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ABSTRACT
It is hypothesized that the molecular status in negative surgical margin (NSM) is
associated with prognosis of cancer patients. In this study, the prognostic relevance
of Epithelial-to-Mesenchymal Transition (EMT) molecular events in NSMs in patients
with NSCLC was investigated. EMT model was developed, in which the mesenchymal
transition of human immortalized bronchial epithelial cell line was induced by TGFbeta1. Gene expression of EMT-induced cells and NSMs from 60 lung squamous cell
carcinoma (SCC) patients was profiled by microarray and validated by quantitative RTPCR. Two independent cohorts (lung SCC, n = 50; NSCLC, n = 54) were employed to
validate the prognostic value of candidate genes. A set of 1490 genes were identified
in EMT model in vitro. An EMT-like gene-expression pattern by 33 essential genes
was optimized in NSMs, and was significantly associated with tumor progression.
The 33 genes also exhibited a site-dependent field cancerization effect in the normalappearing airways adjacent to NSCLCs. In the independent lung SCC cohort, the EMTlike active pattern indicated poor outcome of patients (n = 50, log-rank p = 0.009).
Furthermore, in the NSCLC cohort, patients with EMT-like active pattern had shorter
predictive survival time (n = 54, log-rank p = 0.02). In conclusion, the existence of
EMT-like gene expression in NSMs, may play critical role in tumor progression and be
a potential biomarker for prognosis in patients with NSCLC.

INTRODUCTION

die of cancer after curative surgical resection of tumor [3,
4], which is a major clinical issue for early disease.
Securing cancer-free surgical margin (or negative
surgical margin, NSM) is a critical goal for surgeons in
curative surgical treatment of lung cancer. The traditional
method to confirm a clean surgical resection is based
on pathological diagnosis on margins of normal tissue.
Whereas, according to previous large cohort studies,
the microscopic residual (R1) margin rate following

Lung cancer is the leading cause of cancer-related
deaths worldwide [1, 2], with a major morphologic
subtype (nearly 80% of all cases) of Non-small-cell
lung cancer (NSCLC). Surgical resection is one of the
most effective treatments for NSCLC, especially for the
early stage diseases. Unfortunately, it was reported that
approximately 30-40% of stage I NSCLC patients would
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pulmonary resection of lung cancer was proximately
3-7% [5-7]. R1 margins adversely affect the outcomes,
with a decline in 5-year overall survival from 62% to
37% in patients with stage I diseases [7]. On the other
hand, about 20% of patients with neither microscopic nor
macroscopic cancer residuals (R0 resection) at surgical
margins would suffer local recurrence after surgery [8].
Thus, the traditional pathological assessment of NSM is
insufficient to predict outcome of NSCLC. A more precise
approach to evaluate the resection margins is in a great
need to identify patients at high risk for more effective
adjuvant therapy.
In recent years, accumulated evidences have
demonstrated genetic, epigenetic or transcriptional
alterations in microscopically normal-appearing tissues
adjacent to cancers in head, neck, colon, rectum, prostate,
breast, lung, liver, esophagus, stomach, and skin et al [911], that is referred as the “field effect” of cancerization.
TP53 gene mutations [12] , methylation at promoters of
a series of genes [13], gene expression profiles [14] in
non-malignant airways were proposed as biomarkers for
early detection of lung cancer. Moreover, K-ras mutation
at codon 12 in NSMs was detected and significantly
associated with local recurrence of NSCLC [15]. The
concept of field cancerization suggests that the malignant
molecular changes emerge long before the morphological
alteration, and they could serve as “molecular margins” in
the assessment of surgical margins of lung cancer.
Epithelial-to-Mesenchymal Transition (EMT)
confers malignant traits on tumor cells, such as motility,
invasiveness, and survival ability [16-18]. Extracellular
signals from the tumor cell itself or the microenvironment
of the tumor stroma are proposed to induce cancer cells
to undergo EMT, which is the critical step for cancer
metastasis and would indicate poor prognosis of patients.
However, it is still unclear whether the EMT-related events
can serve as biomarkers in molecular assessment of NSMs
of NSCLC.
In this study, we identified an EMT-related geneexpression profile using an EMT model of cultured
non-malignant bronchial cell line in vitro. This profile
was further analyzed in NSMs from 60 cases with lung
squamous cell carcinoma (SCC) in vivo by microarray
and real time PCR. Prognostic evaluation of this geneexpression subtype was performed in two independent
cohorts of NSCLC.

changed from a normal epithelial phenotype to spindleshaped phenotype with the loss of cell-to-cell contact
(Figure 1A). In contrast with the control, TGF-β1-induced
cells had a significantly elevated cytoplasmic expression of
the mesenchymal markers N-cadherin and Vimentin, and
dislocation of the epithelial marker E-cadherin from the
membrane to the cytoplasm (Figure 1A). At mRNA levels,
the expression of E-cadherin was significantly (P = 0.01)
reduced in TGF-β1-treated M-BE cells compared with the
control, while the N-cadherin (P = 0.05) and Vimentin
(P = 0.03) were up-regulated significantly (Figure 1B).
Meanwhile, the E-cadherin protein level was decreased,
while the N-cadherin and Vimentin protein levels were
elevated in the TGF-β1-treated M-BE cells (Figure 1C).
These observations indicated that TGF-β1 successfully
induced EMT in immortalized bronchial epithelial cells.

Gene expression profiling of the EMT cell model
Clustering analysis based on global genes revealed
that TGF-induced M-BE cells were strongly associated
with an alteration in the transcriptome (Supplementary
Figure S2A). Next, 2628 genes were identified as
significant EMT associated genes (Supplementary Figure
S2B, Supplementary Table S3), including 1490 upregulated genes (FC > 2, FDR < 0.01) and 1138 downregulated genes (FC < 0.5, FDR < 0.01) in EMT-induced
cells. Those up-regulated genes were mostly related to cell
adhesion, actin cytoskeleton organization, cell motion/
migration, vasculature development and wound healing
(Supplementary Figure S2C, Supplementary Table S4).

Activation of EMT-related genes in NSMs and
being correlated with tumor progression
To investigate whether the EMT-related genes
identified in vitro were activated in NSMs in vivo, gene
expression profiling was performed on NSMs from
60 primary lung SCC patients. Gene Set Enrichment
Analysis (GSEA) showed that the EMT up-regulated
genes were associated with TNM stage (Table 1, NES =
1.39, FWER p-value = 0.08). Further analysis indicated
that this association was mainly restricted to pathological
N stage (Supplementary Figure S3A, Table 1, NES =
1.71, FWER p-value < 0.001), but not T stage (Table 1,
NES = 1.05, FWER p-value = 0.45). However, the other
clinical parameters (such as gender, age, smoking index,
or tumor differentiation) showed no statistical significance
with EMT up-regulated genes. It was interesting that the
EMT down-regulated gene set did not achieve statistical
significance in this analysis with any clinical phenotype,
including N stage (Supplementary Figure S3B, NES =
0.95, FWER p-value = 0.61).

RESULTS
EMT of immortalized bronchial epithelial cells
induced by TGF-β1
After being treated with 5 ng/ml of TGF-β1 for six
days, the morphology of M-BE cells was dramatically
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Table 1: Association analysis between clinical parameters and EMT-related gene sets by GSEA
EMT up-regulated
EMT down-regulated
FWER
FWER
Phenotypes1
NES
NES
NOM p-val p-val2
NOM p-val p-val
Gender(Male vs Female)

-1.223

0.17

0.209

-1.133

0.247

0.348

Age(≥ 60 ys vs < 60 ys)

1.059

0.35

0.432

-1.128

0.258

0.331

Smoking(≥ 20 pys vs < 20 pys)

-1.196

0.198

0.231

-0.949

0.549

0.609

T(T3&T4 vs T1&T2)

1.054

0.394

0.448

0.729

0.94

0.949

N(N1&N2 vs N0)

1.705

<0.001

<0.001***

0.95

0.552

0.612

TNM Stage(I&II vs III)

1.386

0.068

0.08*

0.664

0.975

0.976

Differ.(P vs M&W)

0.928

0.539

0.648

-1.246

0.142

0.2

ys, years; pys, package years; Differ., tumor differentiation grade; P, Poor; M, Moderate; W, Well. *, FWER p value < 0.1;
***, FWER p value < 0.001.
1

2

Figure 1: EMT of human immortalized bronchial epithelial cells induced by TGF-β1. M-BE cells were treated with human

recombinant TGF-β1 at a final concentration of 5 ng/ml for 6 days, with cells cultured without TGF-β1 as control. A. A phenotypic
change in M-BE from epithelial to spindle-shaped morphology was observed after TGF-β1 treatment, which was photographed at 100×
magnification using white light microscopy (left panel, scale bar = 100 μm). Immunofluorescence staining showed the expression status of
three EMT markers (left to right panels: E-cadherin, N-cadherin, Vimentin) in M-BE cells induced by TGF-β1. FITC (green) was used for
respective target proteins; 4,6-diamidino-2-phenylindole (DAPI) was used to visualize nuclei. All of the fluorescence images were captured
at 400× magnification using fluorescence microscopy (scale bar = 25 μm). B. qRT-PCR analysis for mRNA levels of three EMT markers
in TGF-β1 treated cells. Y-axis indicates the relative expression level (Fold Change, FC) of genes. Means and standard deviations (SD,
error bars) are shown. Unpaired Student’s t-test (two sided) was performed for significance estimate. **M-BE cells treated with TGF-β1vs
control, P < 0.05. C. Western blotting shows the protein expression levels of E-cadherin, N-cadherin and Vimentin. β-actin is presented for
equivalent loading control.
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Figure 2: Identification of EMT-related genes in NSMs of lung SCC with lymph node metastasis. A. Venn diagram showing

the overlapped 33 genes between EMT model (EMT-genes) and lymph node derived genes (Node-genes). B. Overlapped significant GO BP
terms between EMT-genes and Node-genes in (A). X-axis indicates -log10 transformed Benjamini-Hochberg adjusted P-value. Dash line
indicates significant cutoff (adjusted P-value = 0.05). C. Unsupervised hierarchical clustering analysis of the 33 genes on the EMT model
dataset (red bars indicate EMT-active cells, black for the control). The colored matrix indicates the relative expression level of genes (red
for higher expression, green for lower, the same to D). D. Unsupervised hierarchical clustering analysis of the 33 genes on the NSMs dataset
(red cluster with up-regulated pattern of 33-gene was defined as active cluster, while the down-regulated was defined as inactive cluster).
The down panel shows the corresponding clinical parameters of patients, and compared with two gene-expression clusters: Gender (1:
female, 3: male, Fisher’s exact test P-value = 1); Age (1: < 60 years, 3: ≥ 60 years, chi-square test P-value = 0.79); Smoking (1: <20 package
years, 3: ≥ 20 package years, chi-square test P-value = 0.068); T_Stage (1: T1&T2, 3: T3&T4, chi-square test P-value = 0.03); N_Stage (1:
N0, 3: N1&N2, chi-square test P-value = 0.0007); TNM_Stage (1: I, 2: II, 3: III, chi-square test P-value = 0.0007); Tumor_differ. (tumor
differentiation, 1: well, 2: Moderate, 3: poor, chi-square test P-value = 0.38).
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Common gene-expression features between
metastatic genes derived from NSMs and EMTrelated genes

2A, Supplementary Table S7), which were significantly
overlapped (hypergeometric test, P < 0.01). The in vitro
EMT model (Figure 2C) and the in vivo NSMs samples
(Figure 2D) exhibited similar clustering patterns based
on 33 common genes. The sample sub-group in which
genes high expressed was referred to as EMT-like active
pattern. Briefly, the EMT-active pattern was significantly
correlated with positive lymph node (chi-square test, P <
0.01) and higher TNM stage (chi-square test, P < 0.01). In
addition, lower T stage was enriched in the EMT-inactive
group (chi-square test, P = 0.03). There was no significant
association between EMT-active cluster and gender,
age, smoking index, or tumor differentiation grade.
Furthermore, GSEA performed on the 33 common genes
showed similar results of correlation with the clinical
parameters (Supplementary Table S8).

Significance Analysis of Microarrays (SAM)
identified 121 lymph node metastasis associated genes
(Supplementary Figure S4A, delta = 0.75, FDR = 0.069,
and Supplementary Table S5) in the lung SCC dataset.
Interestingly, all of the significant genes were up-regulated
in the lymph node positive samples. For these genes,
most of the significantly enriched biological GO terms
overlapped with those of the 1490 EMT up-regulated
genes, such as extracellular structure organization, cell
adhesion, regulation of cell motion/migration, and vessel
development (Figure 2B, Supplementary Figure S4B,
Supplementary Table S6).
Comparing the lymph node metastatic gene set and
the EMT gene set, there were 33 common genes (Figure

Figure 3: Site-dependent field cancerization effect of EMT-related genes in airways with respect to tumor proximity.

The site-dependent field cancerization (FC) score was quantified as described in Methods. Box plots depicting site-pendent FC score in
airways from all NSCLCs (A), SCCs only (B) and Adenocarcinomas only (C), as well as the corresponding paired NSCLCs and normal
lung tissues (D). Statistical analysis in (D) was performed by one-sided t tests. Heavy lines indicate medians, and whiskers indicate
maximum and minimum FC scores. Airway distance from tumors is numerically indicated with a range of 1 (closest) to 5 (farthest).
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Site-dependent field cancerization effect of the
EMT-NSMs gene features in airways adjacent to
NSCLC

features showed a dominant site-dependent FC effect in
airways of NSCLC patients.

Confirmation of EMT-related genes that were
activated in NSMs from lung SCC patients

We examined the gene expression profile of normal
lung tissues, tumor tissues, as well as the corresponding
airway brushing samples with various tumor proximities
from 23 patients suffering NSCLC [19]. Of the EMTrelated 33 genes, 32 ones were mapped to the airway
dataset, and were used to estimate the site-dependent
FC effect of the adjacent airways or tumor tissues as
previously described [19]. Results showed that the sitedependent FC score were gradually increased in airways
along with the shorter distance from tumors (Figure 3A),
with a more pronounced site-dependent FC effect in lung
SCCs (Figure 3B) than in Adenocarcinomas (Figure 3C).
As expected, the site-dependent FC score was significantly
elevated in tumors than in the adjacent normal lungs
(Figure 3D). These findings suggest that the EMT-related

Of the 33 genes, four genes were selected according
to their biological functions in EMT, and were further
confirmed by qRT-PCR. As a result, FBN1, ECM1,
MAP1B, and LTBP1 were significantly elevated in EMTinduced M-BE cells (Supplementary Figure S5 A: Fold
Change = 5.01, P = 0.02; Fold Change = 6.45, P = 0.02;
Fold Change = 2.21, P = 0.04; Fold Change = 1.42, P =
0.04; respectively). In the NSMs of lung SCC, the four
genes were significantly up-regulated in the lymph node
positive samples (Supplementary Figure S5 B: FBN1, Fold
Change = 2.75, P < 0.01; ECM1, Fold Change = 1.63, P <
0.01; MAP1B, Fold Change = 4.26, P < 0.01; LTBP1, Fold
Change = 2.01, P < 0.01), compared with the lymph node

Figure 4: Prognostic value of EMT-like gene-expression pattern in the CICAMS cohort. A. All patients (N = 50) were

classified into two major groups (upper panel: red cluster, active; blue cluster, inactive) by unsupervised hierarchical clustering with the
Euclidean distance and ward linkage method. The colored matrix indicates the relative expression levels of 4 genes by qPCR (red for
higher expression, green for lower). B. Kaplan-Meier curves and log-rank tests were performed to compare the overall survival rates of
the two groups of cases described in A. C. A 5-fold cross validation to select the best k value in kNN modeling for class prediction. For a
series of k values (x axis), 5-fold cross validation was performed by 1000 random repeats, the mean (with 95% CI, error bars) of error rate
is indicated (y axis). Red line indicates the lowest error rate (0.078) with k value = 5. D. Scatter plot for kNN training (k = 5) results of
CICAMS dataset. All samples (each point) were mapped into a 2-dimension map by classical multidimensional scaling using the Euclidean
distance. Solid points indicate the actual subtype, with red indicating the active pattern (active) and blue for the inactive pattern (inactive).
Circles indicate the predicted subtype by kNN model, with red indicating the predicted active pattern (pre.active) and blue for the predicted
inactive pattern (pre.inactive).
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stage, and tumor differentiation grade showed that the
EMT-like subtype was an independent prognostic factor
(Supplementary Table S9, HR = 3.7, 95% CI = 1.2~10.8,
P = 0.02).
Next, a kNN prediction model was trained in the
CICAMS cohort and then tested in the TCGA cohort . In
the training process, 5-fold cross validation revealed that
the lowest overall error rate in the prediction of EMT-like
subtypes was 0.07 (95% CI: 0.04~0.10) when k value
was 5 (Figure 4C). Only two samples were incorrectly
classified by kNN model (k = 5) in the training dataset
(Figure 4D). In the independent prediction process, 44.4%
(24/54) of patients from TCGA cohort were predicted as
EMT-like active gene-expression pattern (Figure 5A-5B),
and they would have significantly worse overall survival
(Figure 5C, n = 54, log-rank P = 0.02). Moreover, the
association between EMT-like subtype and patient
outcome was independent of gender, age, TNM stage, and
the pathological type of patients (Supplementary Table
S10, HR = 2.5, 95% CI = 1.0~6.1, P < 0.05).

negative samples. Moreover, we also revealed that all of
the 4 genes were up-regulated in EMT-induced NSCLC
cell line A549 (Supplementary Figure S6). In addition,
the protein level of ECM1 was confirmed in NSMs by
IHC, and tended to be correlated with lymph node status
(Supplementary Figure S7).

Prognostic association of EMT-like
expression pattern in NSCLC patients

gene-

To evaluate the prognostic value of the four EMTrelated genes in NSMs, qRT-PCR assay was applied on the
validation cohort from CICAMS. Hierarchical clustering
analysis showed that all patients were grouped into two
major clusters, one of which exhibited an EMT-like active
gene-expression pattern (Figure 4A). Furthermore, the
patients with EMT-like active pattern had worse overall
survival (Figure 4B, n = 50, log-rank P = 0.009) than
those without. Multivariate Cox proportional hazards
regression model adjusted by patient gender, age, TNM

Figure 5: Outcome prediction in an independent NSCLC cohort from TCGA by EMT-like kNN predictor. A. Heatmap

showing the expression level of the 4 genes in the TCGA cohort, with colored bars on the top panel indicating the EMT-like status of each
individuals as predicted in B. The colored matrix indicates the relative expression levels of 4 genes by RNA-seq (red for higher expression,
green for lower). B. Scatter plot for kNN predicted (k = 5) results. Patients from TCGA were predicted by kNN classification model
using the CICAMS cohort as training set. The 2-dimension scatter plotting indicates all samples by classical multidimensional scaling
using Euclidean distance. Solid points indicate the training samples in CICAMS cohort, with red indicating the training active pattern (tr.
active) and blue for the training inactive pattern (tr.inactive). Circles indicate the test samples in TCGA cohort, with red indicating the
predicted active pattern (pre.active) and blue for the predicted inactive pattern (pre.inactive). C. Kaplan-Meier curves and log-rank test
were performed to compare the overall survival rates of patients with different EMT-like status predicted in B.
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DISCUSSION

inflammatory genes may act in the NSMs [26], much more
details on the complex biological process were poorly
understood. By integrating analysis with an induced EMT
model in vitro, the present results partly explained that
the molecular abnormalities in the NSMs from NSCLC
were related with EMT, which also play malignant roles
in cancer cells.
However, for NSMs, why and where did the
EMT signal come from have been unclear. One possible
explanation is that the molecular events observed in
the tumor-adjacent tissues reflect the host response to
maintain homeostasis, activating pathways such as the
wound healing response, which is important for tissue
repair and associated with EMT [27]. An alternative
mechanism is that cancer cells may spread malignant
signals to tumor microenvironment and surrounding and/
or distant microenvironment, by secretion of cytokines
such as TGF-β, TNF-α and VEGFA [28]. Further analysis
on the molecular mechanisms of these current findings is
warranted.
In the validation process, we selected four genes out
of the 33 common genes mainly based on their potential
biological meanings in EMT. This method was described
as a biased approach for feature selection in signature
development previously [29], that would provide much
more details of the molecular mechanism and proposed
to be more reproducible across different datasets. FBN1
encodes one of the fibrillin family proteins, which were
structural components extracellular microfibrils and play
roles in TGF-beta activation and bioavailability [30,
31]. Extracellular Matrix Protein 1 (ECM1) is a major
component of the extracellular matrix, would stimulate
the proliferation of endothelial cells and promotes
angiogenesis and cancer progression [32]. LTBP1
mediates proTGF-β1 localizing to the extracellular fibrillin
microfibrils to form latent complexes without biological
activity, and participates in subsequent TGF-β1 activation
by integrins or other factors [33, 34]. MAP1B interacts
with dynamic microtubule network and regulates its
assembly, polymerization and stabilizing [35, 36], which
may play important roles in morphology change and
migration/invasion phenotype when cell occurring EMT.
However, the potential roles of the four genes in NSCLC
were poorly reported in previous studies. It is reported that
the gene expression of ECM1 was significant associated
with poor overall survival of lung ADC [37]. Tessema
et.al reported that methylation of MAP1B promoter was
more frequent in lung tumors with chronic obstructive
pulmonary disease (COPD) than those without COPD
[38].
Pathological lymph node stage is an effective
prognostic factor for NSCLC [39]. Although the EMTrelated gene signature was originated from node status,
its prognostic value for NSCLC was independent of
TNM stage. This is partly because the anatomic location
and the number of resected lymph nodes may affect the

In the present study, a set of EMT-related genes
were identified in a respiratory epithelium-derived
nonmalignant cell line M-BE induced by TGF-β1 in vitro.
These genes showed active pattern in malignance-free
surgical margins from lung SCC and were significantly
associated with node metastasis. Four EMT-related genes
were submitted to validation analysis and showed strong
prognostic value for NSCLC.
Many studies have demonstrated that EMT
contributes to malignant traits of cancer cells such
as motility, invasiveness, or drug resistance [17, 18].
However, the potential roles of EMT in premalignant
cells have rarely been studied. In this study, a human
bronchial nonmalignant cell line exhibited mesenchymal
characteristics with a scattered spindle-shaped
morphology when treated with TGF-β1. Consistent with
the cellular phenotypic changes, genes well-defined as
mesenchymal markers, such as N-cadherin, Vimentin,
ZEB1 and Snail [20, 21], were activated in the transformed
cells (Supplementary Table S3). E-cadherin is another
important marker in EMT process. Although it was not
significantly decreased in the TGF-β1-induced cells
in this study, its cellular translocation from membrane
to cytoplasm may also indicate the activation of EMT
[22, 23]. Compared with another EMT model of the
NSCLC cell line A549, the M-BE model shared 334
(hypergeometric test, P < 0.001) common up-regulated
genes and 138 (hypergeometric test, P < 0.001) common
down-regulated genes (Supplementary Figure S8).
These results consistently support the EMT-derived gene
signature in at least two cell lines.
In NSCLC, the field effect of cancerization is
probably derived from the widespread molecular damages
throughout the respiratory epitheliums by carcinogens
exposure [10]. The histologically normal-appearing
lung tissues or the bronchial epithelium adjacent to
neoplastic lesions were detected with genetic alterations
[12, 24, 25], epigenetic abnormalities [13], and geneexpression significance [14]. These data suggest that the
molecular alterations in the nonmalignant tissues around
the cancerous regions may play a critical role in the
development of lung cancer. While, our results proposed
that assessment of these molecularly malignant events in
surgical margin as a potential “molecular margin” will be
helpful in outcome prediction of NSCLC.
Seike et al. [26] found that the gene expression
of 15 cytokines in the benign tissues adjacent to lung
adenocarcinoma were associated with lymph node status,
and were related to patient survival when combined with
the gene expression patterns in tumor tissues. Our results
were carried out only in NSMs from NSCLC, which
suggested that the prognostic value of field effect could
be independent of the molecular features of the tumor
itself. Moreover, despite the Seike’s results suggesting the
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accuracy of lymph node staging [40-42]. In addition, the
histopathological examination of resected lymph node
samples may also be underestimated for approximately
30% of positive nodes [43]. This indicates that detection of
the EMT-related signature in NSMs from surgical resected
samples, or biopsies may be a useful approach to identify
tumor micrometastasis of lung cancer without pathological
lymph node metastasis.
Local recurrence or metastasis was generally
believed to account for the failure of therapy and poor
prognosis of NSCLC [44]. Among the patients with stage
I disease, nearly 30-35% of them will suffer relapse after
initial surgical resection [1, 45], despite the histological
confirmation of tumor-free surgical margin. While, the
molecular status of the “normal” appearing lung tissues
in the surgical margin and its clinical significance was
rarely examined in NSCLC. According to our materials,
the EMT-like gene-expression pattern in the NSMs was
proposed to be a poor prognostic factor for NSCLC.
One limitation is that the relapse information of patients
analyzed in this study was not available, thus the
predictive value for local recurrence of NSCLC of this
gene-expression signature needs to be validated in further
studies.
In summary, an EMT-like gene-expression subtype
discovered in NSMs was associated with lymph node
metastasis and overall survival of NSCLC patients. The
EMT-related molecular events that reflect malignant
behavior of cancer cells may predate the emergence of
morphological changes in epithelial cells in the affected
field of cancerization, making it a possible tool for
outcome prediction for NSCLC patients in the future.

and clinical TNM stage information were classified
according to the 2004 World Health Organization (WHO)
classification. There were no statistically significant
differences in clinical variables between discovering
cohort and validation cohort (Supplementary Table S1).
The use of human tissue samples for this study were
reviewed and approved by the Ethics Committee of
CICAMS (approval number: CH-BMS-014), with written
informed consent from all patients.
One publicly available cohort of NSCLC (n = 54,
composed of 17 lung SCC and 37 lung adenocarcinoma)
patients from The Cancer Genome Atlas (TCGA)
database were involved for independent validation. The
clinical parameters of this cohort were summarized in
Supplementary Table S2.

Cell culture and TGF-β1 treatment
A human immortalized bronchial epithelial cell
line (M-BE) was previously established and maintained
in our laboratory [46]. Cells were cultured in serum-free
LHC-9 medium, and incubated at 37°C with 3.5% CO2
[46]. M-BE cells in cultures were treated with human
recombinant TGF-β1 (R&D System, Minneapolis, MN,
USA) at a final concentration of 5 ng/ml for six days. Cells
cultured without TGF-β1 were set as controls.

Immunofluorescence staining
blotting for EMT markers

western

Expression and cellular localization of three EMT
markers (E-cadherin, N-cadherin and Vimentin) in the
M-BE model were examined by immunofluorescence
microscopy [47]. For western blotting, total cell lysate
was extracted from M-BE cells with RIPA buffer (Pierce,
Rockford, IL, USA), separated by electrophoresis on 10%
SDS-PAGE gels, electrophoretically transferred onto a
PVDF membrane, and examined for three EMT markers
and β-actin.

MATERIALS AND METHODS
Patients and tissue samples
NSMs were collected from lung SCC patients who
had undergone surgical resection at Cancer Institute
& Hospital, Chinese Academy of Medical Sciences
(CICAMS) between 2009 and 2012. Patients with any
of the following points were excluded: a) those received
neo-adjuvant chemotherapy/radiotherapy; b) with
positive surgical margins by pathology; c) with poor RNA
quality, RIN (RNA integrity number) less than 6.5; d)
without follow-up information of overall survival (for the
validation cohort). Finally, 110 patients (60 in discovering
cohort, and 50 in validation cohort) were involved in this
study. NSMs were mainly about 3-5 cm distance from the
primary tumor, and checked without visible cancer cells by
histopathology (Supplementary Figure S1). Fresh tissues
were treated with RNAlaterTM (Ambion, Austin, TX, USA)
to prevent RNAs from degradation and then stored at
-80°C before subsequent molecular analysis. Histological
www.impactjournals.com/oncotarget
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Quantitative RT-PCR analysis
RNA isolation and reverse transcription were
performed using TRIzol® and SuperScript® II (Invitrogen,
Carlsbad, CA, USA), respectively. For M-BE samples,
qRT-PCR analysis was performed using the SYBR®
Green (Takara, Otsu, Shiga, Japan) method. For human
tissue samples, the TaqMan® (Applied Biosystems, Foster
City, CA, USA) method was employed for the qRT-PCR
analysis of 4-gene profile.
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Microarray gene-expression profiling and data
processing of public dataset
All of the sample-labeling, hybridization, washing
and scanning steps were conducted following the
manufacturer’s specifications [48]. Data extraction and
annotation were performed using GeneSpring v 7.3.1
(Agilent, Pal Alto, CA). Normalization and probe selection
were carried out using ‘limma’ package in R software. All
the microarray raw data are publicly available in the Gene
Expression Omnibus (GSE40374, GSE40588).
The normalized gene-expression profiles of
normal lung tissues, adjacent airways and tumors were
downloaded from Gene Expression Omnibus of series
GSE44077. Gene feature matching between our dataset
and the downloaded dataset was performed using Entrez
Gene identifiers. The estimation of side-dependent field
cancerization effect of airways was calculated with the
method as described by Kadara et.al [19].
The normalized gene-expression data (Reads Per
Kilobase per Million reads, RPKM) of RNA sequencing of
NSMs from NSCLC as well as the corresponding clinical
data were downloaded from TCGA data portal. The
log2-transformed RPKM value was used for subsequent
prediction analysis.

GRANT SUPPORT

Little AG, Rusch VW, Bonner JA, Gaspar LE, Green MR,
Webb WR, Stewart AK. Patterns of surgical care of lung
cancer patients. Ann Thorac Surg. 2005; 80:2051-2056.

6.

Maygarden SJ, Detterbeck FC, Funkhouser WK. Bronchial
margins in lung cancer resection specimens: utility of frozen
section and gross evaluation. Mod Pathol. 2004; 17:10801086.

7.

Hancock JG, Rosen JE, Antonicelli A, Moreno A, Kim
AW, Detterbeck FC, Boffa DJ. Impact of adjuvant treatment
for microscopic residual disease after non-small cell lung
cancer surgery. Ann Thorac Surg. 2015; 99:406-413.

8.

Sawabata N, Maeda H, Matsumura A, Ohta M, Okumura
M. Clinical implications of the margin cytology findings
and margin/tumor size ratio in patients who underwent
pulmonary excision for peripheral non-small cell lung
cancer. Surg Today. 2012; 42:238-244.

9.

Dakubo GD, Jakupciak JP, Birch-Machin MA, Parr RL.
Clinical implications and utility of field cancerization.
Cancer Cell Int. 2007; 7:2.

14. Spira A, Beane JE, Shah V, Steiling K, Liu G, Schembri F,
Gilman S, Dumas YM, Calner P, Sebastiani P, Sridhar S,
Beamis J, Lamb C, et al. Airway epithelial gene expression
in the diagnostic evaluation of smokers with suspect lung
cancer. Nat Med. 2007; 13:361-366.

This work was supported by the National High
Technology Research and Development Program of China
(2006AA02A401, 2012AA02A502); the Natural Science
Foundation of China (30930042); and the Innovation Fund
for Graduate Students of Peking Union Medical College
(2011-1001-027).

15. Masasyesva BG, Tong BC, Brock MV, Pilkington T,
Goldenberg D, Sidransky D, Harden S, Westra WH,
Califano J. Molecular margin analysis predicts local
recurrence after sublobar resection of lung cancer. Int J
Cancer. 2005; 113:1022-1025.

REFERENCES

www.impactjournals.com/oncotarget

5.

13. Guo M, House MG, Hooker C, Han Y, Heath E, Gabrielson
E, Yang SC, Baylin SB, Herman JG, Brock MV. Promoter
hypermethylation of resected bronchial margins: a field
defect of changes? Clin Cancer Res. 2004; 10:5131-5136.

No potential conflicts of interest were declared.

Spira A, Ettinger DS. Multidisciplinary management of
lung cancer. N Engl J Med. 2004; 350:379-392.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA
Cancer J Clin. 2016; 66:7-30.

12. Franklin WA, Gazdar AF, Haney J, Wistuba II, La Rosa
FG, Kennedy T, Ritchey DM, Miller YE. Widely dispersed
p53 mutation in respiratory epithelium. A novel mechanism
for field carcinogenesis. J Clin Invest. 1997; 100:21332137.

CONFLICTS OF INTEREST

2.

4.

11. Braakhuis BJ, Tabor MP, Kummer JA, Leemans CR,
Brakenhoff RH. A genetic explanation of Slaughter’s
concept of field cancerization: evidence and clinical
implications. Cancer Res. 2003; 63:1727-1730.

Gene Ontology (GO) enrichment analysis for
gene sets was performed using DAVID online functional
annotation tool [49, 50]. All of the other statistic analysis
in this study was performed using R software (http://
www.r-project.org). More details of statistical analysis are
available in the Supplementary Materials and Methods.

Hoffman PC, Mauer AM, Vokes EE. Lung cancer. Lancet.
2000; 355:479-485.

Nesbitt JC, Putnam JB Jr, Walsh GL, Roth JA, Mountain
CF. Survival in early-stage non-small cell lung cancer. Ann
Thorac Surg. 1995; 60:466-472.

10. Steiling K, Ryan J, Brody JS, Spira A. The field of tissue
injury in the lung and airway. Cancer Prev Res (Phila).
2008; 1:396-403.

Statistical analysis

1.

3.

16. Creighton CJ, Chang JC, Rosen JM. Epithelialmesenchymal transition (EMT) in tumor-initiating cells and
its clinical implications in breast cancer. J Mammary Gland
Biol Neoplasia. 2010; 15:253-260.
53651

Oncotarget

17. Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.

Baldwin AK, McGovern A, Baldock C, Shuttleworth CA,
Kielty CM. Assembly of fibrillin microfibrils governs
extracellular deposition of latent TGF beta. J Cell Sci. 2010;
123:3006-3018.

18. Gomes LR, Terra LF, Sogayar MC, Labriola L. Epithelialmesenchymal transition: implications in cancer progression
and metastasis. Curr Pharm Biotechnol. 2011; 12:18811890.

31. Nistala H, Lee-Arteaga S, Smaldone S, Siciliano G, Carta
L, Ono RN, Sengle G, Arteaga-Solis E, Levasseur R, Ducy
P, Sakai LY, Karsenty G, Ramirez F. Fibrillin-1 and -2
differentially modulate endogenous TGF-beta and BMP
bioavailability during bone formation. J Cell Biol. 2010;
190:1107-1121.

19. Kadara H, Fujimoto J, Yoo SY, Maki Y, Gower AC,
Kabbout M, Garcia MM, Chow CW, Chu Z, Mendoza
G, Shen L, Kalhor N, Hong WK, et al. Transcriptomic
architecture of the adjacent airway field cancerization
in non-small cell lung cancer. J Natl Cancer Inst. 2014;
106:dju004.

32. Sercu S, Zhang L, Merregaert J. The extracellular matrix
protein 1: its molecular interaction and implication in tumor
progression. Cancer Invest. 2008; 26:375-384.

20. Keshamouni VG, Michailidis G, Grasso CS, Anthwal
S, Strahler JR, Walker A, Arenberg DA, Reddy RC,
Akulapalli S, Thannickal VJ, Standiford TJ, Andrews PC,
Omenn GS. Differential protein expression profiling by
iTRAQ-2DLC-MS/MS of lung cancer cells undergoing
epithelial-mesenchymal transition reveals a migratory/
invasive phenotype. J Proteome Res. 2006; 5:1143-1154.

33. Robertson IB, Horiguchi M, Zilberberg L, Dabovic B,
Hadjiolova K, Rifkin DB. Latent TGF-beta-binding
proteins. Matrix Biol. 2015; 47:44-53.
34. Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, Springer
TA. Latent TGF-beta structure and activation. Nature. 2011;
474:343-349.

21. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH
factors in tumour progression: an alliance against the
epithelial phenotype? Nat Rev Cancer. 2007; 7:415-428.

35. Ryan SD, Bhanot K, Ferrier A, De Repentigny Y, Chu
A, Blais A, Kothary R. Microtubule stability, Golgi
organization, and transport flux require dystonin-a2MAP1B interaction. J Cell Biol. 2012; 196:727-742.

22. Tikhmyanova N, Golemis EA. NEDD9 and BCAR1
negatively regulate E-cadherin membrane localization,
and promote E-cadherin degradation. PLoS One. 2011;
6:e22102.

36. Tymanskyj SR, Scales TM, Gordon-Weeks PR. MAP1B
enhances microtubule assembly rates and axon extension
rates in developing neurons. Mol Cell Neurosci. 2012;
49:110-119.

23. Zavadil J, Haley J, Kalluri R, Muthuswamy SK, Thompson
E. Epithelial-mesenchymal transition. Cancer Res. 2008;
68:9574-9577.
24. Nelson MA, Wymer J, Clements N Jr. Detection of K-ras
gene mutations in non-neoplastic lung tissue and lung
cancers. Cancer Lett. 1996; 103:115-121.

37. Zhang Y, Wang H, Wang J, Bao L, Wang L, Huo J, Wang
X. Global analysis of chromosome 1 genes among patients
with lung adenocarcinoma, squamous carcinoma, large-cell
carcinoma, small-cell carcinoma, or non-cancer. Cancer
Metastasis Rev. 2015; 34:249-264.

25. Tang X, Shigematsu H, Bekele BN, Roth JA, Minna JD,
Hong WK, Gazdar AF, Wistuba II. EGFR tyrosine kinase
domain mutations are detected in histologically normal
respiratory epithelium in lung cancer patients. Cancer Res.
2005; 65:7568-7572.

38. Tessema M, Yingling CM, Picchi MA, Wu G, Liu Y,
Weissfeld JL, Siegfried JM, Tesfaigzi Y, Belinsky SA.
Epigenetic Repression of CCDC37 and MAP1B Links
Chronic Obstructive Pulmonary Disease to Lung Cancer. J
Thorac Oncol. 2015; 10:1181-1188.

26. Seike M, Yanaihara N, Bowman ED, Zanetti KA, Budhu
A, Kumamoto K, Mechanic LE, Matsumoto S, Yokota J,
Shibata T, Sugimura H, Gemma A, Kudoh S, et al. Use of a
cytokine gene expression signature in lung adenocarcinoma
and the surrounding tissue as a prognostic classifier. J Natl
Cancer Inst. 2007; 99:1257-1269.

39. Rusch VW, Crowley J, Giroux DJ, Goldstraw P, Im JG,
Tsuboi M, Tsuchiya R, Vansteenkiste J. The IASLC Lung
Cancer Staging Project: proposals for the revision of the N
descriptors in the forthcoming seventh edition of the TNM
classification for lung cancer. J Thorac Oncol. 2007; 2:603612.

27. Kalluri R, Weinberg RA. The basics of epithelialmesenchymal transition. J Clin Invest. 2009; 119:14201428.

40. Gajra A, Newman N, Gamble GP, Kohman LJ, Graziano
SL. Effect of number of lymph nodes sampled on outcome
in patients with stage I non-small-cell lung cancer. J Clin
Oncol. 2003; 21:1029-1034.

28. Hiratsuka S, Watanabe A, Aburatani H, Maru Y. Tumourmediated upregulation of chemoattractants and recruitment
of myeloid cells predetermines lung metastasis. Nat Cell
Biol. 2006; 8:1369-1375.

41. Ludwig MS, Goodman M, Miller DL, Johnstone PA.
Postoperative survival and the number of lymph nodes
sampled during resection of node-negative non-small cell
lung cancer. Chest. 2005; 128:1545-1550.

29. Bianchi F, Nicassio F, Di Fiore PP. Unbiased vs. biased
approaches to the identification of cancer signatures: the
case of lung cancer. Cell Cycle. 2008; 7:729-734.

42. Osarogiagbon RU, Allen JW, Farooq A, Berry A, O’Brien
T. Pathologic lymph node staging practice and stagepredicted survival after resection of lung cancer. Ann

30. Massam-Wu T, Chiu M, Choudhury R, Chaudhry SS,
www.impactjournals.com/oncotarget

53652

Oncotarget

Thorac Surg. 2011; 91:1486-1492.

Am J Physiol Lung Cell Mol Physiol. 2009; 297:L115-124.

43. Dai CH, Li J, Yu LC, Li XQ, Shi SB, Wu JR. Molecular
diagnosis and prognostic significance of lymph node
micrometastasis in patients with histologically nodenegative non-small cell lung cancer. Tumour Biol. 2013;
34:1245-1253.

48. Feng L, Liu H, Liu Y, Lu Z, Guo G, Guo S, Zheng H, Gao
Y, Cheng S, Wang J, Zhang K, Zhang Y. Power of deep
sequencing and agilent microarray for gene expression
profiling study. Mol Biotechnol. 2010; 45:101-110.
49. Huang da W, Sherman BT, Lempicki RA. Bioinformatics
enrichment tools: paths toward the comprehensive
functional analysis of large gene lists. Nucleic Acids Res.
2009; 37:1-13.

44. Gupta GP, Massague J. Cancer metastasis: building a
framework. Cell. 2006; 127:679-695.
45. Mountain CF. Revisions in the International System for
Staging Lung Cancer. Chest. 1997; 111:1710-1717.

50. Huang da W, Sherman BT, Lempicki RA. Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat Protoc. 2009; 4:44-57.

46. Lu YJ, Guo SP, Tong T, Xu LH, Dong XY, Hana NJ,
Cheng SJ. Establishment and characterization of a SV40Ttransformed human bronchial epithelial cell line. Lung
Cancer. 1998; 19:15-24.
47. Nasreen N, Mohammed KA, Mubarak KK, Baz MA,
Akindipe OA, Fernandez-Bussy S, Antony VB. Pleural
mesothelial cell transformation into myofibroblasts and
haptotactic migration in response to TGF-beta1 in vitro.

www.impactjournals.com/oncotarget

53653

Oncotarget

