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Background: Although chronic inflammation increases the risk of carcinogenesis, there have been few
reports of genome-wide screening for chromosomal alterations and DNA damage, such as mutations and
strand breaks, induced by chronic inflammation.

Methods: This study utilized high-resolution comparative genomic hybridization to detect copy number
variations (CNVs) between normal and cancerous lung cells treated with tumor necrosis factor-alpha (TNF-a)
for 24 weeks to induce chronic inflammation. Ingenuity Pathway Analysis was used to analyze the functions of
genes located at the common CNV regions that were induced by chronic inflammation.

Results: The results shown that TNF-o induced more CNVs in normal lung cells than in cancerous lung
cells. Moreover, Ingenuity Pathway Analysis was used to analyze the function of genes located at the common
CNV regions get involved in cancer progression, DNA repair and inflammatory disease.

Conclusions: Chronic inflammation might be one of a set of factors which transform normal lung cells into

tumor cells.

Key Words: Chronic inflammation; array comparative genomic hybridization (array CGH); copy number

variation

Introduction

Inflammation is a physiological response to tissue damage
caused by pathogenic infection, chemical stimulation, and/or
wounding (1). The relationship between chronic inflammation
and cancer has been widely investigated (2), and numerous
studies have demonstrated that chronic inflammation can
contribute to carcinogenesis. For example, a study comprising
78,000 patients with asthma demonstrated a high risk of lung
cancer in both men and women, consistent with local, chronic
inflammation as a contributing factor (3). Previous studies have
also reported increased cancer risk among adults with post-
inflammatory pulmonary interstidial fibrosis, as seen in patients
with silicosis and asbestosis (4). Chronic inflammation may
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promote some of the molecular changes observed in airway
epithelial cells that lead to cancer development (4). Chronic
inflammatory disorders appear to increase the risk of cancer
development not only in the lung but also in other organs, such
as the liver (5), pancreas (6), esophagus (7), and skin (8). In a
study involving more than 3,000 patients with chronic ulcerative
colitis, a type of inflammatory bowel disease, investigators found
an incidence of colon cancer that was 5.7-fold higher than
expected (9). Thus, there is increasing evidence supporting the
association of chronic inflammation with cancer development.
Chronic inflammation may induce DNA strand breaks,
mismatches, and mutations (10), and these events may lead
to cellular transformation (2). Genetic alterations such as
amplifications and deletions also frequently contribute to
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carcinogenesis (11). These alterations may change gene
expression levels and cause abnormal regulation of the
cell cycle and survival pathways. Characterization of these
genetic alterations is important for the basic understanding
of cancer and its diagnosis. Comparative genomic
hybridization (CGH) has been developed to analyze
DNA copy number variations (CNVs) across the entire
genome. In addition to the CGH assay, there are many
other platforms, such as array CGH (aCGH), for analyzing
genetic alterations. aCGH can identify DNA CNVs with an
emphasis on the most commonly studied genomic coding
regions and cancer-related genes (12-14). The advantage
of aCGH is its ability to simultaneously detect deletions,
duplications, and/or amplifications of any locus represented
on an array, with higher resolution than traditional
cytogenetic methods. It has also enabled investigators to
focus on various types of rearrangements, in particular
chromosomal regions. In addition, aCGH is a powerful
tool for the detection of submicroscopic chromosomal
abnormalities in individuals (15), including subtelomeric
and pericentromeric rearrangements (16). Detecting these
aberrations by aCGH provides information on the locations
of important cancer genes and can have clinical uses for
diagnosis, cancer classification, and prognostication (17).
In a study of human lung adenocarcinomas, aCGH was
used to compare genomic profiles of epidermal growth factor
receptor (EGFR) mutant tumors and to identify a proto-
oncogene that was specific for an acquired resistance set (18).
Another study used aCGH analysis to identify mutations
and CNVs that were related to gefitinib sensitivity in non-
small cell lung cancers (NSCLC) (19). aCGH can also
be used to identify cancer-related prognostic, diagnostic,
and therapeutic markers in human cancers induced by
chronic inflammation (20). Thus, aCGH provides complete
chromosomal information that can reveal genomics-related
physiological mechanisms involved in carcinogenesis.

To date, there have been only limited studies of genome-
wide screening for chromosomal alterations induced by
chronic inflammation. The aim of our study was to identify
the CNV regions induced by chronic inflammation in a lung
cancer cell line. Normal human lung epithelial cells (BEAS-2B)
and cancerous human alveolar epithelial cells (A549) were
treated with tumor necrosis factor-alpha (TNF-a). Several
molecular mediators, including interleukins, tumor necrosis
factor-alpha (TNF-a), and tumor necrosis factor-beta
(TGF-B), can promote inflammatory stress and fibrogenic
responses in the lung as well as induce progressive,
proliferative epithelial reactivity in neighboring cells (21).
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We used aCGH to identify the CNV regions induced by
TNF-a at different time points and found that TNF-a
induced more CNV regions in normal lung cells than in
cancerous lung cells. Furthermore, we used Ingenuity
Pathway Analysis (IPA) to analyze the functions of genes
located at the common CNV regions induced by chronic
inflammation.

Methods
Cell culture and TNF-o treatment

The normal human lung epithelial cell line BEAS-2B and
cancerous human alveolar epithelial cell line A549 were
cultured in RPMI 1640 medium supplemented with 1.5 g/L
Na,HCO;, 4.5 g/L glucose, and 10% fetal bovine serum
(GIBCO-BRL) in a humidified atmosphere containing
5% CO, at 37 °C. To analyze cell responses under chronic
inflammation, the two cell lines were treated with or
without 10 ng/mL TNF-a (Alexis Biochemicals, Griinberg,
Germany) for 24 weeks. Total RNA and genomic DNA
were extracted for analysis at different time points after
TNF-o treatment.

Total RNA and genomic DNA extraction

Cells (1.5x10°) were washed twice with ice-cold PBS
and suspended in 10 mL of ice-cold PBS, followed by
centrifugation at 1,000 rpm for 5 min at 4 °C. Total
RNA was extracted by TRIzol using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA) according to the
manufacturers’ instructions. Genomic DNA was extracted
via a similar protocol using the DNeasy Mini Kit (Qiagen).

Quantitative RT-PCR analysis

Purity of total RNA was confirmed by 1% agarose gel
electrophoresis and Bioanalyzer analysis. RNA (1 pg)
was reversed transcribed into cDNA using Superscript
IIT (Invitrogen) with random decamer primers (Ambion
Europe Ltd., Huntingdon, UK). ¢cDNA transcripts
were analyzed using the ABI 7300 Real-Time PCR
System. The following primers were used: TNF-a
forward 5'-TGGCCCAGGCAGTCAGA-3' and reverse
5'-CAACATGGGCTACAGGCTTGT-3', Interleukin-8
(IL-8) forward 5'-CCAGGAAGAAACCACCGGA-3" and
reverse 5'-GAAATCAGGAAGGCTGCCAAG-3', and
GAPDH forward 5'-CTAGGCCCCTCCCCTCTTC-3'
and reverse 5'-CCCCCACCACACTGAATCTC-3". All
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Figure 1 mRNA expression levels of TNF-a and IL-8. mRNA levels were measured in BEAS-2B (A) and A549 (B) cells after TNF-a

treatment for various time periods. The Y axis represents the relative-fold expression compared with untreated cells

primer oligonucleotides were obtained from Genomics
BioSci & Tech Ltd. (Taipei, Taiwan). Each experiment was
performed in triplicate. The relative gene copy numbers were
calculated by the concentration-CT standard curve method
and normalized using the average expression of GAPDH.

aCGH assay

Genomic DNA labeling and hybridization were performed
according to the manufacturer’s instructions (Agilent
Technologies Inc., Wilmington, DE, USA). In brief,
genomic DNA (300 ng) from normal and cancerous lung
cells was digested with A/ul and Rsal at 37 °C for 2 h. The
digested DNA was labeled by random priming for 2 h
at 37 °C using the Agilent Genomic DNA Labeling Kit
Plus (Agilent Technologies Inc). Genomic DNA from
TNF-a-treated cells was labeled with Cy5-dUTP, while
that from untreated cells was labeled with Cy3-dUTP.
Labeled products were purified using Microcon YM-30
filters (Millipore, Billerica, MA, USA) and then mixed
with Human Cot I DNA (Invitrogen). Agilent 105k CGH
oligonucleotide microarrays were hybridized with the
purified probes at 65 °C for 24 h at 15 rpm, and the slides
were then washed.

aCGH data analysis

aCGH arrays were scanned with an Axon scanner and
quantified with GenePix software. The raw data were
normalized by a procedure utilizing the dependency of
neighboring probes, and ridge-tracing normalization,

performed in MATLAB (22), was used to adjust the aCGH
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data. The circular binary segmentation, implemented in the
DNAcopy R package, was used to segment the normalized
data. Segmentation was used to define the different CNVs in
the chromosomes of treated and untreated cells. The absolute
values of the log ratios of the regions were compared to those
of the derivative log ratio spreads. A region was assigned as
a “gain” if the log ratio was positive and as a “loss” if the log
ratio was negative. The frequencies of different lengths of
identified CNV regions were calculated.

Results
TNF-o induced chronic inflammation

To analyze the degree of inflammation induced by TNF-o,
the gene expression levels of two inflammatory marker
cytokines, TNF-a and IL-§, were measured in normal and
cancerous lung cells treated with TNF-a for 8-24 weeks.
The expression levels of TNF-a and IL-8 were 3- and 5.4-
fold higher, respectively, in treated BEAS-2B cells than
that in untreated BEAS-2B cells. This upregulation of the
expression of TNF-a and IL-§ was observed at 12, 16, 20,
and 24 weeks (Figure 1A4). In A549 cells, the expression of
TNF-o was upregulated through 20 weeks, but IL-§ showed
no significant upregulation after 12 weeks (Figure 1B). These
results indicated that TNF-o induced chronic inflammation
in BEAS-2B and A549 cells through at least 20 weeks.

TNF-o. induced move CNV’s in normal lung cells

To identify CNV regions, aCGH analysis was performed
to compare the genomic DNA of both cell lines with or
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Table 1 Number of CNV regions in A549 and BEAS-2B cells following TINF-a treatment

16 weeks 20 weeks 24 weeks
Gain Loss Loss Gain Loss
A549 45 40 87 358 61
BEAS-2B 135 126 154 265 186
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Figure 2 Size distribution of CNV regions. The number of CNV regions of different lengths in BEAS-2B (A) and A549 (B) cells after 16,

20, and 24 weeks of TNF-a treatment

without TNF-a treatment for 16, 20, and 24 weeks. At these
respective time points, 261, 319, and 451 CNV regions
were identified in TNF-o-treated BEAS-2B cells, whereas
TNF-a-treated A549 cells had only 85, 132, and 419 CNV
regions (Table 1). This suggested that chronic inflammation
by TNF-a induced more CNVs in normal lung cells than in
cancerous lung cells.

Next, we analyzed the size distribution of the identified
regions from the two cell lines at different time points.
Most CNV regions induced by TNF-a in BEAS-2B cells
were less than 5x10° bp, while only few showed large
CNV regions (>6x10° bp). The number of small (1x10’-
5x10° bp) CNV regions was 234, 143, and 161 at 16, 20,
and 24 weeks, respectively (Figure 2A4). A similar result was
observed in A549 cells (Figure 2B). These results suggested
that chronic inflammation induced genomic variations
of relatively small size in both TNF-o-treated cells. The
location and frequency of CNV regions in each BEAS-2B
and A549 chromosome are shown in Figure 3. CNV regions
identified as “gain” in BEAS-2B cells are shown in red in
Figure 34, and most were located on chromosomes 5, 9,
11, and 16, whereas CNV regions identified as “losses” are
shown in green, and most were located on chromosomes
4,5, 8, 11, 18, and 19 (Figure 34). CNV regions were not
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observed at the same chromosome positions in A549 cells
(Figure 3B).

Chronic inflammation induced more genes in common
CNV regions in normal cells

The number of accumulated CNV regions were determined
in A549 and BEAS-2B cells. There were 46 CNV regions
in common at 20 and 24 weeks in A549 cells compared with
984 in BEAS-2B cells. Most of the CNV regions identified
as “gain” in BEAS-2B cells were present at 20 and 24 weeks
on chromosome 5 (5p12-5p13.3, 5p15.1-5p15.33, 5q14.3;
red lines within blue regions in Figure 4), while most of the
common “loss” were present on chromosome 18 (18q12.3,
18q21.1-18q21.33, 18q22.1-22.3, 18q23; green lines within
blue regions in Figure 4). Very few common CNV regions
were identified on chromosome 5 or 18 in A549 cells (Figure 4).

The genes located in the common CNV regions of
BEAS-2B cells were identified, and their functions or
pathway involvements were analyzed by IPA. Of the 107
genes identified from the common loss regions, nine were
involved in hematological system development, nine were
related to cellular growth and proliferation, and only four
[protein inbibitor of activated STAT2 (PIAS2), transcription
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Figure 3 Frequency of CNV regions on each chromosome of BEAS-2B (A) and A549 cells (B). Red and green colors indicate copy number

gains and losses, respectively. The X axis represents the length of each chromosome in kilobase pairs
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Figure 4 CNV locations on chromosomes 5 and 18 in BEAS-2B and A549 cells. Red indicates copy number gain, green indicates copy

number loss, and blue bands indicate CNV regions in common. The X axis represents the length of each chromosome in kilobase pairs

factor 4 (TCF4), gastrin-releasing peptide (GRP), and SMAD
family member 2 (SMAD?2)] were related to functional
pathways in inflammatory disease and cancer progression
(Table 2, Figure S1, Table SI). The remaining genes located

in the common “loss” regions could not be mapped to any
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functional studies or pathways by IPA. Among the 151 genes
identified in the common “gain” CNV regions in BEAS-
2B cells, 13 were associated with infection mechanisms, 12
were involved in cellular movement, five were related to
post-transcriptional RNA modifications, 10 were related
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Table 2 Roles and functions of genes identified from the common loss regions in BEAS-2B cells

Function Gene full name

Role

Inflammatory disease
TCF4 (transcription factor 4)
GRP (gastrin-releasing peptide)
SMAD?2 (SMAD family member 2)

Cancer

PIAS2 (protein inhibitor of activated STAT2)

G1 phase, Cell cycle progression
Apoptosis, Proliferation
Proliferation, Cell cycle
Apoptosis, Proliferation

Table 3 Roles and functions of genes identified from the common gain regions in BEAS-2B cells

Function Gene full name

Role

DNA replication

and repair RAD23B (Rad23 homolog B)
KLF4 (Kruppel-like factor 4)
ERCC4 (excision repair cross-complementing rodent repair
deficiency, complementation group 4)
Inflammatory XPA (xeroderma pigmentosum, complementation group A)
disease
Cancer SKP2 (S-phase kinase-associated protein 2)

GDNF (glial cell derived neurotrophic factor)
SEMAS5A (semaphorin 5A)

XPA (xeroderma pigmentosum, complementation group A)

Double-stranded DNA break repair, Apoptosis
DNA damage response

Proliferation, G1/S transition

Excision repair, Cell survival

Apoptosis, DNA damage response
Cell cycle progression, Cell survival

Cell survival, Apoptosis
Guidance

to nervous system development, and 13 were associated
with embryonic development and cellular function. There
were only seven genes (Figure S2, Table S2), xeroderma
pigmentosum, complementation group A (XPA), Rad23 homolog
B (RAD23B), Kriippel-like factor 4 (KLF4), excision repair
cross-complementing rodent repair deficiency complementation
group 4 (ERCC4), glial cell derived neurotrophic factor (GDNF),
semaphorin SA (SEMASA), and S-phase kinase-associated
protein 2 (SKP2) (1able 3), related to DNA replication, DNA

repair, inflammatory disease, and cancer progression.

Discussion

In this study, normal (BEAS-2B) and cancerous (A549) lung
cells were treated with TNF-a to induce inflammation.
Real-time PCR analysis of the inflammatory markers IL-8
and TNF-a suggested that TNF-o can lead to chronic
inflammation in both BEAS-2B and A549 cells. In addition,
during a chronic inflammation state, more CNV regions
were found in normal lung cells than in cancerous lung
cells. Some of the genes located in these common CNV
regions were identified using IPA and may be involved in
carcinogenesis and immune response.

Chronic or prolonged inflammation leads to a
progressive shift in cells present at the site of inflammation.

© Pioneer Bioscience Publishing Company. All rights reserved.

Cytokines are a class of signaling molecules that are
essential for the inflammatory process (23,24). The pro-
inflammatory cytokine TNF-a, which participates in the
initiation and maintenance of inflammation, regulates
inflammatory cells and mediates many inflammatory
processes. In this study, TNF-a treatment enhanced mRNA
expression level of TNF-a for up to 20 weeks in normal and
cancerous lung cells (Figure I). Furthermore, expression
levels of IL-8, considered to be an early-phase inflammatory
marker (25,26), were higher in TNF-a-treated cells than
in untreated cells before 16 weeks. Therefore, we suggest
that TNF-a can induce inflammation for at least 20 weeks
in normal and cancerous lung cells. Our results also showed
that the expression level of IL-§ decreased, but was still
upregulated at 24 weeks in normal TNF-a-treated lung
cells compared with its level in untreated cells; however,
no change was observed in the expression level of IL-§
at 20 and 24 weeks in the cancerous lung cells. Under
inflammatory conditions, cells can synthesize various enzymes
and cytokines that are active against inflammation (27).
Furthermore, IL-8§ is regulated, in part, by anti-inflammatory
cytokines to decrease the expression and function of pro-
inflammatory cytokine signals (28). Therefore, cells have
the potential to auto-regulate their inflammatory status and
decrease the expression level of IL-8. The cancerous tumor
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cells showed no changes in expression levels of TNF-o and
IL-8 at weeks 20 and 24, indicating that the cells may have
already adapted or become resistant to TNF-a treatment.
Taken together, these data may suggest that chronic
inflammation can be induced by TNF-a treatment in
normal and cancerous lung cells.

Since its development, aCGH has been used routinely
in genetic instability studies to characterize DNA
polymorphisms, mutations, and CNVs [59,60]. Previous
studies have reported that a prolonged inflammatory response
can increase DNA mutations and genomic instability
(29-31). In an inflammation-associated liver cancer mouse
model, Mdr2-KO mice, early inflammatory stages resulted in
apoptosis, cell cycle arrest, increased genomic instability, and
carcinogenesis (32). Inflammation also induces genomic
instability through inflammatory mediators, leading to
accumulation of genetic alterations in cells (33). Our results
suggest that chronic inflammation induces genomic instability,
including increased CNVs that can be detected by aCGH.

In this study, more CNVs were detected in TNF-o-treated
BEAS-2B cells than in untreated BEAS-2B cells. In contrast,
fewer CNVs were detected in TNF-o-treated A549 cells than in
untreated A549 cells (Table 1). Chronic inflammation can create
significant environmental stress in cells and tissues, and it has
been reported that this stress leads to decreased activity of the
DNA repair system, which may lead to more DNA mutations
and subsequently enhance genomic instability in other
genes (34). Thus, the stress of chronic inflammation may cause
more CNVs in normal lung cells by decreasing the activity of
the DNA repair system. An earlier study using M-FISH assays
reported that A549 cells had many chromosomal alterations,
including abnormalities in chromosome numbers and inter-
chromosomal translocations, because of repair deficiency (35).
Since A549 cells already have many chromosomal alterations,
chronic inflaimmadon in TNF-a-treated A549 cells appears to
be unable to induce additional genomic instability by decreasing
DNA repair activity. In addition, the lower expression level
of TNF-a at 20 and 24 weeks in TNF-a-treated A549
cells indicates that these cells may be more resistant to the
inflammatory environment, and therefore, induce fewer DNA
altered regions compared to that untreated cells. Therefore,
our results suggest that chronic inflammation can induce more
CNVs in normal than in cancerous lung cells.

Although chronic inflammation can increase genomic
instability throughout the treatment period, common CNV
regions were only found at 20 and 24 weeks and could not
be identified in normal lung cells at earlier time points. A
previous study mentioned that genomic instability usually

© Pioneer Bioscience Publishing Company. All rights reserved.

occurs in the early phase of tumor progression (36). Another
study showed that random karyotypic changes were only
observed in SV40-transformed BEAS-2B cells during the first
12 passages following viral transformation; however, the cells
steadily accumulated characteristic abnormal chromosomes
corresponding to carcinogenic phenotypes during extended
in vitro passages (37,38). Compared to A549 cells, BEAS-
2B cells may have still been at an early phase of cancer
progression, during which chromosomal alterations could be
induced easily (39). Thus, many chromosomal alterations are
induced by chronic inflammation, but only some of these may
remain and accumulate during cell passages to become the
common CNV regions observed at late passages in normal
lung cells. In addition, although some studies have reported
that the number of gene copies has no effect on relative
expression levels in some tissues, a small but significant positive
correlation was found here between gene expression levels and
CNVs (40). Recent studies also reported that up to 20% of
differentially expressed genes were associated with CNVs in
humans and rats (41-43). If these accumulated common CNV
regions contain genes related to DNA repair or cell cycle
regulation, oncogenes, or cancer suppressor genes, alteration
of their expression levels by genomic changes could enhance
carcinogenesis in normal lung cells. Therefore, it is important
to understand the potential functions of the genes located in
the accumulated common CNV regions.

Many accumulated common CNV regions were found
after chronic inflammation induced by TNF-a; however,
only a few of the genes in these common CNV regions
were identified to be involved in DNA replication or the
DNA repair system. RAD23B, XPA, and ERCC4, which
are DNA repair enzymes involved in the nucleotide
excision repair (NER) system, were located in the identified
common gain regions. RAD23B is an essential protein for
NER interaction with damaged DNA resulting in DNA
structural changes, specifically opening of the DNA double
helix (44-46). It has been observed that dysregulation
of RAD23B in dysplastic livers may cause chromosomal
instability in TGFo/c-myc double-transgenic mice and
enhance hepatocarcinogenesis (47,48). XPA is a DNA repair
protein complementing XP-A cells that has been reported
to interact with a DNA excision repair-related gene (49).
Irradiating XPA-deficient mice with UV light can cause
photobiologic reactions including inflammation, genetic
instability, and increased epidermal cell carcinogenesis (50).
A clinical study found that skin exposure to UV light may
increase the risk of cancer development in XP patients (51).
In addition to XPA, excision repair cross-complementing

www.theter.org Transl Cancer Res 2013;2(2):64-73



Translational Cancer Research, Vol 2, No 2 April 2013

(ERCC) genes are also indispensable for NER. The
function of ERCC family is to decrease DNA damage by
nucleotide excision and repair (52). NSCLC patients with
high expression of ERCCI-ERCC4 have better survival than
patients with low expression of ERCCI-ERCC4 (52). Based
on these previous studies, expression of DNA NER-related
genes may contribute to cancer progression both 7z vive and
in vitro. Therefore, during chronic inflammation, CNVs
may dysregulate the activity of genes involved in DNA
replication or DNA repair, enhancing genomic alterations
and instability and inducing tumor progression.

KLF4, another gene located in the common CNV
region, is a regulator of proliferation and differentiation,
and altered KLF4 expression has been found in a number
of cancers including esophageal and gastrointestinal
cancer (53,54). In animal models, KLF4 can activate a
number of inflammatory cytokines, such as TNF-a and
IL-1a, and can activate inflammation-mediated esophageal
squamous cell cancer (55). Semaphorin 5A (Sema$5A),
an axon regulator, has been associated with carcinogenic
processes. Studies have reported that Sema are putative
tumor suppressors, anti-angiogenic factors, and mediators
of tumor angiogenesis, invasion, and metastasis (56,57).
Pan et al. reported that Sema5A may be associated with
gastric carcinogenesis (58). In a previous study, the
downregulation of Sema5A in cancerous lung tissue, both
at the transcriptional and translational levels, was associated
with poor survival among nonsmoking women with NSCLC
in Taiwan (59). The cancer-related gene, SKP2, is one
subunit of the ubiquitin-protein ligase complex, which is also
required for the degradation of the tumor suppressor p27.
Opverexpressed SKP2 has been detected in many different
human cancers (60). Abnormal expression of SKP2 is not
only a common feature of NSCLC, but also appears to
be involved in squamous cell carcinoma progression (61).
The expression levels of these genes with CNVs require
further validation by real-time PCR. Nevertheless, the
findings of our study may suggest that these genes located
in the common CNV regions are highly associated with
carcinogenesis and that their expression levels may be altered
to increase either genomic instability or carcinogenesis in
normal lung cells under chronic inflammation.

Conclusions

The data in this study showed that chronic TNF-a
treatment induced more CNVs and common CNV regions
in normal than in cancerous lung cells. These results suggest
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that chronic inflammation may cause genomic alterations in
genes involved in DNA repair or cancer-related functions,
leading to increased carcinogenesis in normal lung cells.
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