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Abstract

Knowledge of the methylation profile of genes allow for the identification of biomarkers that may
guide diagnosis and effective treatment of disease. Human surfactant protein A (SP-A) plays an
important role in lung homeostasis and immunity, and is encoded by two genes (SFTPAL and
SFTPAZ2). The goal of this study was to identify differentially methylated CpG sites in the
promoter region of the SFTPA2 gene in lung cancer tissue, and to determine the correlation
between the promoter’s methylation profile and gene expression. For this, we collected 28 pairs of
cancerous human lung tissue and adjacent non-cancerous (NC) lung tissue: 17 adenocarcinoma
(AC), 9 squamous cell carcinoma (SCC), and 2 AC with SCC features, and we evaluated DNA
methylation of the SFTPA2 promoter region by bisulfite conversion. Our results identified a
higher methylation ratio in one CpG site of the SFTPA2 gene in cancerous tissue vs. NC tissue
(0.36 vs. 0.11, p=0.001). When assessing AC samples, we also found cancerous tissues associated
with a higher methylation ratio (0.43 vs. 0.10, p=0.02). In the SCC group, although cancerous
tissue showed a higher methylation ratio (0.22 vs. 0.11), this difference was not statistically
significant (p=0.35). Expression of SFTPA2 mRNA and total SP-A protein was significantly
lower in cancer tissue when compared to adjacent NC tissue (p<0.001), and correlated with the
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hypermethylated status of a SFTPA2 CpG site in AC samples. The findings of this pilot study may
hold promise for future use of SFTPA2 as a biomarker for the diagnosis of lung cancer.
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Introduction

Epigenetics is the study of heritable changes in gene expression or cellular phenotypes
caused by mechanisms other than changes in the underlying sequence. Epigenetic processes
in lung cells include histone modifications, methylation of CpG sites in gene promoters, and
miRNA modulation (1). These molecular events are affected by environmental factors, such
as diet, air pollution, smoking, and others, and they can play an important role in gene
expression regulation (2, 3). Therefore, epigenetic mechanisms may represent a link
between genetics, the environment, and disease development (1, 4).

DNA methylation at deoxycytosines (C) of CG pairs in gene promoter regions has been
shown to have a profound effect on mMRNA expression. This process is mainly regulated by
DNA methyltransferases (DNMT) that catalyze the addition of a methyl group to C bases in
CpG sites, resulting in 5-methyl-cytosines (5). In particular, DNMT1 and DNMT3 have
been shown to cooperate to silence genes in human cancer cells (6). Hypermethylation has
been shown to mediate gene silencing of tumor suppressor genes in a number of cancers (7—
9). On the other hand, DNA hypomethylation can also affect cancer development by
enhancing expression of oncogenic genes. Recent work has demonstrated that
hypermethylation and hypomethylation of specific genes, as well as overexpression of
DNMT are major contributors to the development of various cancers, particularly at early
stages (10, 11). Together, these findings indicate that early detection of altered methylation
in gene promoters may represent a powerful diagnostic tool. Moreover, knowledge of DNA
methylation states may also complete the pathophysiologic picture of disease entities, and
allow the development of novel therapeutics (12-15).

In general, genes that are highly expressed have lower methylation content in the promoter
region than inactive genes, whose promoters are usually hypermethylated (12, 16-18). We
have previously shown alterations in the DNA methylation profile of genes that encode
innate immunity molecules, the surfactant proteins in lung cancer (19). We concluded that
methylation/demethylation of CpG sites of the SFTPAL and SP-D promoters results in
altered gene expression and this in turn may contribute to the development of lung
inflammatory disease and lung cancer (19).

SP-A, the most abundant protein of surfactant, is involved in both host defense and
surfactant-related functions (20). The role of SP-A in innate immunity is primarily mediated
by its ability to bind several pathogens, enhance phagocytosis and chemotaxis of alveolar
macrophages, induce proliferation of immune cells, and stimulate pro-inflammatory
cytokine production, as well as modulate the generation of reactive oxygen species (21-23).
Furthermore, SP-A participates in several other functions, including serving as a hormone in
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parturition, and maintaining the structure of the extracellular form of tubular myelin (24—
26).

Two genes encode human SP-A: SFTPA1L (or SP-Al), and SFTPA2 (or SP-A2). Both
SFTPAL and SFTPA2 gene products have been shown previously to differ in structure and
function, phagocytic activity, and pro-inflammatory cytokine production (27-30). In the
genome, these genes are found in opposite transcriptional orientation, but show the same
gene organization. The promoter regions of the two genes, although only 25% similar in
sequence composition, both contain abundant CpG sites, and thus represent an ideal region
to study DNA methylation patterns (Supplementary Figure 1). CpG sites (or islands) are
short stretches of DNA with a high cytosine and guanine content (i.e., CG content), with a
phosphodiester bond connecting the two residues. Significant differences in the methylation
status of two CpG sites of the SFTPAL gene in lung cancer tissue compared to adjacent non-
cancerous (NC) lung tissue have already been reported by us (19). These observations
pointed to the possibility that SFTPAL is a potential biomarker that could be used for
diagnosis and treatment of lung cancer (8).

Lung cancer, the leading cause of cancer-related death, is clinically divided into 2 types:
small cell lung carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC). The
subtypes for NSCLC include adenocarcinoma (AC), squamous cell carcinoma (SCC) and
large cell carcinoma. Non-small cell lung carcinoma accounts for 85-90% of lung cancers
and is the less aggressive subtype. Its early detection thus holds the most promise for saving
lives. There are numerous studies on DNA methylation studies in NSCLC (31-33). The
methylation profiles of the SFTPA2 gene in NC and cancer lung tissue, however, remain
undetermined.

The hypothesis of the present study is that differences exist in the DNA methylation status
of the SFTPA2 gene promoter between NC and cancer samples of human lungs, and that
these differences may affect transcription, resulting in altered levels of SFTPA2. To test this
hypothesis, we determined the methylation status of 14 CpG sites at the SFTPA2 promoter
(Figure 1) and investigated correlations with SFTPA2 and DNMT (DNMT1 and DNMT3)
mRNA expression in a group of paired samples of cancerous and adjacent NC lung tissues.
We found: a) a hypermethylated CpG site at the SFTPA2 promoter in lung AC samples that
correlated with repression of SFTPA2 mRNA and SP-A protein expression, and b)
overexpression of DNMT1 and DNMT3 in AC and SCC tumor samples. Our results indicate
that SFTPA2 methylation represents a potential biomarker for lung cancer diagnosis.

Materials and Methods

Lung samples

A total of 45 pairs of cancerous and adjacent NC lung tissues were obtained from the Penn
State Hershey Tumor Bank, Penn State College of Medicine Department of Pathology, and
University of Kansas Biospecimen Shared Resource. Based on histopathological analysis,
the cancerous tissue was identified as adenocarcinoma (n=25), squamous cell carcinoma
(n=17), or adenocarcinoma with squamous cell features (n=3). All protocols were reviewed
and approved by the Penn State Hershey College of Medicine Institutional Review Board.
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DNA Extraction

Lung tissue was homogenized, and DNA was purified using the QIAmp DNA Mini Kit
(QIAGEN, Valencia, CA) following the manufacturer’s protocol. Both DNA quality and
concentration were verified by Nanodrop.

Bisulfite Conversion, Polymerase Chain Reaction (PCR), and Sequencing

Approximately 200-500ng of purified DNA were analyzed for methylation by bisulfite
conversion using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA), with slight
modifications. In brief, after in-column desulfonation and clean-up, the column was spun for
1 min, and then allowed to dry for 10 min before proceeding to elution. An amplicon of 664
nucleotides of the SFTPA2 gene promoter region (SFTPA2, Gene ID: 729238), covering
nucleotides —2292/-1628 upstream of the transcription initiation site (Figure 1), was
amplified by PCR with the following specific primers: MVV1611 (Sense,
GGAGTGTAGTGAGATTGTGGATTTTGA, covering nucleotides —2292/-2266 upstream
of the transcription initiation site) and MVV1613 (Anti-sense,
GGTAGAATGGGAGAAGAGTGTAGTTGGGT, covering nucleotides —1656/-1628
upstream of the transcription initiation site). PCR products were purified with the QlAquick
DNA Purification Kit (QIAGEN, Valencia, CA) and checked on 2% agarose gels prior to
sequencing analysis at the Penn State Hershey Molecular Genetics Core Facility. Due to low
quality of sequencing post bisulfite conversion, we were able to obtain data from only 28 out
of the 45 paired samples: 17 pairs of AC, 9 pairs of SCC, and 2 pairs of AC with SCC
features.

Methylation Analysis

The methylation status of all 14 CpG sites of the amplified region of the SFTPA2 promoter
(Figure 1) was determined by sequence analysis of the converted products with the Bioedit
software. The data are shown as the ratio of the methylated allele to the total (methylated +
unmethylated alleles) (34).

Gene expression analysis

Total RNA was extracted from cancerous and adjacent NC lung tissues using the PureLink
RNA mini kit (Life Technologies, Carlsbad, CA). Both RNA concentration and quality were
determined by Bioanalyzer 2100 at the Penn State Hershey Functional Genomics Core
Facility. Only 25 pairs of tumor/non-tumor pairs showed acceptable RNA quality (RIN>7)
after purification: 12 AC, 12 SCC, and 1 AC with SCC features. A total of 600ng of these
were retrotranscribed using the High Capacity cDNA reverse transcription kit (Life
Technologies, Carlsbad, CA). Expression of SFTPA2, DNMT1, and DNMT3 was measured
using real time PCR with TagMan assays (Life Technologies, Carlsbad, CA) and normalized
to 18s rRNA expression (Human Euk 18s rRNA Tagman Assay, Applied Biosystems) using
the relative quantification method (35).

Protein purification and Western Blot

RIPA buffer (Thermo, Rockford, IL) was used to extract protein from 8 cancerous tissues (4
AC, and 4 SCC) and 8 non-cancerous adjacent NC lung tissue, following the manufacturer’s
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protocol. Protein concentration was determined by BCA assay (Thermo, Rockford, IL), and
30 ug were used for Western Blot analysis with an antibody that recognizes both SP-A1l and
SP-A2 proteins (41), and cyclophilin B (Abcam, Cambridge, MA) as a loading control.

Prediction of transcription factor binding sites

The pattern-based online software Patch (36) was used to predict transcription factor binding
sites in the SFTPA2 promoter. The DNA sequence interrogated for factor binding
corresponded to the region surrounding the differentially methylated CpG site. Only human
identifiers were included, and no mismatches were allowed.

Statistical Analysis

Methylation ratios of NC and cancer groups were compared using the paired t-test. Data on
the adenocarcinoma group were also analyzed separately from the squamous cell carcinoma
group. Differences in gene and protein expression between NC and cancer groups were
analyzed by t-test. Statistically significant differences were considered when p<0.05.

Results

A CpG site at the SFTPA2 promoter is hypermethylated in lung adenocarcinoma

The DNA product amplified by primers MVV1611 and MV1613 (664 nucleotides) contained
14 CpG sites (Figure 1). The methylation ratio of these was analyzed by bisulfite
conversion, and results are shown in Table 1. Due to low quality of sequencing post bisulfite
conversion, we were able to obtain data from only 28 out of the 45 paired samples: 17 pairs
of AC, 9 pairs of SCC, and 2 pairs of AC with SCC features. In these, we found that one
CpG site (site 2, located —2215 upstream of the SFTPAZ2 transcription start site) had a higher
methylation ratio in cancerous tissue (n=28) when compared to adjacent NC lung tissue
(0.36 vs. 0.11, p=0.001). When assessing only the AC group and its corresponding adjacent
NC control samples (n=17), we found that the cancerous tissue samples were associated
with a higher methylation ratio compared to adjacent NC lung tissue from the same patient
(0.43 vs. 0.1, p=0.02) (Figure 2). However, although in the SCC group (n=9), the cancerous
tissue had a higher methylation ratio (0.22 versus 0.11 in NC), this difference was not
statistically significant (p=0.35) (Figure 2).

SFTPA2 mRNA and protein expression levels are significantly reduced in cancer vs.
adjacent NC tissue

To evaluate the effects of hypermethylation at the SFTPA2 promoter, we measured the
expression of SFTPA2 mRNA levels in a subset of cancer and adjacent NC tissues (12
AC/NC pairs, and 12 SCC/NC pairs) by Real Time PCR. Figure 3 shows the relative
SFTPA2 mRNA expression in lung cancer (AC and SCC) vs. adjacent NC samples,
normalized to 18s. SFTPA2 expression was significantly lower in cancer tissue when
compared to NC tissue (p<0.001). Moreover, total SP-A protein levels measured by Western
Blot in a subset of paired samples (4 AC/NC pairs, and 4 SCC/NC pairs) were also
significantly reduced (Figure 4).
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DNMT1 and DNMT3 mRNA levels are increased in cancer vs. adjacent NC tissue

To determine whether the hypermethylated status of SFTPAZ2 in cancer samples was
associated with an increase in DNA methylases, expression of DNMT1 and DNMT3 were
measured by Real Time PCR, and normalized to 18s in a subset of samples (12 AC/NC
pairs, and 12 SCC/NC pairs). Figure 5 shows that both DNMT1 and DNMT3 were
significantly increased in cancer vs. NC (p<0.05). In a subset of samples (9 AC and 5 SCC)
for which both SFTPA2 methylation and DNMT expression data were obtained we found
that decreased SFTPA2 was correlated with increased DNMT1 expression in AC but not in
SCC. However DNMT3 expression was significantly increased in the SCC samples as well
(Supplementary table 2).

Differential binding of transcription factors as a result of DNA methylation

By using the pattern-based online software Patch (36), we identified regulatory sequences
for human transcription factors in DNA sequences adjacent to the CpG site 2 (Table 2). The
software identified the following transcription factors with predicted binding sites in the
sequences surrounding the differentially methylated CpG site: vitamin D receptor (VDR),
adenovirus enhancer binding factor / polyomavirus enhancer activator 3 protein (ELAF/
PEAS3), CCAAT Enhancer binding protein beta (C/EBP beta), sterol regulatory element
binding protein (SRE BP), serum response factor (SRF), specificity protein 1 (SP1), c-Ets-1
transcription factor, lymphoid enhancer binding factor 1 (LEF-1), thyroid hormone receptor
(T3R), and retinoid X receptor alpha (RXR alpha) (Table 2).

Discussion

Lung cancer is the leading cause of cancer-related death, killing more patients than breast,
prostate, and colon cancer combined. Currently, more than 50% of lung cancer patients die
within one year after being diagnosed, and the efficiency of treatment has been proven to be
highly dependent on early diagnosis (37). Thus, identification of novel biomarkers for lung
cancer diagnosis may help improve patient survival. Epigenetic changes, including DNA
methylation, occur during the development of many cancers, and these result in alterations
of gene expression that contribute to the cancer pathogenesis. Thus, identification of
epigenetic signatures not only can contribute to the development of additional diagnostic
tools, but also can help identify molecular mechanisms that contribute to the cancer
progression.

Human SP-A plays an important role in lung innate immunity, and in the maintenance of
normal lung function. Expression of the two SP-A genes is mediated by numerous cellular
and molecular factors, and correlations of SP-A1 and SP-A2 genetic variation, and/or
expression with lung disease susceptibility has been reported (38-42). Decreased surfactant
protein A levels have been reported in pulmonary diseases such as idiopathic pulmonary
fibrosis and respiratory distress syndrome of the newborn (43). In addition, rare,
heterozygous mutations of SFTPA2 have been associated with pulmonary fibrosis and lung
adenocarcinoma (44, 45). In a previous study, differences in the methylation status of the
SFTPAL gene have been found in lung cancer samples (19). Here, we have studied DNA
methylation in a CpG dense region of the SFTPA2 promoter located 1600-2300 bp
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upstream of the transcription start site that contains 14 CpG sites (Figure 1). This region was
chosen based on the high density of CpG sites found in preliminary sequence analyses. We
found that one of these CpG sites had a significantly higher methylation ratio in AC lung
samples, when compared to adjacent NC lung tissue, and a higher methylation, although not
significant, in the SCC group vs. NC (Figure 2). In both cases, this pattern correlated with
decreased expression of the SFTPA2 gene (Figures 3 and 4) in 9 AC/NC pairs and 5
SCC/NC sample pairs, for which both methylation of CpG site 2 and SFTPA2 mRNA
expression results were obtained (Supplementary Table 1). Based on these findings, we
speculate that hypermethylation of the SFTPA2 promoter, and decreased expression of the
SFTPA2 gene may contribute to a cascade of events that contribute to carcinogenesis (46).

Aberrant DNA methylation of gene promoters has previously been observed in various lung
cancers (10, 13-15, 47, 48). Maintenance of methylation patterns is controlled by DNA
methyltransferases (DNMT1, DNMT3), in response to various insults and environmental
exposures (1, 6, 49). Because overexpression of this enzyme has been previously found in
cancer cells of various tumors and stages (50-52), DNMT1 and DNMT3 expression was
analyzed in our sample set. Consistent with previous findings, in the current study, both AC
and SCC samples showed higher DNMT1 and DNMT3 expression than non-cancerous
tissue (Figure 5). However, in a subset where the same samples were analyzed for both
methylation and DNMT expression the DNMT1 expression was significantly higher in AC
only but the DNMT3 was increased in both AC and SCC (Supplementary tables 1 and 2).
This indicates that the hypermethylated status of the SFTPA2 promoter could potentially
contribute to AC and/or SCC pathogenesis and perhaps other lung cancers, but other
explanations could certainly exist to explain the present findings.

As mentioned above, hypermethylation of the SFTPA2 promoter region may affect binding
of essential transcription factors that can promote carcinogenesis by altering SFTPA2
expression (18). To test this hypothesis, we performed in silico analysis of the DNA
surrounding sequence of the CpG site 2, with an online tool that allows prediction of
transcription factor binding sites, and identified potential binding sites for at least 10 factors
(Table 2). Figure 6 shows a diagrammatic representation of the predicted binding sites of the
identified transcription factors in the DNA region containing the CpG site 2 (positions
—2200/-2230 upstream of the SFTPAZ2 transcription start site). We speculate that one of the
mechanisms that may control the observed SFTPA2 decreased gene expression in lung
carcinoma is mediated by impaired binding of one or more transcription factors to
hypermethylated CpG sites. Future investigations will focus on characterizing these
interactions, as well as on the study of the effects of altered SFTPA2 levels in lung function
in patients with lung cancer, including decreased compliance with surfactant deficiency, and
increased risk for immune host dysfunction.

Of the transcription factors identified in the surrounding region of the hypermethylated CpG
site (Table 2), PEA3 and VDR have been most studied and associated with lung
malignancies (53-57). While PEA3 plays a key role in metastasis of lung cancer cells, an
increase in VDR expression in lung cancer has been associated with improved survival in
patients with AC (58, 59). Moreover, associations between VDR and surfactant physiology
have been previously described. A natural metabolite of vitamin D3 (1a, 25-dihydroxy-3-
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epi-vitamin D3) was previously found to play a significant role in stimulating surfactant
synthesis (57). In addition, VDR plays a role in the expression of surfactant proteins in the
neonate (60). We speculate that methylation of the SFTPA2 promoter region can
significantly affect PEA3 and/or VDR binding to this region (Figure 6).

In summary, we have identified a methylation signature for lung cancer in the SFTPA2
promoter that represents a potential biomarker for lung cancer diagnosis. We speculate that,
in the future, addition of SFTPA2 methylation profiling to a diagnostic panel for
adenocarcinoma may increase diagnostic specificity, and represent a novel adjunct to current
diagnostic methods. Furthermore, the SFTPA2 DNA methylation profile could be used as a
potential tool to monitor progression of disease and immunity (i.e., host defense). With
regards to lung cancer prevention, knowledge of the DNA methylation status of individuals
may help identify those who may be high-risk for developing adenocarcinoma and
associated dysfunction or decreased production of SFTPA2.

In conclusion, there is a significant difference in the methylation status of the SFTPA2 gene
promoter between samples from human lung adenocarcinoma, and adjacent non-cancerous
lung tissue. The hypermethylated status of the SFTPA2 gene promoter in cancerous tissue
samples was associated with decreased SP-A gene expression. These findings may hold
promise for future use of SFTPA2 as a biomarker for the diagnosis and/or therapies of lung
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SFTPA2 promoter CpG sites analyzed in this study
A schematic diagram of the region studied and the 14 CpG sites is shown (top panel). The

sequence shown on the bottom panel (664 bp) corresponds to the region between nucleotides
-1628 and -2292 upstream of the SFTPA2 transcription start site (NCBI reference
sequence: NG_013046.1).
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Figure 2. DNA Methylation ratios of CpG Site 2 in cancer and adjacent NC lung samples
Statistical differences were observed when all lung cancer tissues (AC+SCC) were

compared to adjacent NC lung tissue (p=0.001, n=28), and the AC group to adjacent NC
lung tissue (p=0.02, n=17). No statistically significant differences (p=0.35, n=9) were
observed when the SCC and NC were compared. Results are expressed as mean + SEM.
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Figure 3. SFTPA2 Gene Expression in NC vs. Lung Cancer Samples
Expression of SFTPA2 mRNA in NC and lung cancer tissue was measured by Real Time

PCR, and expressed as mean + SEM. Both AC (n=12) and SCC (n=12) cancer samples
expressed significantly lower levels of SFTPA2 (p<0.001) compared to NC adjacent tissues.
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Figure 4. Total SP-A protein expression in NC vs. Lung Cancer Samples
Western Blot analysis of total SP-A and cyclophilin B (loading control) in NC and lung

cancer tissue. A representative gel is shown for 4 NC/tumor pairs (2 AC and 2 SCC) of the
total 8 pairs (4 AC and 4 SCC) analyzed.
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Figure 5. DNMT gene expression in lung cancer and NC tissue
Expression of DNMT1 and DNMT3 mRNA in NC and lung cancer tissue was measured by

Real Time PCR, and expressed as mean + SEM. Both AC (n=12) and SCC (n=12) tumor
samples had significantly higher levels of DNMT1 and DNMT3 (p<0.05).
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Figure 6. Predicted binding of transcription factors to CpG site 2
Binding of transcription factors was predicted in the SFTPA2 promoter sequence by the

online software Patch (www.gene-regulation.com/cgi-bin/pub/programs/patch/bin/
patch.cgi). The figure shows predictions for the region surrounding CpG site 2 (positions
—-2200/-2230 upstream of the SFTPA2 transcription start site). The box indicates the
position of CpG site 2 (-2215).
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Comparison of methylation of CpG Sites in the promoter region of the SFTPA2 gene in lung cancer tissue vs.
adjacent non-cancerous lung tissue

CpG Site | position® | Methylation ratio (mean + SD) | p value
Tumor Normal
1 —2257 0.99+0.06 1+0 0.33
2 -2215 0.36+0.47 0.11+0.29 0.001
3 —-2147 0.90+0.28 0.90+0.28 1.0
4 -2142 0.73+0.44 0.82+0.37 0.43
5 -2099 0.32+0.43 0.24+0.41 0.65
6 -2071 0 0.09+0.27 0.1
7 -1946 0 0 n/a
8 -1925 0 0 nfa
9 -1919 0 0.04+0.19 0.33
10 -1898 0 0 nfa
11 -1894 0 0 n/a
12 -1875 0 0 nfa
13 -1833 0.07+0.04 0.06+0.04 0.87
14 -1794 0.10+0.28 0.12+0.32 0.83

*
relative to the SFTPA2 transcription start site (NCBI reference sequence: NG_013046.1)
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Table 2

Predicted binding of transcription factors to the SFTPA2 promoter

Position © | Seduence | Binding Factors™ "
—2224 GGATG PEA3
-2223 GATGTCC C/EBP beta

SRE BP
SRF
-2218 CCcCC SP1
-2214 CCGCA c-Ets-1
LEF-1
-2210 AGGGAG T3R-alpha
RXR-alpha
VDR

*
relative to the SFTPA2 transcription start site

*

Page 19

*
Adenovirus enhancer binding factor / polyomavirus enhancer activator 3 protein (ELAF/PEA3), CCAAT Enhancer binding protein beta (C/EBP

beta), sterol regulatory element binding protein (SRE BP), serum response factor (SRF), specificity protein 1 (SP1), c-Ets-1 transcription factor,
lymphoid enhancer binding protein 1 (LEF-1), thyroid hormone receptor (T3R), and retinoid X receptor alpha (RXR alpha), vitamin D receptor

(VDR),
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