of fresh media every day as media for the 4D model. After 15

days, the cells were trypsinized and fraction of pellet stored in RNAzol for RNA extraction

and rest for protein analysis.

RNA Extraction and Quantification

Total RNA was extracted from monolayer cell cultures as well as recellularized lung matrix

with Isol-RNA Lysis reagent (5 PRIME, Gaithersburg, MD, USA), followed by a SurePrep

RNA cleanup and concentration kit (Fisher Scientific, Pittsburgh, PA, USA). RNA was

treated with Ambion DNA-free kit (Applied Biosystems, Carlsbad, CA, USA) as per the

manufacturer's instructions. RNA quality and quantity was determined using Nanodrop 1000

spectrophotometer (Thermo Scientific, Waltham, MA, USA). Approximately 2 to 10 μg of

RNA was overnight shipped to Phalanx Biotech service center, Belmont, California, for

expression array. It was further processed for a quality check using Agilent RNA 6000 Nano

assay to determine RIN score. RNA Samples with RIN score above 7 were used for further

assay.

Expression Array of 2D vs 4D

The human genome expression array was carried out at the Phalanx Biotech Service Center

(Belmont, CA, USA) using Human OneArray v5 chip (version HOA 6.1). The cDNA

microarray consisted of 32,678 oligonucleotide probes, representing 19,118 unique, named

human genes. Each group consisted of biological triplicate samples, each of which was

processed in triplicate. Per the manufacturer's instructions, the target RNA was labeled with

Cye5 dye and an OneArray slide is pre-hybridized to reduce the background signals and

increase the performance of the microarray. Ten μg of dye-labeled RNA was further

hybridized with an OneArray slide in a humidified oven with 2X SSPE buffer at 50°C for 14

to 16 hours. Following hybridization, microarray slides were washed and dried. Finally, the

slides were scanned using Axon GenePix 4100 (Molecular Devices, CA, USA) at

wavelengths 635 to 532 nm. The filtered data were log2 transformed and corrected using

quantile normalization before their average ratios and significance values were calculated.

Quantitative PCR Validation

cDNA was prepared using a high-capacity cDNA Reverse Transcription kit (Applied

Biosystems, NY, USA) with 200 ng of total RNA and real-time PCR assay was performed

with SYBR green reagent (Applied Biosystems, NY, USA). We have used the published

18S rRNA as a housekeeping gene 10 and primers were designed for other target genes –

COL4A1 (forward primer (F) 5′ GGCTCAAAGGTGACAAAGGA 3′, reverse primer (R) 5′

AGCAGGACCATATCCTG GAG 3′; 221 base pair (bp)), SOX2 (F 5′

AACCCCAAGATGCACAACTC 3′, R 5′ CGGGGCCGGTATTTATAATC 3′; 152 bp), E-
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cadherin (CDH1; F 5′ CTGGGTTATTCCTCCCATCA 3′, R 5′

GTGTATGTGGCAATGCGTTC 3′; 222 bp), N-cadherin (CDH2; F 5′

GTCAGCTGTCGGTGACAAAG 3′, R 5′ TGATCCCTCAGGAACTGTCC 3′; 191 bp),

VIM (F 5′ GCAGGCTCAGATTCA GGAAC 3′; R 5′ GTGAGGGACTGCACCTGTCT 3′ ;

246 bp)11 and IL6 (F 5′ GGTCAGAAACCTGTCCACTG 3′; R 5′

CAAGAAATGATCTGGCT CTG 3′; 257 bp)12. A relative fold of gene expression was

calculated using 2-(ΔΔCt) formula.

Western Analysis

Cells from monolayer culture and matrix tissues were homogenized on ice in a RIPA buffer

(0.15 M NaCl, 1% deoxycholate sodium salt, 1% Triton X-100, 0.1% SDS, and 0.01 M Tris-

HCl (pH 7.2)) containing complete protease inhibitor (Roche, Indianapolis, IN, USA). The

cell lysate was centrifuged at 14,000 g for 15 min at 4°C and supernatant was collected for

further analysis. Bio-Rad protein assay reagents were used to determine the protein

concentration. Fifty μg of protein sample was mixed with sample buffer and separated on

pre-set 4%-15% SDS-PAGE gels (Bio-Rad Life Science, Hercules, CA, USA) and

transferred to nitrocellulose membrane (Bio-Rad, CA, USA) using semi-dry blotting system

(Bio-Rad, CA, USA). Nitrocellulose membrane was blocked in 5% milk (Bio-Rad, CA,

USA) for 1 hour at room temperature and incubated with primary antibodies against β-actin

(1:1000), (1:500), (1:500), and Vimentin (VIM, 1:300) overnight at 4°C. The membrane was

washed and incubated for 30 min at room temperature in a 1:2000 dilution of HRP-

conjugated anti-mouse secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA).

The membrane was developed using the Lumi-Light Western blotting kit (Roche) that

contains the chemiluminescent HR substrate, and exposed to X-ray film (Phenix Research

Products, Candler, NC, USA). Furthermore, the band intensities were quantified using

ImageJ 1.46r software (National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

Gene array data were processed and quantile normalized using Bioconductor. Array data

have been deposited into the Gene Expression Omnibus (GEO GSE45142). Technical

replicates were averaged together, and two-sided t-test and fold change (using log-

transformed data) were used to compare gene expression between the 4D model and 2D cell

cultures of the A549 lung cancer cell. Top genes were selected with < 0.5-fold or > 2-fold

change at p-value less than 0.01. We used the method of Storey et al. 13 to estimate the false

discovery rate from multiple hypothesis testing; of the ∼32,000 array probes in the entire

dataset, 6,894 were nominally significant, with nominal p < 0.01 (no fold criteria), which

yielded a false discovery rate of < 5%, indicating that the vast majority of changes would not

be due to chance expected. Gene ontology analysis was performed using SigTerms 14

(Supplemental data file 1). JavaTreeview was used to visualize the expression patterns as

heat maps 15. We also compared the gene expression between matrigel (3D) model and petri

dish (2D) cell culture, using data obtained from GEO (Accession number GSE17347)16.

In order to examine the 4D and 3D gene signatures in human lung tumors, we assembled a

“compendium” dataset of 11 published expression profiling datasets for human lung

adenocarcinomas (n = 1,492 tumors), for which survival data (time to death) were
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available 17-27. Genes within each dataset were first normalized to standard deviations from

the median; where multiple human array probe sets referenced the same gene, the probe set

with the highest variation was used to represent the gene. In order to score each human lung

tumor within the compendium dataset, for similarity to an experimentally derived gene

signature of interest, we derived a “t-score” metric for each human tumor in relation to the

experimental signature, similar to what we have done in previous analyses 28, 29; briefly, the

t-score was defined for each external profile as the two-sided t-statistic comparing, within

the profile, the average of the genes high in the signature with the average of the genes low

in the signature. The significance of survival associations identified (using univariate Cox

and log-rank tests) were further verified using simulations involving 1000 random gene

signatures; for the 4D signature, no random signature had a univariate Cox significance level

that exceeded that of the actual signature.

Standard t-test was performed to determine the difference between the relative expression of

RT-PCR and relative intensity of Western blot analysis with p-value < 0.05 was considered

significant.

Results

2D vs 4D

There was no formation of nodules in the 2D model (Fig 1A). In the 4D model, 97% (±1.9)

of the A549 cells were seeded on the acellular scaffold. It formed a nodule on day 2 and the

nodule grew over time on the 4D model (Fig 1B). The H&E of the nodule showed cell-cell

and cell-matrix interaction on high power (Fig 1C) confirmed by cytokeratin (CK)-7 (Fig

1D) and E-cadherin (Fig 1E) immunohistochemistry staining.

Gene Expression between 2D vs 4D

We compared the genome wide gene expression of growing A549 cells between our 4D

model and monolayer 2D cultures, and found 2,954 genes probes significantly expressed

with 2,174 unique genes. Out of the 2,954 gene probes, 1,194 gene probes were up-regulated

and 1,760 gene probes were down-regulated in the 4D cultures (The Methodist Hospital

Research Institute (TMHRI) dataset) (Fig 2). The global gene expression differences

between 2D and 4D were therefore widespread, far exceeding chance expected (see

Methods).

Gene Ontology

Further gene ontology analysis of up-regulated genes in the 4D model showed that most of

the genes belong to cell-matrix interaction (collagen type IV, collagen type V, and collagen

fibril organization), cell-cell interaction (synapse assembly, actin binding, actomyosin

structure organization, sarcomere, actin filament, actin cytoskeleton, and cell junction),

polarity (positive regulation of the Wnt receptor signaling pathway, proximal/distal pattern

formation, Notch binding, positive regulation of the Notch signaling pathway, basolateral

plasma membrane, and apicolateral plasma membrane), migration (ectoderm and mesoderm

interaction, positive regulation of filopodium assembly, and cell projection), tissue

formation (organ regeneration, prostatic bud formation, and tissue regeneration) (Table 1).
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Most of the genes down-regulated in the 4D model belong to immune regulation (innate

immune response, positive regulation of NF-κB transcription factor activity, positive

regulation of chemokine production, immune response and complement activation, classic

pathway) (Table 1).

Validation of Microarray Data by RT-PCR

The microarray data of gene expression between 2D and 4D was validated by RT-PCR for

selected genes: collagen type IV alpha 1 (COL4A1), SRY (sex determining region Y)-box 2

(SOX2), interleukin 6 (IL6), CDH1, CDH2 and vimentin (VIM). We found that there were

significantly higher levels of SOX2 (p < 0.001), COL4A1 (p = 0.008), CDH2 (p = 0.003),

VIM (p = 0.03) in the 4D compared to 2D. Moreover, we found that there were significantly

lower levels of IL6 (p = 0.002) and CDH1 (p = 0.02) (Fig 3). All of the genes validated the

gene expression found between 2D and 4D. Both CDH1 and VIM had a similar pattern of

expression in both gene expression array and RT-PCR, however, there was no significant

difference in the gene expression analysis, while there was significant difference in RT-PCR

due to the difference in the cutoff for significance of gene expression array of p < 0.01,

while for the RT-PCR, we used p < 0.05.

Validation of Microarray Data by Western Blot Analysis

We performed Western Blot analysis on CDH1, CDH2, and VIM. We found that there was a

good correlation between the protein level and the gene expression data except for that in

CDH1 (Fig 4). Both CDH2 (p = 0.03) and VIM (p = 0.01) were significantly higher in the

4D model than in the 2D model. There was no significant difference in the CDH1 level

between the 2D and 4D models due to one of the three samples in the 4D model having a

higher expression of CDH1. That sample also had a significantly higher level of CDH2; thus

we analyzed the CDH2 to CDH1 ratio, which showed trend toward significance (p = 0.06)

between the 4D and 2D models.

Comparison between the Differential Expression Patterns of 3D versus 4D

Interestingly, the genes we identified as differentially expressed in our ex vivo 4D model,

overall, did not show corresponding changes in a 3D matrigel model, based on analysis of

public gene array data (Fig 2). For comparison with our data, we obtained gene expression

data of A549 cells grown on petri dish (2D) and matrigel (3D) from a previous study by

Zschenker et al. 16 (referred to here as the “Dresden” dataset). In this Dresden dataset, we

identified 1006 top differential genes by our criteria (p < 0.01 with fold change > 2 in either

direction); of these genes, 536 were up-regulated and 473 were down-regulated in the 3D

versus 2D A549 cells (three genes being represented in both sets by different probes).

However, among the Dresden 1006 unique genes, only 36 genes had similar expression

patterns as the genes that were differentially expressed between 4D and 2D in our system

(i.e. 36 Dresden genes were found within our top 4D genes, and were moving in an

analogous direction). There were 10 genes that were up-regulated in both (GALNT5,

COL4A6, EIF5, EPHA7, GRIK2, C13orfl5, MED31, ABCC8, KIAA1841, DOCK4) and 26

genes that were down-regulated in both (EDIL3, DHRS9, TRIOBP, ANXA10, CCDC85A,

ANKRD22, LETM2, SGMS2, EMR1, AIM1, CLN8, FBN2, NID2, SYT11, HLX, AOX1,
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KCNS3, NOS1, PLAT, PMCH, XAF1, PAQR5, SNCA, WNT7B, CSDA, B3GALNT1,

Supplement File 2). In fact, for the genes up-regulated in 4D in our data, many of these were

down-regulated in the 3D cells in the Dresden data and vice versa (Fig 2).

Survival

As the influence of the tumor microenvironment is thought to be a factor in tumor

metastasis, we posited that our 4D transcriptomic signature would have prognostic value in

patients, i.e. those human cancers that manifested a transcriptional program associated with

microenvironment response would have a more aggressive phenotype. To investigate this

question, we collected 11 independent cohorts of lung adenocarcinoma patients for which

both gene expression and clinical outcome data were publically available 17-27. These tumor

profiles (n = 1,492) were scored, based on the manifestation of our 4D gene signature

(consisting of 2,174 unique human genes). We observed a significant correlation between

the 4D signature and reduced survival duration, which reached significance in six of the

individual cohorts and as a “compendium” of all 11 cohorts (Fig 5A, Log-rank p = 1.5E-7).

Somewhat surprisingly, using the same analytical approach, the Dresden 3D signature

(consisting of the top 1006 genes, p = 0.01, fold > 2) was significantly associated with better

survival in the same compendium dataset (Fig 5B, Log-rank p = 1.7E-9), likely owing in

part to the lack of overall concordance observed between the two signatures (Fig 2).

Discussion

Context plays an important role in cell behavior and function. A cell grown on a petri dish

often grows in a 2D space with some cell-cell and cell-plastic interaction. This environment

is very different from the environment of a tumor cell growing in a patient. This large

discrepancy has recently been bridged with 3D culture systems 30, 31, which have grown the

tumor cells in a natural and artificial matrix. The study of the tumor cells in this context

have shown the importance of cell-matrix and cell-cell interaction in tumor growth and

studies suggest that this is a better mimic of the natural condition than the cells grown on a

petri dish. The major drawback of the 3D system is that it lacks vasculature. The tumors are

grown in a matrix that is similar to the tumor growth in patients with lung cancer but it is

different from the human condition due to the lack of flow of nutrients and removal of waste

through the system. Recently, we developed a 4D model that had an additional dimension of

flow to the 3D system 3, which is a better mimic of the natural condition than the cell

growth on a 2D system.

The advantage of the 4D model is that it allows the tumor cells to form a perfusable nodule

that grows over time. This phenotype is typically seen in patients with lung cancer. When a

patient's lung cancer is observed over time, it grows in size. The size of the tumor has an

important implication in the prognosis of the patient, since it is directly related to the

metastatic lesions to the lymph nodes and other organs. The patients with small primary lung

cancer rarely have metastatic lesions, while patients with large primary lung cancer often

have metastatic disease. This may explain the reason for the differential expression between

the 4D and 2D models, which compare a gene expression of a group of single cells (2D) to a

large perfusable nodule (4D), correlates to poor survival.
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When we analyzed the genes that were differentially expressed, we found the genes that

were important in processing the extracellular matrix, such as matrix metalloproteinases as

well as the production of different collagens, polarity and cell fate, and development. The

most likely reason for the differential gene expression predicting poor survival is that the 4D

culture may have more cells with mesenchymal features than the 2D culture. The analysis

shows more up-regulation of the CDH2 and VIM in the 4D culture than the 2D culture.

Since the hypothesis of tumor growth and metastasis is that as tumors form nodules, some

cells break cell-cell and cell-matrix interaction and enter the circulation, going from an

epithelial cell to a mesenchymal cell 32. The tumor cell in the mesenchymal phase moves in

the lymphatic or vascular circulation and then enters the distant lymph node or organ and

forms a metastatic disease. Thus, the 4D model may allow for tumor cells to undergo

epithelial to mesenchymal transition.

The formation of this sub-population of cells that are undergoing epithelial to mesenchymal

transition may explain the presence of contradictory markers in the 4D model. The GO

analysis shows the presence of markers that enhance polarization such as cell junction

markers and apical and basal membrane markers and markers that decrease polarization

such as mesenchymal markers. The degree of the two sub-populations may account for the

variation in the protein concentration of the E-cadherin in the 4D samples. The sample with

higher concentration of polarized epithelial cells will likely have higher concentration of E-

cadherin compared to a sample with higher concentration of less polarized mesenchymal

cells which will have lower concentration of E-cadherin.

On the other hand, the differential gene expression between the 3D and 2D models shows

the difference in expression due to the presence of the matrix without the vasculature. These

cells grow without forming perfusable nodules. In an environment in which a tumor cell

does not have an opportunity to break the cell-cell and cell-matrix interaction to enter a

separate vascular space, there is no driver for the cells to undergo an epithelial to

mesenchymal transition. Thus, the gene expression profile did not show any difference in

the production of CDH1, CDH2, and VIM between the 3D and 2D conditions. Zschenker et

al. 16, found 376 differentially expressed transcripts, using different cutoff for significant

gene expression compared to our analysis, where they used the 3D extracellular matrix

(ECM) scaffold for the 3D cell culture of the same A549 cell lines. Despite the difference in

the expression pattern, the genes that were differentially expressed did predict a better

survival in patients with lung cancer. The good prognostic indicator may be that the tumor

cells grown on the matrigel may express genes that keep the cells in the epithelial

phenotype, which may be less metastatic, thus providing better overall survival with this

gene signature. This is supported by the fact that growing mouse lung cancer cells in

matrigel induces expression of CDH1 and β-catenin, which are both epithelial markers 33.

When human non-malignant normal bronchial cells and aggressive human lung cancer cell

lines were plated on 3D lamina rich ECM (3D lrECM), there is a significant difference in

the morphology of these tumor cells. In this 3D system, the non-malignant normal bronchial

cells formed smooth spheroid agglomerates, while aggressive lung cancer cell lines formed a

branched morphology 34. When A549 cells were grown in the 3D model, the cells formed a

cluster of smooth cells, and the gene expression cell lines with smooth structure had a gene

expression profile that had significantly improved survival compared to other lung cancer
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cell lines that formed a branch structure 35. The 3D model may stabilize the A549 cells to

have similar morphology as non-malignant normal bronchial cells and provide overall better

survival in analysis of patients with lung cancer.

In addition to the difference in the presence of vasculature in the 4D model compared to the

3D model, there are significant differences in the constitution of the matrix. The 3D culture

system is formed by laminin-rich extracellular matrix (Matrigel) which is composed of

primarily laminin, entactin and collagen IV36. The acellular lung matrix is composed of

collagen I, collagen IV, laminin, fibronectin and elastin37. Differences in the composition of

the matrix may have also led to differences in activity of tumor cells. However, since the

matrix in the 4D model is derived from a natural source, the biology of the tumor cells

grown in the 4D model may be a better mimic of the condition in patients with lung cancer

compared to the artificial matrix of the 3D model.

There were 36 genes that had fold differences that were in similar direction for both 4D and

3D compared to 2D growth in gene expression analysis. Among the 36 genes, there were 10

genes that were up-regulated in both 4D and 3D compared to 2D. Two of those genes are

related to cell-matrix and cell-cell interactions. In both 3D and 4D conditions, the collagen,

type IV, alpha 6 (COL4A6) production was significantly higher compared to the 2D

condition. Collagen type IV is an important structural element of basement membrane and

regulator of smooth muscle differentiation38. Furthermore, in both 3D and 4D conditions,

dedicator of cytokinesis 4 (DOCK4) was significantly elevated compared to the 2D

condition. The DOCK4 produces proteins that are important in formation of cell-cell

interaction39. The up-regulation of these genes is likely the result of presence of matrix in

both conditions.

Further study needs to be done to elucidate how the environment plays a role in the gene

expression of tumor cells. For example, future studies could include addition of other

cellular components to the 4D model such as fibroblasts, monocytes, lymphocytes and

endothelial cells, to determine if that leads to differential gene expression and differential

tumor growth that may improve the current 4D model. Our study shows that the A549 cells

grown on the 3D system predicts better survival in patients with lung cancer, while the same

cells grown on the 4D system predict poor survival. This may be due to the 4D system with

the addition of “continuous flow” to the matrix allowing the cells to undergo epithelial to

mesenchymal transition and become more invasive. Moreover, use of natural matrix may

allow the tumor cells to better mimic the activity in patients with lung cancer. Since lung

cancer cells in patients form nodules and form metastatic lesions, our 4D model may be a

good mimic of the tumor growth in patients with lung cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Description

Tumor microenvironment plays an important role in tumor growth. Our 4D model with

natural matrix and continuous flow of media leads to formation of tumor nodules and

change in gene expression in A549 cells that correlates with poor survival in lung cancer

patients. Since patients with larger tumors have a worse rate of survival, the ex vivo 4D

model may be a good mimic of natural progression of tumor growth.
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Figure 1.
A549 cells grown on tissue of the 4D model and the 2D flask. (A) A549 cells growing in a

culture flask in 2D fashion. (B) Photograph of tissue of the 4D model with multiple tumor

nodules (red arrows). (C) The H&E stain (40X) showing cell-cell and cell-matrix interaction

of cells growing in the 4D model supported by IHC staining of the cells with CK7 (D) and

E-cadherin (E).
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Figure 2.
Differential gene expression patterns associated with the 4D model. Heat map showing the

top differential genes of the 2D vs the 4D model (TMHRI dataset), along with the

corresponding patterns as observed in another profile dataset of the 2D vs the 3D model

(Dresden dataset). Each row of the heat map represents a gene and each column represents a

profiled sample. Relative gene expression is represented by a colorgram (yellow: high, blue:

low). The ordering of the genes is the same between the two datasets. In the TMHRI dataset,

comparison of the gene expression profiles of A549 cells grown in a petri dish (2D) and our

ex vivo lung model (4D) defines the 2,954 unique gene probes differentially expressed (p <

0.01 and fold > 2). In the Dresden dataset, gene expression profiles were compared between

A549 cells gown in a petri dish (2D) and A549 cells grown in a matrigel 3D culture system

(gray, genes not represented).
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Figure 3.
Validation of microarray data with qPCR. Relative gene expression of SOX2, COL4A1,

IL-6, CDH1, CDH2 and VIM in A549 cells grown on our ex vivo 4D lung model (n=3) and

2D flask culture (n=3) on day 15. We have found significantly higher gene expression of

SOX2, COL4A1, CDH2, and VIM in a 4D cell culture as compared to a 2D cell culture. We

found significantly lower levels of IL-6 and CDH1 in the 4D models than in the 2D model.

Error bar represents standard error of the mean.
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Figure 4.
Validation of selected genes at protein level using Western blot analysis. (A) We have

validated the CDH1 (80 & 120Kda), CDH2 (130KDa), and VIM (57KDa) genes, as they

play an important role in tumor progression and metastasis. We used β-actin as the reference

protein to compare the protein expression between the 2D (n = 3) and 4D (n = 3) models.

(B) Western blots were further analyzed using imageJ software to normalize the protein

expression of genes against β-actin. We found significantly higher levels of CDH2 and VIM

in 4D tissues while there was no difference in CDH1 levels. It is well known that the CDH2/
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CDH1 ratio plays an important role epithelial to mesenchymal transition and tumor

metastasis; therefore, we also calculated this value and found a trend of higher CDH2/CDH1

ratio in the 4D model than in the 2D model (p = 0.06). Error bar represents standard error of

the mean.

Mishra et al. Page 19

Int J Cancer. Author manuscript; available in PMC 2015 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Associations of 4D and 3D differential gene signatures with lung cancer patient survival.

Gene signatures of both the 4D model system (TMHRI data) and the 3D culture (Dresden

data) were probed in a large compendium of human lung tumor profile datasets (n = 1492).

4D gene signatures were associated with poor overall survival in patients with lung cancer,

while 3D gene signatures were associated with better overall survival. (A) Survival analysis

of lung cancer patients, comparing the differences in risk between tumors, according to the

degree of manifestation of the TMHRI 4D gene signature. Kaplan-Meier plot compares top

third (“strong manifestation”), bottom third (“weak manifestation”), and middle third
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(“intermediate”); table shows correlations by univariate Cox, for each individual array

dataset examined, as well as for a “compendium” of all available datasets (featured in

Kaplan-Meier plot). The top third manifestation (“strong manifestation”, red) of TMHRI 4D

gene signature correlated with worse survival compared to the bottom third manifestation

(“weak manifestation”, blue). (B) Same as with part A, but using the Dresden 3D signature.

The top third manifestation (“strong manifestation”, red) of Dresden 3D gene signature

correlated with better survival compared to the bottom third (“weak manifestation”, blue).
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Table 1
Selected Go Pathways for gene expression difference between A549 grown in 4D and 2D

No. of gene changed p-value z-score

Up-regulated in 4D compared to 2D

Cell-Matrix Interaction

Collagen type IV 3 0.0018 5.28

Collagen type V 2 0.0063 5.11

Collagen fibril organization 6 0.0010 4.47

Cell-Cell Interaction

Synapse assembly 7 0.0007 4.53

Actin binding 27 0.0002 4.04

Actomyosin structure organization 3 0.0018 5.28

Sarcomere 5 0.0074 3.43

Actin filament 5 0.0086 3.32

Actin cytoskeleton 13 0.0096 2.79

Cell junction 30 0.0044 2.94

Polarity

Positive regulation of Wnt receptor signaling pathway 4 0.0008 5.31

Proximal/distal pattern formation 5 0.0029 4.03

Notch binding 3 0.0068 4.09

Positive regulation of Notch signaling pathway 3 0.0030 4.80

Basolateral plasma membrane 11 0.0109 2.78

Apicolateral plasma membrane 2 0.0121 4.31

Migration

Ectoderm and mesoderm interaction 2 0.0022 6.41

Positive regulation of filopodium assembly 3 0.0030 4.80

Cell projection 11 0.0042 3.26

Tissue formation

Organ regeneration 6 0.0050 3.52

Prostatic bud formation 2 0.0063 5.11

Tissue regeneration 4 0.0123 3.26

Down-regulated in 4D compared to 2D

Immune response

Innate immune response 19 0.0001 4.40

Positive regulation of NF-kappaB transcription factor activity 11 0.0003 4.51

Positive regulation of chemokine production 5 0.0012 4.52

Immune response 35 0.0016 3.28

Complement activation, classical pathway 10 6.18E-06 6.22
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