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The tumor microenvironment strongly influences cancer develop-
ment, progression, andmetastasis. The role of carcinoma-associated
fibroblasts (CAFs) in these processes and their clinical impact has
not been studied systematically in non-small cell lung carcinoma
(NSCLC). We established primary cultures of CAFs and matched nor-
mal fibroblasts (NFs) from 15 resected NSCLC. We demonstrate that
CAFs have greater ability than NFs to enhance the tumorigenicity of
lung cancer cell lines. Microarray gene-expression analysis of the 15
matched CAF and NF cell lines identified 46 differentially expressed
genes, encoding for proteins that are significantly enriched for ex-
tracellular proteins regulated by the TGF-β signaling pathway. We
have identified a subset of 11 genes (13 probe sets) that formed
a prognostic gene-expression signature, which was validated in
multiple independent NSCLC microarray datasets. Functional anno-
tation using protein–protein interaction analyses of these and pub-
lished cancer stroma-associated gene-expression changes revealed
prominent involvement of the focal adhesion and MAPK signaling
pathways. Fourteen (30%) of the 46 genes also were differentially
expressed in laser-capture–microdissected corresponding primary
tumor stroma compared with the matched normal lung. Six of
these 14 genes could be induced by TGF-β1 in NF. The results
establish the prognostic impact of CAF-associated gene-expression
changes in NSCLC patients.
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Lung cancer is the leading cause of cancer deaths worldwide
(1). Non-small cell lung carcinoma (NSCLC) accounts for

85% of all lung cancers. One of the most consistent histological
features of cancer cell invasion is the appearance of desmoplasia:
stromal changes characterized by the activation of stromal
fibroblasts into carcinoma-associated fibroblasts (CAFs), in-
creased matrix protein disposition, new blood vessel formation,
and immune cell infiltration (2, 3). These changes have been
reported to promote tumor cell growth, invasion, metastases, and
resistance to treatment as well as to mediate immune reaction
against tumor cells (2, 4, 5). Published prognostic gene signatures
for NSCLC have included genes encoding for ECM proteins
such as collagens 1A1, 1A2, and 9; glypican 3; intercellular ad-
hesion molecule 1 (ICAM-1); laminin B1; selectin L; selectin P;
and secreted protein acidic and rich in cysteine (SPARC) (3, 5).
Furthermore, stromal elements, including PDGF-C, VEGF-A,
IL-8, endothelin-1 (EDN1), osteopontin (SPP1), and the che-
mokine CXCL1, recently have been suggested as potential ther-
apeutic targets in skin and breast cancers (4, 6).
To gain greater insight into the gene-expression characteristics in

CAFs and tumor stroma of NSCLC and more direct evidence for
their clinical role, we conductedmicroarray analyses onpairedCAF
and normal fibroblasts (NFs) cultured from 15 resected NSCLC
specimens and their corresponding laser-capture–microdissected
(LCM) tumor stroma and histologically normal lung parenchyma.
We identified a NSCLC stromal prognostic signature that could be
validated in multiple independent published expression datasets of
primary NSCLCs. The results establish the clinical relevance of
stromal gene-expression changes in lung cancer.

Results
Cultured CAFs Display Features of Myofibroblasts. By using a study
protocol approved by the Institutional Research Ethics Board,
CAFs and NFs were cultured from 15 surgically resected primary
NSCLCs, and the histologically confirmed normal lung tissue was
obtained from the same lobe (Table S1A). Both the primary
cultured CAFs and tumor stromal fibroblasts expressed α-smooth
muscle actin (α-SMA) (Fig. 1A), a marker of myofibroblasts (7).
These primary CAFs and NFs could be maintained in culture for
up to 20 population doublings. Primary fibroblasts preserved their
ability to induce collagen gel contraction (8), which was greater
with CAFs than NFs (Fig. 1B). These results showed that CAFs
can maintain the phenotypic properties of myofibroblasts even in
the absence of continuing interaction with carcinoma cells.
To facilitate further the in vitro and in vivo studies using CAFs

and NFs, one pair of primary cultured CAFs and NFs was
immortalized with lentivirus expressing human telomerase
(hTERT). The resulting immortalized CAF 094YFPhTERT and
NF 094YFPhTERT cell lines showed loss of senescence (Fig. 1C).

CAFs Enhance Invasion and Tumorigenicity of NSCLC Cells. By using
the coculture Matrigel invasion assay, CAFs increased the in-
vasiveness of both NCI-H460 and A549 NSCLC cells compared
with NFs (Fig. 1D and Fig. S1A). This effect was not attributable
to an effect on proliferation of the tumor cells (Fig. S1B). We also
observed that the invading tumor cells appeared elongated and
fibroblast-like only when they were cocultured with CAFs but not
with NFs (Fig. S1C). A similar alteration of tumor cell appear-
ance was observed when they were exposed to conditioned media
of CAFs but not NFs (Fig. S1D). By using gelatin zymography, an
active lytic band (68 kDa) of matrix metalloproteinase 2 (MMP-2)
was observed in CAFs but not in NFs cocultured with tumor cells
(Fig. 1E), suggesting a role forMMP-2 activation in CAF-induced
enhancement of tumor cell invasion.
Subcutaneous coimplantation of A549 lung adenocarcinoma

cells with CAF 094 into severe combined immunodeficient
(SCID) mice significantly enhanced tumor growth compared
with controls (Fig. 1F). A similar effect was observed with the
immortalized CAF 094YFPhTERT (Fig. 1F). These findings were
validated further with the NCI-H460 cell line (Fig. 1F).
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CAF-Specific Gene-Expression Profile in NSCLC.Using the Affymetrix
Exon 1.0 ST oligonucleotide array and paired Significance
Analysis in Microarray (SAM) (9), we identified 46 differentially
expressed genes (q < 10%; absolute fold change > 2) between
CAFs and NFs of 15 patients (Table S1A, Dataset S1 A and B,
and Fig. 2). The expression levels and fold change for these
genes vary across the 15 pairs of CAFs and NFs (Fig. 2, Dataset
S1C, and Fig. S2A). Using reverse-transcriptase/quantitative
PCR (RT-qPCR), we demonstrated the stability of mRNA ex-
pression by high (≥0.8) intraclass correlation coefficients (ICCs)
for each gene (Dataset S1D) in three pairs of NFs and CAFs

(549, 927, and 746), over three passages using triplicate samples.
Gene Ontology (GO) analysis revealed that these 46 genes were
enriched significantly for those encoding for extracellular pro-
teins (extracellular region: 19/46 genes, P = 8.7 × 10−5,
GO:0005576), and also a large proportion of membrane-bound
proteins (22/46). These genes are involved in signal transduction
(14/46, GO:0007165), response to stress (11/46, GO:0006950),
cell adhesion (7/46, GO:0007155), and angiogenesis (3/46,
GO:0001525). The differentially expressed genes were also anno-
tated in several Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, including ECM–receptor interaction (hsa04512;
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Fig. 1. Characterization of CAF and lung NF. (A) Representative H&E-stained sections of normal lung and a lung adenocarcinoma with prominent des-
moplasia (DS) and showing strong staining of the tumor stromal fibroblasts (S) but not tumor cells (T) for α-SMA. Both CAF and NF stain positive for vimentin
but negative for cytokeratin (AE1–AE3 antibody). (Scale bar: 20 μm.) (B) Time-dependent collagen gel contraction induced by NF and CAF. Each point rep-
resents means ± SD of eight replicate samples. (C Left) In contrast to the parent cell lines, NF 094YFPhTERT and CAF 094YFPhTERT continue to proliferate beyond
10–20 population doublings. (Right) The senescence-associated acidic β-galactosidase enzyme activity (blue staining) was detected in primary fibroblasts that
failed to continue doubling but not in hTERT-immortalized cells. (Scale bar: 40 μm.) (D) Matrigel invasion ability of H460 and A549 cell lines was enhanced by
coculture with four pairs of primary CAF. Significance was tested with the Mann–Whitney test. (E) Gelatin zymography shows activation of MMP-2 when
tumor cells were cocultured with CAF compared with coculturing with NF. The bands show the lytic zones. (F) Both primary (CAF 094) and immortalized (CAF
094YFPhTERT) cells enhanced the in vivo tumorigenicity of both A549 and H460 cells in SCID mice (mean ± SEs with eight mice in each group).
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3/46; IGTA11, THBS2, and COL11A1), focal adhesion (hsa04510;
3/46; IGTA11, THBS2, and COL11A1), and TGF-β signaling
pathway (hsa04350; 2/46; THBS2 and BMP4).
To evaluate the potential role ofmethylation in gene-expression

changes occurring in CAFs vs. NFs, we conducted genome-wide
methylation profiling in five pairs of CAFs and NFs using the
Illumina Human Methylation 27K BeadChip (SI Materials and
Methods). We identified a single gene in the 46 differentially
expressed genes, Leupaxin (LPXN), as a candidate hypomethy-
lated gene (Table S2A). We also assessed potential genomic copy
number variation (CNV) or loss of heterozygosity (LOH) in CAF
compared with NF, using the Illumina Human OmniExpress 12
(∼700,000 SNPs) BeadChip (methodology is described in SI
Materials and Methods). Apart from one CNV segment (single-
copy loss: 46,599 bases) on chromosome 6, which was detected in
two samples (CAF746 and CAF927), the remaining CNV were
nonoverlapping between any of the CAF samples, ranging in size
between 306 and 165,331 base pairs (Table S2B and Fig. S2 B–D).
Furthermore, none of the 46 differentially expressed genes be-
tween CAFs and NFs mapped in this region on chromosome 6.

Clinical Impact of CAF Genes on Prognosis. We explored the prog-
nostic properties and clinical relevance of the genes differentially
expressed in CAFs by using three published NSCLC microarray
gene-expression datasets (Table S1B). As the training dataset, we
used 218 randomly assigned patients from the National Cancer
Institute Director’s Challenge Consortium (DCC) for the Mo-
lecular Classification of Lung Adenocarcinoma (10) profiled by
the Affymetrix U133A chip (Table S1C). The other half of this
dataset (n = 218) was used as a validation dataset. We were able
to map 35 of the 46 transcript cluster IDs/genes differentially
expressed in CAFs vs. NFs to 49 probe sets in U133A (Materials

and Methods). Univariate survival analysis on the training set
showed that 7 of 49 probe sets (14.3%) were significantly asso-
ciated with overall survival (P < 0.05), indicating that the CAF
genes we identified were enriched for prognostic genes (Table
S1D). To evaluate the aggregate effect of the CAF genes on pa-
tient survival, a prognostic expression signature selection algo-
rithm [Maximizing R Square Analysis (MARSA)] was applied
to the 49 probe sets to identify an expression signature (11)
(SI Materials and Methods). For signature selection, risk score was
the product of standardized gene-expression level and its uni-
variate coefficient with survival (Table S1D). An 11-gene (13-
probe set) combination was identified (Table 1). Principle
component (PC) analysis identified PC1, PC2, and PC7 as being
significantly associated with survival (P < 0.05; Table S1E); thus,
only these three PCs were included in the final model. From here
onward, and including the validation, the risk score was the
product of these three PCs weighted by their coefficients in the
final model (Table S1E). An optimal cutoff of risk score at −0.056
was identified in the training set (Table S1E) to distinguish the
high-risk (HRISK) or low-risk (LRISK) groups and subsequently
was used throughout the validation.
In the training set, the signature identified 117 LR and 101 HR

patients with significantly different survival outcomes [hazard
ratio (HR) = 3.38, 95% confidence interval (CI) 2.17–5.29, P <
0.0001, Fig. 3A]. In multivariate analysis, the signature remained
significantly associated with survival and was independent of
stage, adjuvant treatment, age, and sex (HR= 3.27, 95%CI 2.08–
5.15, P < 0.0001, Table S1C). The prognostic effect of the sig-
nature was first tested in the DCC test set (Table S1B and Fig. 3B)
and was able to classify 123 patients into LRISK and 95 into
HRISK groups with significant difference in survival (HR = 1.57,
95% CI 1.06–2.35, P = 0.026), although multivariate analysis
showed a trend only as an independent prognostic factor (HR =
1.37, 95% CI 0.91–2.05, P = 0.131, Table S1C). We tested the
signature in two additional independent NSCLC datasets from
DukeUniversity (12) and SungkyunkwanUniversity (SKKU) (13)
(SI Materials and Methods and Table S1B). The signature identi-
fied 43 LRISK and 46 HRISK Duke patients (HR = 1.96, 95%
CI1.05–3.62, P = 0.031, Fig. 3C), and 72 LRISK and 66 HRISK
SKKU patients (HR = 1.65, 95% CI 1.03–2.65, P = 0.039, Fig.
3D). Multivariate analysis adjusting for stage, histology, age, and
sex showed that the signature was independently prognostic in
both datasets (Duke: HR = 2.12, 95% CI 1.11–4.02, P = 0.022;
SKKU: HR = 1.78, 95% CI 1.08–2.93, P = 0.024, Table S1C).

Tumor Stroma Gene-Expression Profile in NSCLC. To explore the
relevance of CAF-associated gene-expression changes further in
the context of NSCLC stroma, we also profiled LCM tumor
stroma and corresponding normal lung tissue from the same 15
NSCLCs that were used to establish CAFs and NFs. SAM analysis
(q < 10%; absolute fold change > 2) identified 53 up-regulated
and 3,078 down-regulated genes in the tumor stroma vs. normal

Fig. 2. Differentially expressed genes in 15 paired CAF vs. NF and in corre-
sponding NSCLC stroma vs. normal lung. A total of 46 differentially expressed
genes [22 up-regulated (blue sidebar) and 24 down-regulated (yellow side-
bar)] were identified by using paired SAM analysis (absolute fold change > 2;
q < 0.1). Heatmap plot of scaled gene-expression levels (mean centered for
each gene and SD set to 1). Columns represent paired samples of CAF and NF.
Rows are genes with mean fold change between CAFs and NFs (in paren-
theses). Asterisks denote 14 differentially expressed genes (6 up- and 8 down-
regulated) overlapping with NSCLC stroma vs. normal lung analysis.

Table 1. Thirteen probe sets representing 11 genes that
constitute the CAF-associated prognostic gene signature

Probe set Gene symbol Gene title

202637_s_at ICAM-1 Intercellular adhesion molecule 1
203083_at THBS2 Thrombospondin 2
203434_s_at MME Membrane metallo-endopeptidase
206825_at OXTR Oxytocin receptor
208591_s_at PDE3B Phosphodiesterase 3B, cGMP-inhibited
208791_at CLU Clusterin
208792_s_at
210121_at B3GALT2 UDP-Gal:βGlcNAc β

1,3-galactosyltransferase, polypeptide 2
211742_s_at EVI2B Ecotropic viral integration site 2B
212865_s_at COL14A1 Collagen, type XIV, α1
216866_s_at
214240_at GAL Galanin prepropeptide
220603_s_at MCTP2 Multiple C2 domains, transmembrane 2
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lung tissue (Dataset S1 E and F). Similar to the CAF vs. NF
differential gene annotation, the up-regulated genes also were
enriched significantly for genes associated with the GO terms
“extracellular region” (28/53, GO:0005576, P= 2.08 × 10−10) and
“cell adhesion” (11/53, GO:0007155, P = 0.004881), and those
associated with the KEGG pathway of ECM–receptor interaction
(hsa04512, 8/46, P = 1.5 × 10−6), focal adhesion (hsa04510, 8/46,
P = 2.76 × 10−4), and Reactome pathway Signaling by PDGF
(REACT_16888, 5/53, P= 0.0051). Up-regulated genes included
members of the metalloproteinase protein family (e.g., MMP-1,
MMP-9, MMP-12, and MMP-14) and cytokines (e.g., CXCL13
and CXCL14). Down-regulated genes showed most significant
enrichment in GO annotation for intracellular compartments and
organelles [e.g., intracellular (2,234/3,078, GO:0005622, P =
1.0 × 10−84) and nucleus (1,075/3,078, GO:0005634, P = 7.3 ×
10−24)], biological processes [e.g., protein metabolic process (632/
3,078, GO:0019538, P = 1.67 × 10−13)], and RNA metabolic
process (262/3,078, GO:0016070, P = 2.8 × 10−14).

Shared Differentially Expressed Genes of CAF and Tumor Stroma.
Cross-selection of genes that were differentially expressed in
NSCLC CAFs vs. NFs and tumor stroma vs. normal lung iden-
tified 14 genes in common to both analyses (six up-regulated and
eight down-regulated; Dataset S1G and Fig. S3A). Fisher’s exact
test showed that this overlap was significantly more than one
would expect by chance (P = 0.0045); similarly, the overlap for
up-regulated and down-regulated genes was larger than one
would expect from chance alone (P = 1.054 × 10−11 and 0.013,
respectively). Using RT-qPCR, we verified the expression of the
14 overlap genes and three of the genes at the protein level by
Western blotting (Fig. S3B and SI Materials and Methods).
Overall, RT-qPCR showed significant correlation with the
microarray results in 13 of 14 CAF genes and 10 of 14 NF genes
(Table S3 A and B). Clustering analysis based on Spearman’s
correlation for gene expression in the microarray data of CAF
and tumor stroma samples also demonstrated coclustering of
ITGA11, THBS2, COL11A1, and CTHRC1 in both datasets
(Table S3 B–D).
Although the number of overlapped genes was small, GO

analysis still showed that these genes were enriched in genes of
the extracellular region (9/14, P = 0.006) and KEGG pathways,
including ECM–receptor interaction (3/14, P = 0.005) and focal
adhesion (3/14, P=0.01), which was in agreement with findings in
the CAF vs. NF and tumor stroma vs. normal lung. Ten of the 14
genes were also mapped to protein–protein interactions (PPIs) in
Interolog Interaction Database (I2D) v1.72 (14, 15). Nine of the
10 genes/proteins interact via shared neighboring proteins (Fig.

S3E). The resulting PPI network revealed association of these
shared CAF/stroma gene products with components of signaling
pathways involved in fibroblast activation, including PDGF
ligands PDGFA and PDGFB interacting with A2M as well as
TGF-β receptors TGFβR1 and TGFβR2 interacting with Clus-
terin (CLU). The proteins in this network are also enrichment for
genes/proteins in the KEGG pathway of ECM–receptor in-
teraction (P= 0.021) and GO biological process of cell migration
(P= 0.034). Importantly, 7 of the 14 overlap genes were reported
as transcriptional targets of the TGF-β signaling pathway (Net-
Path) (16, 17). These included ITGA11 (18, 19),MFAP5 (MAGP-
2/MP-25) (20), THBS2 (21), A2M (22), CLU (23), CTHRC1 (24),
and SULF1 (17). To confirm this association, we demonstrate that
TGF-β treatment of NF 094YFPhTERT cell line, which expresses
low levels of these seven genes, induced the mRNA expression of
all genes except A2M (Fig. S4).

Discussion
Several lung cancer microarray studies have reported gene-
expression changes with potentially significant prognostic impact,
encoding for proteins that are expressed by stromal cells (3, 25).
These studies were performed on RNA isolated from whole-
tumor tissues, without prior separation of stromal and tumor cells;
thus, the cellular origin of these gene-expression changes was
largely uncertain. To address this shortcoming directly, we pro-
filed the gene-expression changes specifically in patient-matched
paired primary cultured fibroblasts from NSCLC stroma (CAF)
and the normal lung tissue (NF). To confirm that CAFs represent
a valid model for this study, we first showed that CAFs differen-
tially enhanced the invasiveness of cocultured NSCLC cells
compared with NFs and also enhanced tumorigenicity of NSCLC
cells lines in vivo. We demonstrated that an expression signature
derived from CAF-associated genes is prognostic in multiple in-
dependent NSCLC microarray datasets. We also showed that
genes differentially expressed between CAFs and NFs were also
commonly differentially expressed in NSCLC tumor stroma
compared with normal lung parenchyma. Furthermore, genome-
wide methylation profiling of a subset of CAFs and NFs identified
only 1 of 46 differentially expressed genes as a candidate site of
hypomethylation. Thus, it is likely that control of gene-expression
changes between CAFs and NFs would be attributed to other
gene-expression control mechanisms.Moreover, analysis for CNV
showed few alterations per chromosome across all autosomes in
the tested samples, with only one altered segment detected in two
CAF samples. These findings are consistent with previous studies
conducted with SNP arrays for CAFs in breast, ovarian, and
pancreatic cancers, showing no major CNV and LOH (26).
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Fig. 3. Prognostic significance of CAF-associated gene-
expression signature in multiple independent cohorts of NSCLC
patients. (A) The 11-gene (13-probe set) signature is prognostic
in 218 patients randomly assigned to training set in the DCC
lung adenocarcinoma study. (B–D) By using the fixed algo-
rithm, the prognostic value of the signature was tested on the
microarray data of the remaining 218 DCC patients (assigned
as testing set; B), NSCLC patients from Duke (C), and NSCLC
patients from SKKU (D). Patients were classified as low-risk and
high-risk groups by the signature. Significant differences in
survival outcome between these two groups were observed in
both the training and testing sets; 5-y overall survival was used
for the DCC and Duke patients, and disease-free survival was
used for SKKU patients.
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The ability to derive a tumor stroma gene expression–based
prognostic predictor/signature has been reported in breast can-
cer (6). However, this stroma-derived prognostic predictor was
not associated with a specific cell type in the stroma. To explore a
gene signature that reflects the clinical relevance of a CAF gene
expression, we applied the MARSA algorithm (11) that we de-
veloped for identifying a minimal gene-expression set with as-
sociation to survival outcome on the CAF-associated genes and
tested in a published microarray dataset of a large cohort of
NSCLC patients (10). The 11-gene (13-probe set) prognostic
signature was significantly associated with patient survival and
was validated in the testing dataset as well as two additional in-
dependent NSCLC cohorts with published microarray datasets.
The demonstrated prognostic value of this NSCLC CAF gene
signature underscores the biological and clinical relevance of
CAF gene-expression changes in NSCLC.
One of the 14 genes shared between differentially expressed

genes in CAFs vs. NFs and NSCLC stroma vs. normal lung tissue
is integrin α11 (ITGA11), the protein product of which we
reported previously as expressed mainly by tumor stromal fibro-
blasts with significant influence on the growth of NSCLC cells in
vivo (27). ITGA11, together with other differentially expressed
genes, including CTHRC1, SULF1, MFAP5, CLU, and THBS2,
are known to be regulated by the TGF-β1 signaling pathway (18,
19), central to CAF differentiation and epithelial mesenchymal
transition (28). The common regulation of these genes was fur-
ther supported by the correlation in their expression in CAF
(Table S4B). As seen in our comparisons of CAFs to NFs, genes
that were differentially expressed in NSCLC stroma compared
with normal lung were membrane-bound proteins and members
of several extracellular protein families such as collagens and
metalloproteases. We also found differential up-regulation of
cytokines and members of the Ig protein family [IGLV6-57,
CD79A, KIR2DL3, and Igλ locus (IGL@)], possibly representing
gene-expression changes caused by immune reactions not directly
related to fibroblasts function occurring in the tumor stroma. In
contrast, the down-regulated genes include mainly genes anno-
tated to intracellular compartments (e.g., nucleus) and basic bi-
ological processes (such as GO terms “protein” and “RNA
metabolic process”). The differences may reflect the difference in
cell types of microdissected stroma and normal tissue because the
stroma samples are selectively devoid of epithelial cells, whereas
the normal lung includes both epithelial and stroma cells.
To characterize the specificity of our NSCLC stroma/CAF-

associated genes, we compared them to CAF/stroma genes iden-
tified in six other studies (SI Materials and Methods) of breast
cancer, cholangiocarcinoma (bile duct), and skin basal cell car-
cinoma (Table S4 A and B). We found a small (23/3,110) gene
overlap between NSCLC stroma/CAF differentially expressed
genes and stroma/CAF characteristic genes in other tumors
(Table S4B). Indeed, fibroblasts derived from different anatom-
ical locations have been shown to be heterogeneous in gene
expression (29). Nonetheless, the tumor stroma and CAF char-
acteristic genes reported here and in previous studies (Table
S4A) are largely components of the ECM and cell adhesion and
potentially are involved in matrix remodeling and paracrine sig-
naling, suggesting that similar processes occur in tumor stroma/
CAF across multiple tumor types. Evaluation of the functional
association of tumor stroma/CAF genes across different tumor
types using a PPI network-based approach revealed high con-
nectivity among them via shared neighboring proteins. Further-
more, we identified a subset of 55 proteins that interact with
NSCLC stroma and CAF-associated proteins and proteins/genes
from two or more other tumor stroma/CAF studies. Pathway
annotation of these 55 interacting proteins reveals significantly
enriched representation of genes from the MAPK pathway (P =
7.7 × 10−4) and genes/proteins involved in focal adhesion (P =
1.7 × 10−4) (Fig. 4). Some of these proteins are upstream com-
ponents in signaling pathways known to regulate tumor stroma/
CAF differentiation, including the TGF-β pathway (TGFBR1 and
TGFBR2), the PDGF pathway ligands (PDGFA and PDGFB), or
pathways involved in tumorigenesis in epithelial cells, e.g., ERBB
receptor family-based signaling pathways (ERBB2 and EGFR).

The results of our study provide direct evidence to support the
important role of CAF and tumor stroma gene-expression
changes in the biology and clinical outcome of NSCLC.

Materials and Methods
Methods for in vitro and in vivo assays are provided in detail in SI Materials
and Methods. Similarly, mRNA expression and genome-wide methylation
profiling as well as genomic CNV and LOH analyses are provided in SI
Materials and Methods.

Prognostic Signature Selection. Transcript cluster IDs corresponding to dif-
ferentially expressed genes in NSCLC CAF vs. NF were mapped to 49 probe set
IDs in Affymetrix human chip array U133A via Affymetrix annotation and
GeneAnnot v1.9 (30) (SI Materials and Methods and Table S1F).

Datasets used for prognostic signature discovery and validation were the
adenocarcinoma (ADC) dataset from the DCC (n = 442) (10) and NSCLC
datasets from Duke University (n = 89) (12) and SKKU (n = 138) (13). Six cases
in the DCC with either unknown adjuvant treatment (adjuvant chemo
therapy or radiation therapy) or unknown stage were excluded. The DCC
dataset was randomized into two equal subgroups, one as training set and
the other as a test set. Independent validation of the signature was carried
out in the additional two NSCLC datasets. Demographic characteristics of the
datasets are provided in Table S1B. The MARSA algorithm was used to
identify the prognostic signature (SI Materials and Methods).

Functional Annotation and PPI Analysis. Functional association and annotation
was performed with the following annotation sources. (i) DAVID bio-
informatics resources v6.7 (31) for GO terms (32) and KEGG (33) and Reactome
(34) pathways annotation and enrichment analysis. Statistical significancewas
assessed by using a modified Fisher’s exact test. Values of P < 0.05 (after
Benjamini and Hochberg correction for multiple testing) were considered as
significant enrichment. (ii) Annotation and enrichment analysis using 25
KEGG signaling pathways and cellular processes (Table S4C). (iii) Matching of
differentially expressed genes to PPIs in I2D v1.72 (14, 15) with additional PPI
updates. Experimental PPI networkswere generated by querying I2Dwith the
target genes/proteins to obtain their immediate interacting proteins. Rela-
tionships between the interacting proteins were added to the same network

CTNNB1

ERBB2

PDGFA

ITGB1

SHC1

TGFBR1

TGFBR2

PIK3R1

PRKACA

IL1B

EGFR
TRAF6

TRAF2

ACTB

PDGFB

VWF

ITGA4

Finak et al. (2008)
Breast cancer

stroma

Bauer et al. (2010)
Breast cancer CAF vs. NF

Utispan et al. (2010)
CCA CAF vs. NF

MAPK
siganling
pathway

MAPK signaling
and

Focal adhesion

Focal
adhesion

Mercier et al. (2008)
Breast cancer stroma Casey et al. (2009)

Breast cancer stroma

Micke et al. (2007)
BCC CAF vs. NF

NSCLC CAF vs. NF
Down/up-regulated

genes

NSCLC Stroma vs.
Normal lung
Up-regulated

genes

Up-/down/de-regulated gene signautres
Protein in MAPK signaling pathway (KEGG hsa04010)
Protein in Focal adhesion (KEGG hsa04510)
Protein in MAPK pathway and Focal adhesion

Fig. 4. Proteins encoding the CAF and tumor stroma-associated genes from
seven different epithelial tumors share common involvement in the MAPK
signaling pathway and focal adhesion. CAF/tumor stroma characteristic gene
signatures from seven studies were mapped to PPIs. In the resulting PPI
network, 55 proteins interacting with multiple NSCLC stroma and CAF pro-
teins identified in this study (NSCLC; top) and additional tumor stroma/CAF
studies from breast cancer, cholangiocarcinoma (CCA), and basal cell carci-
noma (BCC) show significant enrichment in focal adhesion and the MAPK
pathway (P = 1.7 × 10−4 and P = 7.7 × 10−4, respectively). Shapes (nodes)
represent proteins, and lines (edges) indicate physical PPIs, colored based on
annotation to KEGG focal adhesion (hsa04510; yellow). PPI network was
visualized with NAViGaTOR 2.1.14; indirectly linked proteins and inter-
actions are faded-out to reduce image complexity.
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(depth of 1 plus). The proteins in PPI networks were annotated with GO bi-
ological processes and tested for enrichment usingDAVID, as described above.
Significant KEGG pathways were determined for the proteins corresponding
to differentially expressed genes and their interacting proteins in PPI net-
works, as previously described (35). PPI networks were annotated, visualized,
and analyzedwith NAViGaTOR v2.1.14 (36) (the completemethod is described
in SI Materials and Methods). Transcriptional targets of the TGF-β signaling
pathway were annotated as per NetPath and specific literature (16, 17).

PPI Network for Stromal/CAF-Associated Genes from Other Tumors. The 46
differentially expressed genes identified in NSCLC CAF vs. NF, the 53 up-
regulated in NSCLC stroma vs. normal lung, and differentially expressed
stromal/CAF genes identified in six previously published studies in chol-
angiocarcinoma, basal cell carcinoma, and breast cancer were mapped to
their corresponding Entrez gene ID (Entrez Gene 1/2010) and SwissProt ac-
cession (UniProt v57.12; total of 423 genes/proteins; SI Materials and
Methods). Mapped proteins were used to query I2D and were matched to
PPI (see Functional Annotation and PPI Analysis). A total of 347 PPI-matched
proteins, corresponding to the tumor stroma/CAF genes (Table S4A), con-
nected in a network composed of 3,231 nodes and 40,922 interactions. This
PPI network was further analyzed in NAViGaTOR v2.1.14 to identify 55
proteins that interact with at least four proteins, corresponding to at least
one gene/protein from the 46 differentially expressed genes identified in
NSCLC CAF vs. NF, at least one from the 53 up-regulated in NSCLC stroma vs.
normal lung, and at least two from two of the six other differentially
expressed stromal/CAF genes sets. These 55 proteins were annotated by
using 25 KEGG signaling and cellular processes pathways (Table S4C) to
identify enrichment/overrepresentation of specific pathways compared with

their representation in the entire tumor stroma/CAF PPI network. Enrich-
ment significance was determined with Fisher’s exact test in R (v2.8.1).

Statistical Analysis. Differences in tumor growth rates of xenografts were
tested by using mixed-effects model estimation (37), and a Mann–Whitney
test was used to compare invasiveness levels between CAFs and NFs. The in-
dependent prognostic effect of the identified signature was tested in the
training and validation datasets using the Cox proportional hazards model
with the adjustments of stage, age, and sex.

Additional descriptions of the experimental procedures are described in SI
Materials and Methods.
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