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ABSTRACT
Secreted frizzled related protein 3 (SFRP3) contains a cysteine-rich domain (CRD) that shares homology
with Frizzled CRD and regulates WNT signaling. Independent studies showed epigenetic silencing of SFRP3
in melanoma and hepatocellular carcinoma. Moreover, a tumor suppressive function of SFRP3 was shown
in androgen-independent prostate and gastric cancer cells. The current study is the first to investigate
SFRP3 expression and its potential clinical impact on non-small cell lung carcinoma (NSCLC). WNT
signaling components present on NSCLC subtypes were preliminary elucidated by expression data of The
Cancer Genome Atlas (TCGA). We identified a distinct expression signature of relevant WNT signaling
components that differ between adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC). Of
interest, canonical WNT signaling is predominant in LUAD samples and non-canonical WNT signaling is
predominant in LUSC. In line, high SFRP3 expression resulted in beneficial clinical outcome for LUAD
but not for LUSC patients. Furthermore, SFRP3 mRNA expression was significantly decreased in NSCLC
tissue compared to normal lung samples. TCGA data verified the reduction of SFRP3 in LUAD and
LUSC patients. Moreover, DNA hypermethylation of SFRP3 was evaluated in the TCGA methylation
dataset resulting in epigenetic inactivation of SFRP3 expression in LUAD, but not in LUSC, and was
validated by pyrosequencing of our NSCLC tissue cohort and in vitro demethylation experiments.
Immunohistochemistry confirmed SFRP3 protein downregulation in primary NSCLC and indicated
abundant expression in normal lung tissue. Two adenocarcinoma gain-of-function models were used to
analyze the functional impact of SFRP3 on cell proliferation and regulation of CyclinD1 expression in vitro.
Our results indicate that SFRP3 acts as a novel putative tumor suppressor gene in adenocarcinoma of the
lung possibly regulating canonical WNT signaling.
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Introduction

Lung cancer is the leading cause of cancer-related mortality
worldwide, accounting for over a million deaths each year [1].
The 5-year survival rate of metastasized lung tumors is below
15% [2]. Bronchial carcinomas are divided into two major his-
tological subtypes: non-small cell lung cancer (NSCLC) and
small cell lung cancers (SCLC). NSCLC represents the most
common subtype with 75–80% of all lung cancers, and is
divided into three histological types: adenocarcinoma (LUAD),
squamous cell carcinoma (LUSC), and large cell carcinoma [3].
Due to their high impact on lung cancer mortality, a better
understanding of biological and molecular processes in LUAD
and LUSC, together representing 60–70% of all lung cancer
cases [3], is mandatory to improve lung cancer survival.

To date, several independent studies have shown the impor-
tant role of WNT signaling in tumorigenesis of different cancer
types [4,5], including lung carcinogenesis [6–10]. WNT signal-
ing is subdivided into the canonical pathway determining
ß-catenin stability and influencing the transcription of

TCF/LEF target genes [11] and the non-canonical pathway,
which is independent of ß-catenin and controls mainly cell
movements during morphogenesis [12,13]. Recent studies have
implicated disruption of upstream WNT components promot-
ing lung cancer progression, for example, wingless-related
MMTV integration site 1 (WNT1) [14,15]. WNT signaling is
regulated by several extracellular antagonists, including the
secreted Frizzed-related protein (SFRP) family members, which
directly bind to WNT ligands altering their ability to interact
with WNT receptors [16].

SFRP3/FrzB was first purified as a chondrogenic factor
during morphogenesis of bones [17] and contains a cyste-
ine-rich domain (CRD) that is characteristic for SFRP
members sharing homology with Frizzled CRD regulating
WNT signaling [16]. The biological function of SFRP3 was
first illustrated by binding to Xenopus XWnt8 and modula-
tion of ventral signaling in developing dorsal tissue [18,19].
SFRP3 mediated inhibition of Wnt1 induced accumulation
of ß-catenin in cultured human embryonic kidney cells due
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to its frizzled domain [20]. Furthermore, SFRP3 antagonized
Wnt9a signaling and inhibited the canonical WNT pathway
[21]. It has been shown that loss of SFRP3 expression in
hepatocellular carcinoma was associated with DNA hyper-
methylation within the exon1 region of the SFRP3 gene
[22]. Moreover, SFRP3 functional role during tumorigenesis
was clarified by mediation of suppression of tumor growth,
cell invasion, and colony formation of PC-3 androgen-inde-
pendent prostate cancer cells [23] and of gastric cancer cells
(SGC-7901) [24]. However, SFRP3 function and its clinical
impact in NSCLC remain unknown.

In the present study, we identified a divergent expression
pattern of WNT components in LUAD and LUSC patient
samples. Interestingly, the phylogenetically closely related
proteins SFRP1 and 2 [25] were highly expressed in LUSC,
while SFRP3 and 4 [25] were predominantly expressed in
LUAD tissue samples. The impact of SFRP1 and 2 in lung
cancer progression has already been investigated, but the
role of SFRP3 and 4 has not been elucidated yet. We deci-
phered a deregulated expression pattern of SFRP3 in pri-
mary NSCLC tissue samples. Moreover, the unfavorable
outcome after epigenetic silencing of SFRP3 exon 1 in lung
adenocarcinoma patients suggested a potential tumor sup-
pressive function and clinical impact for SFRP3. In vitro
models also support a tumor suppressor role for SFRP3,
which potentially antagonizes active canonical WNT signal-
ing via WNT1, likely via SFRP3/WNT1 interaction in ade-
nocarcinoma of the lung.

Material and methods

Cryopreserved patient samples

SFRP3 mRNA expression and DNA methylation analysis
were investigated using a cryo-tissue cohort of patients with
primary NSCLC (n = 11), as well as adjacent normal tissue
(n = 11), from the RWTH centralized biomaterial bank
(RWTH cBMB; http://www.cbmb.rwth-aachen.de). All
patients gave informed consent for collection and analysis
of their tissue specimens for research purposes (local ethical
review board of the medical faculty of the RWTH Aachen,
ref no. EK-206/09). Hematoxylin and eosin-stained sections
were prepared for assessment of the percentage of tumor
cells and only samples with >80% tumor cells were selected.
An overview of the clinical characteristics of the patients is
summarized in Supplementary Table 2.

External validation in TCGA datasets

Data from primary NSCLC tissues, including LUAD and
LUSC, and normal lung tissues were used from The Cancer
Genome Atlas (TCGA), comprising patients data of two inde-
pendent datasets: Illumina Infinium DNA methylation
(HumanMethylation450 array) and IlluminaHiSeq mRNA
expression (LUAD: n = 518, LUSC: n = 499). An overview of
the clinical characteristics of the patients is summarized in Sup-
plementary Table 4. In addition, data of the Kaplan Meier-Plot-
ter portal was used to analyze a possible prognostic influence of

abundant SFRP3 mRNA expression in LUAD and LUSC
patients [26].

TCGA cluster analysis

Expression datasets of primary LUAD and LUSC from the
TCGA database were used to analyze expression of WNT
pathway genes. Normalized expression values were log2-
transformed to reduce skewness. For visualization, expres-
sion data were centered at the mean. Hierarchical clustering
of genes was performed using Manhattan distance and
Ward�s method. For cluster analysis of samples, the Min-
kowski distance was calculated based on centered and scaled
expression of the selected genes. The parameter p (p = 1.1)
of Minkowski distance metric was adjusted by supervised
methods to maximize the discrimination of LUAD and
LUSC samples.

Cell lines and reagents

The human adenocarcinoma cell lines A549 and SK-LU-1
were obtained, tested, and authenticated from Cell Lines
Service (Eppelheim, Germany). The human bronchial epi-
thelial cell line BEAS-2B was kindly provided by Prof.
Andreas Ludwig (Institute of Pharmacology and Toxicology
at the Universal Hospital Aachen, Germany), the adenocar-
cinoma cell line H23 and the squamous cell carcinoma cell
lines H157, H1299, and H2170 were kindly provided by
Prof. Dr. Iver Petersen (Institute of Pathology at the Uni-
versal Hospital Jena, Germany). All cell lines were regularly
tested for mycoplasma infection using the PCR-based
Venor® GeM Mycoplasma Detection Kit (Minerva Biolabs,
Berlin, Germany).

Nucleic acid extraction and reverse transcription PCR

Genomic DNA from cryopreserved NSCLC and normal lung
tissue samples was isolated using the QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. Total cellular RNA from cell culture and tissue
specimen was prepared using TRIzol reagent (Invitrogen,
Darmstadt, Germany). cDNA was synthesized using the reverse
transcription system (Promega, Madison, WI), as previously
described [27].

Semiquantitative real-time PCR

cDNAs were amplified by semiquantitative real-time PCR using
SYBR-Green PCR mix (Bio-Rad Laboratories, Munich, Ger-
many) performed in iCycler IQ5 (Bio-Rad Laboratories). Gene
expression was quantified by the comparative DDCT method,
normalizing CT-values to the housekeeping gene GAPDH and
calculating relative expression values [28]. All primers spanned
at least one intron, SFRP3: Forward 5 0-ACGGGACACTGT-
CAACCTCT-3 0, Reverse 5 0-CGATCCTTCCACTTCTCAGC-
3 0; CCND1: Forward 5 0-ATCAAGTGTGACCCGGACT-3 0,
Reverse 5 0-CCTCCTCTTCCTCCTCCTC-3 0. All reactions were
performed in triplicate.
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DNA bisulfite modification

Extracted tissue DNA was bisulfite-converted using the EZ
DNA methylation kit (Zymo Research, Orange, CA, USA) as
previously described [29].

AZA/TSA treatment

Demethylating treatment of the lung cancer cell lines A549 and
H157 was performed as previously described [30].

Pyrosequencing

Pyrosequencing analysis of a distinct SFRP3 promoter and exon
1 region was performed using the PyroMark PCR Kit (Qiagen)
for initial fragment amplification. Afterwards, the PyroMark96
ID device and the PyroGoldSQA reagent Kit (Qiagen) were
implemented, as previously described [31]. The SFRP3 assays
were designed by using the Pyromark Assay Design Software
(Qiagen). SFRP3 promoter: Biotinylated-Forward 5 0-GTAGG-
TATTGGAGGGTAGAGATTGTTTTAGGGG-3 0; Reverse 5 0-
ACCACTACCACCCTAACTAACAAAAAAAA-3 0; Sequencing
5 0-CCCTAACTAACAAAAAAAAC3- 0; SFRP3 exon1: Forward
5 0-AGTTTGATGTTTTTGTTAGAGGGAGAGGAATAA-3 0;
Biotinylated-Reverse 5 0-TCCTTAAATCAAATTCCCCCAA-
TAAAATCC-3 0; Sequencing 5 0-AAATAGATGTTGTTGTTT-
3 0.

SFRP3 Immunohistochemistry

The cohort contained 27 lung normal and 24 lung cancer tissue
samples, including LUSC (n = 10) and LUAD (n = 14) (Supple-
mentary Table 3). Immunohistochemical analysis was per-
formed according to manufacturer’s instructions (DAKO 5001;
DAKO, Glostrup, Denmark). FFPE sections (4 mm) were incu-
bated for 60 min with a polyclonal SFRP3 rabbit anti-human
antibody (1:75) (PorteinTech, # 12884-1-AP). Non-cancerous
prostate tissue served as negative control. SFRP3 protein stain-
ing was quantified by a pathologist using an adapted immuno-
reactive scoring system [IRS = staining intensity (SI) £ percent
positive (PP)], according to Remmele and Stegner [32].

Plasmid construction

Plasmids containing the human full-length SFRP3 cDNA frag-
ment (#IOHx11489) was purchased from Source BioScience
(Nottingham, United Kingdom). This clone (pT-Rex-DEST30-
SFRP3) expresses the complete SFRP3 open reading frame.

Transient transfection and stable clone establishment

All transfections were performed using FuGene HD Transfec-
tion Reagent (Roche, Mannheim, Germany), following the
manufacturer’s guidelines. A549 and H157 cells were stably
transfected with pT-Rex-DEST30 (Source Bioscience Invitro-
gen, Nottingham, UK), encoding human SFRP3, and empty
vector. Selected stable A549 and H157 clones were maintained
in complete culture medium containing 100 mg/mL geneticin.
SK-LU-1 cells were transiently transfected with SFRP3

containing pT-Rex-Dest30 and empty vector control. More-
over, A549 cells were transiently transfected with a full-length
cDNA of WNT1 or empty pcDNA3.1-HIS vector control (Invi-
trogen, Carlsbad, CA, USA).

Immunofluorescence staining

Stable transfected SFRP3-expressing A549 cells as well as mock
cells were validated by immunofluorescence. Immunofluores-
cence analysis was performed according to manufacturer�s
instruction (Double immunofluorescence-simultaneous proto-
col, DAKO, Glostrup, Denmark). Cells (1 £ 104) were seeded
into a black 96-well culture plate and cultured overnight at
37�C. Cells were fixed with 4% paraformaldehyde and incu-
bated for 15 min. SFRP3-expressing cells and mock cells were
incubated for 60 min with polyclonal SFRP3 rabbit anti-human
antibody (dilution 1:125; PorteinTech, # 12884-1-AP) diluted
with antibody diluent (DAKO, Glostrupt, Denmark). Second-
ary FITC-conjugated anti-rabbit antibody was diluted 1:500 in
1% BSA-PBST (0.1% v/v Tween-20) and incubated for 1 h.
Fluorescence signals were detected using an Olympus CKX41
microscope with XM10 monochrome camera (Olympus,
Tokyo, Japan) at x100 magnification and exposure time of
1 s.

Cell proliferation assay

Cell proliferation was measured by XTT cell proliferation kit II
from Roche (Mannheim, Germany) using 1 £ 103 cells and
100 ml of complete culture medium. Proliferation was deter-
mined at four different time points: 24, 48, 72, and 96 h after
incubation. Finally, the absorbance was measured at 492 nm.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 (SPSS,
Chicago, IL) and GraphPad Prism 5.0 (GraphPad Software
Inc., La Jolla, CA). The cluster analysis was done in R 3.2.2 (R
Foundation, Vienna, Austria). The non-parametric Mann-
Whitney U-test was used in order to compare SFRP3 mRNA
expression between tumor and normal lung tissue. Differences
were considered statistically significant if the two sided P-values
were equal or below 5% (� 0.05).

Correlation of SFRP3 mRNA expression (TCGA Illumina
sequencing platform) and SFRP3 methylation data (TCGA
HM450 platform) was calculated using Spearman correlation
coefficient. Recurrence-free survival (RFS) was measured as the
time from surgery to local or distant relapse and was censored
for live patients without evidence of relapse at the last
follow-up.

Multivariate Cox regression analysis was carried out to test
for an independent prognostic value of SFRP3 expression.
Selection of the prognostic factors to be included in the multi-
variate model was based on the statistical significance in uni-
variate log-rank tests.
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Results

Subtype specific expression profile of WNT signaling
components in NSCLC samples

The functional role of many WNT antagonists in controlling
WNT signaling in NSCLC, especially distinct NSCLC subtypes,
is not completely understood. Therefore, we initially analyzed
the expression profile of the assumed most important compo-
nents of the WNT superfamily, i.e., eight canonical WNT
ligands, seven non-canonical WNT ligands, 10 Frizzled recep-
tors, and five WNT antagonists (SFRP family) [33,34] in pri-
mary NSCLC samples, using The Cancer Genome Atlas
(TCGA) platform (Figure 1(A) and Supplementary Table 1).
The heat map analysis depicts increased expression (shown in
red bars) of canonical WNT signaling components (WNT2,
WNT8B, WNT10A) in LUAD, whereas the expression of non-
canonical WNT signaling components (WNT5A, WNT7B,
WNT11) is elevated in LUSC (Figure 1(A) and Supplementary
Table 1). Indeed, box plot analysis of two representative WNT
ligands and antagonists demonstrated higher expression levels
of canonical WNT ligands (WNT1 and WNT2) in LUAD com-
pared to LUSC. In contrast, the non-canonical WNT ligands
WNT5A and WNT7B showed higher expression levels in
LUSC. Of interest, we found that phylogenetically related
WNT antagonists, such as SFRP1 and SFRP2, are predomi-
nantly expressed in the LUSC subtype, while the more related
SFRP3 and SFRP4 are abundantly expressed in LUAD tumors.
Hence, we identified a differential WNT signaling expression
profile in primary NSCLC (Figure 1(B) and (C)), indicating a
distinct role of those WNT components that depend on a given
subtype. Additional expression analysis of representative
canonical WNT target genes CCND1, MET, andAxin2, as well
as the key regulator CTNNB1, supported our hypothesis of a
predominantly active canonical WNT signaling pathway in
adenocarcinoma of the lung (Figure1(D)).

A differential subtype-specific WNT gene signature in
LUAD and LUSC demonstrated the predominance of canonical
WNT signaling in LUAD and the potential importance of non-
canonical WNT signaling in LUSC (Figure 1(E) and (F)).
Canonical WNT signaling represents the best studied WNT
pathway that is a key player in the regulation of cell prolifera-
tion. In this context, we investigated the potential prognostic
impact of the phylogenetic related proteins SFRP3 and 4 in ade-
nocarcinoma patients. Univariate Kaplan Meier survival analy-
sis based on the TCGA lung cancer dataset—consisting of 1124
patient samples—showed no prognostic benefit for patients
based on SFRP4-expression, as indicated by overall survival
(OS) and recurrence-free survival (RFS) (Figure 2(A) and (B)).
However, abundant SFRP3 mRNA expression predicted favor-
able clinical OS (P = 0.021) and RFS (P = 0.032) for adenocarci-
noma patients (Figure 2(C) and (D)), but not for squamous cell
carcinoma patients (Supplementary Figure 2.). Patients with
late tumor stage adenocarcinoma (pT2-4) benefit from high
SFRP3 expression (Supplementary Figure 1). Next, we calcu-
lated a multivariate Cox regression model, including all factors
potentially influencing the OS in NSCLC, but statistical inde-
pendency was not reached (P = 0.173) (Supplementary Table 7).
The independent Kaplan Meier Plotter platform validated our
finding of a significantly better clinical outcome for

adenocarcinoma patients with high SFRP3 expression, but not
for squamous cell carcinoma patients (Figure 2(E) and (F)).

Downregulation of SFRP3mRNA expression in primary
NSCLC tissue

To decipher the possible tumor suppressive role of SFRP3 in
lung cancer we analyzed mRNA expression in a cryopreserved
lung tissue cohort consisting of 11 NSCLC tumor and 11 nor-
mal tissues. We demonstrated a significant (P < 0.01) reduc-
tion of SFRP3 gene expression in tumor tissues (median
expression level: 0.275) compared to normal lung tissues
(median expression level: 1.00) (Figure 3(A) and (B)). To verify
our data, we analyzed SFRP3 gene expression in a large inde-
pendent dataset from the TCGA IlluminaHiSeq platform
(n = 1124) and determined a comparable significant loss of SFRP3
mRNA in primary tumor tissues (P< 0.001) (Figure 3(C)).

Next, we focused on tumor subtype-specific SFRP3 expres-
sion profile based on the TCGA dataset and showed prevalent
loss of SFRP3 mRNA expression in LUSC (median expression
level: 120.9) and slight reduction in LUAD (median expression
level: 272.1), compared to normal lung tissue samples (median
expression level: 329.5) (Figure 3(D) and (E)). Furthermore, we
revealed a continuous downregulation of SFRP3mRNA expres-
sion in the course of tumorigenesis. Adenocarcinomas, strati-
fied into earlier and late tumor stages, showed significant
reduction of SFRP3 gene expression in patients with late tumor
stage (Figure 3(F), (G) and (H)).

Given that SFRP3 mRNA expression is lost in LUSC and
reduced in LUAD, we verified SFRP3 protein expression in
normal lung tissue and lung tumor tissue samples using immu-
nohistochemistry. For this reason, we established a tissue
cohort consisting of 27 normal lung, 14 adenocarcinoma, and
10 squamous cell carcinoma samples. We observed highly sig-
nificant reduction of SFRP3 protein in adenocarcinoma tissues
(IRS median: 2) (Figure 4(F), (G) and (H)) compared to normal
lung samples (IRS median: 4) (Figure 4(A) to (D)). In line with
our expression data, we observed loss of SFRP3 protein expres-
sion in squamous cell carcinoma tissue samples (median IRS:
0) (Figure 4(I) to (K)). SFRP3 protein was found in the cyto-
plasm of type I and type II pneumocytes of alveolar walls
(Figure 4(C) and (D)), as well as in ciliated epithelium of the
bronchus (Figure 4(B)).

Epigenetic inactivation of SFRP3 in adenocarcinoma but
not in squamous cell carcinoma

In order to analyze the functional mechanism of SFRP3 down-
regulation in primary NSCLC, we performed in silico methyla-
tion analysis based on the TCGA Illumina
HumanMethylation450 dataset (n = 907). We analyzed the
methylation status of CpG sites located upstream and down-
stream SFRP3 transcription start site (Figure 5(A)). Based on
this dataset, we analyzed two possible regulatory regions in
SFRP3 (Figure 5(A) and Figure 6(A)). Increased methylation of
SFRP3 exon1 has been observed by Ekstr€om et al. and Lin et al
[22,35]. We additionally analyzed the promoter, which contains
putative transcription factor binding sites. Box plot analysis
based on mean methylation value of all CpG indicated a
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Figure 1. Expression profile of WNT signaling components in adenocarcinoma and squamous cell carcinoma samples. (A-C) Heat map based on the TCGA IlluminaHiSeq
mRNA expression platform illustrating the expression signature of WNT pathway genes, including tumor suppressor genes of the SFRP family, membrane receptors of the
FZD family, and receptor ligands of the WNT family, clustered into adenocarcinoma subtype (top panel: dark grey) and squamous cell carcinoma subtype (top panel: light
grey). Each row represents a specific gene and each column represents a patient sample. The color of each cell indicates the expression value of each gene in that sample:
blue (low expression); red (high expression). (D) Box plot analysis of canonical WNT-target gene expression (CCND1, Met, Axin2, CTNNB1) in NSCLC samples subdivided into
LUAD and LUSC showing increased canonical target gene expression in primary LUAD samples. Horizontal lines: grouped medians. Boxes: 25–75% quartiles. Vertical lines:
range, peak, and minimum. ���P< 0.001. (E) and (F) Representative cartoons of the underlying WNT signaling pathway in LUAD and LUSC based on the expression profile
of WNT components and canonical target genes. While a predominant role of canonical WNT signaling might be assumed in LUAD, LUSC were not clearly associated with
neither canonical nor non-canonical WNT pathway.
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significant increase (P < 0.0001) of SFRP3 methylation in
LUAD (median relative methylation: 0.37), as well as in LUSC
tissues (median relative methylation: 0.32) compared with nor-
mal tissue (median relative methylation: 0.12) (Figure 5(B)).
Correlation analysis based on TCGA data of SFRP3

methylation and expression showed a highly significant inverse
correlation between SFRP3 hypermethylation and mRNA
expression in LUAD samples (P < 0.0001; Spearman
r = ¡0.3084), but not in LUSC tissue samples (P = 0.8887;
Spearman r = ¡0.0074). To further validate our findings, we

Figure 2. Univariate Kaplan-Meier survival analysis of SFRP3 mRNA expression suggesting a favorable OS and RFS in adenocarcinoma patients. (A) and (B) Kaplan-Meier
survival analysis based on the TCGA human lung dataset exhibiting no significantly improved clinical overall survival (OS) and recurrence free survival (RFS) in adenocarci-
noma patients with higher SFRP4 mRNA expression. (C) and (D) Abundant SFRP3 mRNA expression promotes a significantly improved OS and RFS for adenocarcinoma
patients. Red line: higher SFRP3 mRNA expression (median > 272.11); black line: moderate SFRP3 expression (median � 272.11). Vertical lines: censored cases. (E) and (F)
Univariate survival analysis based on the Kaplan-Meier-Plotter software supporting improved OS for adenocarcinoma patients with high SFRP3 mRNA expression but no
prognostic impact for post-progression free survival (cutoff value> 530).
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examined both regions by pyrosequencing of an independent
cryopreserved cohort, consisting of 12 normal lung and 15
NSCLC tissue samples. Scatter plot analysis and area diagram
show a significant increase (P < 0.05) of mean SFRP3 methyla-
tion in the exon1 region in primary NSCLC tissue (mean meth-
ylation value: 7.6%) compared to normal tissue (mean

methylation: 1.3%), but not in the SFRP3 promoter in primary
NSCLC tissue (mean methylation value: 4.6%) compared to
normal tissue samples (mean methylation value: 0.2%) (Figure 6
(B) to (E)).

In order to show whether SFRP3 mRNA expression loss is
functionally linked to exon1 hypermethylation in

Figure 3. SFRP3 mRNA expression is lost in primary squamous cell carcinoma and reduced in advanced adenocarcinoma tissue samples. (A) SFRP3 mRNA expression is
strongly reduced in NSCLC tissue samples (n = 11, median 0.275) in comparison to normal lung tissue (n = 11, median 1.00). (B) Scatter plot analysis represents reduced
SFRP3mRNA expression in primary lung tumor compared to normal lung tissue. Horizontal lines: grouped mean value. Vertical lines: SEM. ��P < 0.01. (C) Box plot analysis
based on the TCGA IlluminaHiSeq mRNA dataset showing reduced SFRP3 mRNA expression in primary lung tumor compared to normal lung tissue. Horizontal lines:
grouped mean value. Vertical lines: SEM. ���P < 0.001. (D) and (E) SFRP3 mRNA expression is strongly reduced in squamous cell carcinoma and slightly reduced in adeno-
carcinoma compared with normal lung tissue. Tumor samples (based on TCGA IlluminaHiSeq) are split into adenocarcinoma (dark green, n = 518), squamous cell carci-
noma (light green, n = 498), and normal tissue samples (gray, n = 205) (left panel). The relative SFRP3 mRNA expression values are illustrated in red (high expression) and
green (low expression). (F) Box plot analysis of SFRP3 mRNA expression in adenocarcinoma subdivided into pT status shows decreased SFRP3 gene expression in pT2-4
compared to pT1. Horizontal lines: grouped medians. Boxes: 25–75% quartiles. Vertical lines: range, peak, and minimum. ���P < 0.001. (G) Box plot analysis shows
decreased SFRP3mRNA expression in metastatic adenocarcinoma tissue samples compared to non-metastatic adenocarcinoma tissues. Horizontal lines: grouped medians.
Boxes: 25–75% quartiles. Vertical lines: range, peak, and minimum. �P < 0.05 (H) Box plot analysis illustrates reduced expression of SFRP3 in stage II and stage IV adeno-
carcinoma tissue samples compared with stage I. Horizontal lines: grouped medians. Boxes: 25–75% quartiles. Vertical lines: range, peak, and minimum. �P < 0.05
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adenocarcinoma (Figure 6(D), Supplementary Figure 3) we
performed in vitro demethylation studies in two adenocarci-
noma cell lines, A549 and SK-LU-1, which lack endogenous
SFRP3 expression. Significant levels of SFRP3 mRNA could be
restored after 5-aza-2�deoxycytidine (DAC) and trichostatin A
(TSA) treatment in both cell lines (Figure 7(A) and (D)). Pyro-
sequencing analysis further demonstrated significantly reduced
methylation levels after DAC and DAC/TSA treatment, com-
pared to untreated controls in both cell lines. In detail, A549
cell line showed methylation reduction by approximately 35%

after DAC and DAC/TSA treatment (Figure 7(B) and (C)),
while SK-LU-I showed decreased DNA methylation (by 30%)
after DAC and DAC/TSA treatment (Figure 7(E) and (F)).

SFRP3 reduces cell proliferation and decreases CyclinD1
mRNA expression in a WNT1 depend manner

Our data suggested that loss of SFRP3 expression and DNA
hypermethylation were functionally linked. Therefore, we
hypothesized that SFRP3 is a novel putative tumor suppressor

Figure 4. Loss of SFRP3 protein expression in human squamous cell carcinoma and adenocarcinoma of the lung. (A) Scatter plot analysis represents reduced SFRP3 immu-
noreactivity in primary LUAD samples (median: 2) and loss of SFRP3 protein in LUSC tissue (median: 0) compared to normal lung tissue (median: 4). Horizontal lines:
median value. Vertical lines: probe ranges. ��P < 0.01 ���P < 0.001 (B) Clear positive immunoreactivity in ciliated bronchial epithelium. (C and D) Strong SFRP3 protein
staining in normal lung tissue, especially in type I and II pneumocytes of alveolar walls. (E) Negative control of normal lung tissue. Primary antibody was omitted. (F to H)
Low SFRP3 immunoreactivity in the cytoplasm of advanced adenocarcinoma of the lung, indicating an IRS of 2 (F and G) and an IRS of 4 (H). (I to K) Loss of SFRP3 staining
in the cytoplasm of primary squamous cell carcinoma samples, IRS of 0.
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gene in LUAD. In order to decipher its biological role, we
established stable and transient gain-of-function in vitro mod-
els based on adenocarcinoma cell lines A549 and SK-LU-1, as
well as squamous carcinoma cell line H157 (Supplementary
Figure 4–6). We performed in vitro XTT-proliferation assay in
stably transfected SFRP3-expressing A549 and H157 cells
(Figure 8(A), Supplementary Figure 6B) and transiently trans-
fected SFRP3-expressing SK-LU-1 cells (Figure 8(B)). Prolifera-
tion analysis of NSCLC cell lines after 96 h incubation revealed
no significant difference between SFRP3-expressing clones and
non-transfected cells (Figure 8(A) and (B); Supplementary
Figure 6B).

Bearing in mind that evidence for an assumed important
role of canonical WNT-signaling pathway was found in LUAD

(Figure 1), for example, induced by the WNT1 ligand, we
aimed to specifically activate the canonical WNT pathway in
our gain-of-function models. As these in vitro models lack
endogenous WNT1 expression (data not shown), we trans-
fected our stable SFRP3-expressing A549 clones with mock and
WNT1-containing vectors to induce canonical WNT signaling.
Indeed, cell proliferation rates of doubly transfected SFRP3/
WNT1-expressing A549 cells were significantly reduced in
comparison to mock clones (Figure 8(C)). As mentioned,
canonical WNT signaling plays an important role in triggering
cell proliferation. We deciphered the putative antagonistic
impact of SFRP3 on canonical WNT signaling. Accordingly, we
determined mRNA expression level of CyclinD1, a direct tran-
scriptional canonical WNT target gene. mRNA expression

Figure 5. Reduction of SFRP3 mRNA expression highly correlates with epigenetic inactivation in adenocarcinoma but not in squamous cell carcinoma. (A) and (B) DNA
hypermethylation of the SFRP3 promoter analyzed in primary tumor and normal tissue samples based on data of the TCGA Illumina HumanMethylation450 platform.
Patient samples are split into adenocarcinoma (dark green, n = 446), squamous cell carcinoma (light green, n = 357), and normal tissue samples (gray, n = 104). The rela-
tive SFRP3 DNA methylation values for each CpG are illustrated in red (high methylation), white (mean methylation), and blue (low methylation). SFRP3 hypermethylation
is strongly increased in adenocarcinoma and squamous cell carcinoma samples compared to normal lung tissue. Horizontal lines: grouped medians. Boxes: 25–75% quar-
tiles. Vertical lines: range, peak, and minimum, ���P < 0.001. (C) and (D) Correlation analyses demonstrate a highly significant inverse correlation between SFRP3 mRNA
expression (TCGA IlluminaHiSeq mRNA expression platform) and DNA hypermethylation (TCGA Illumina HumanMethylation450 platform) in primary adenocarcinoma
samples (n = 424; Spearman r = ¡0.3084; P < 0.0001) but not in squamous cell carcinoma samples (n = 355; Spearman r = ¡0.0074; P = 0.8887).
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analysis showed loss of CyclinD1 expression in WNT1/SFRP3
double transfected A549 cells in comparison to mock clones
(Figure 8(D)).

Previous studies showed a potential interaction between
SFRP3 and WNT1 [18–20]. Our proliferation analysis sug-
gested a putative modulation of active canonical WNT signal-
ing by SFRP3 in a WNT1 dependent manner in vitro. To
evaluate our in vitro findings, we analyzed the clinical relevance
of SFRP3/WNT1 interaction. The potential antagonistic effect
in adenocarcinoma patient samples was investigated by univar-
iate Kaplan-Meier survival analysis of combined WNT1 and
SFRP3 expression. While WNT1 alone has no prognostic
impact on patients’ OS (Figure 9(A)), patients dichotomized
into WNT1low/SFRP3low and WNT1low/SFRP3high showed
no significant prognostic benefit for patients with higher
SFRP3 mRNA expression (Figure 9(B)). On the other hand,
dichotomization into WNT1high/SFRP3low and WNT1high/
SFRP3high showed highly significant benefit for adenocarci-
noma patients’ OS with combined high WNT1/SFRP3 mRNA
expression (Figure 9(C)).

Discussion

To date, the functional role of many WNT antagonists in con-
trolling WNT signaling in NSCLC subtypes is not known. Vari-
ous studies have highlighted a potential role for WNT signaling
in the promotion of tumorigenesis, especially for proliferation-
inducing canonical WNT signaling [6,36]; however, the molec-
ular background of WNT signaling components in the different
lung cancer subtypes—LUAD and LUSC—remains unclear.
For this reason, we initially evaluated the expression profile of
important components of the WNT superfamily resulting in a
divergent expression clustering of WNT signaling components
for LUSC and LUAD. Interestingly, the WNT phylogenetically
related antagonists SFRP3 and SFRP4 are highly expressed in
adenocarcinoma samples, but only SFRP3 shows a potential
prognostic impact in OS and RFS of adenocarcinoma patients.
Up to now, the biological and prognostic impact of SFRP3 in
human NSCLC, especially in LUAD, was not examined.

Several studies have described the role of SFRP3 in physio-
logical processes such as bone formation and tumor

Figure 6. Methylation analysis of the SFRP3 gene showing hypermethylation of exon1 in NSCLC tissue samples. (A) Schematic image showing the location of 12 analyzed
CpG duplets and positions of primer sets (-458 to -356 bp and +368 to +460 bp; 5 0 to 3 0) for SFRP3 promoter and exon1. +1: SFRP3 transcription start site. (B) to (E) Pyro-
sequencing analysis of primary tumor tissues (n = 15) and normal tissues (n = 12) demonstrates a significant increase of methylation in SFRP3 exon1 but not in SFRP3 pro-
moter. Scatter plots illustrate mean methylation of each tissue sample analyzed for promoter and exon1. Area charts visualize mean methylation for each CpG of normal
tissue and primary tumor tissue. Horizontal lines: grouped mean value. Vertical lines: SEM. $

P < 0.05
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development and progression of different tumor entities. Nev-
ertheless, distinct functions for SFRP3 in tumorigenesis are still
controversially discussed. Hirata et al. described a potential
tumor promoting role for SFRP3, which increased colony for-
mation and cell invasion in vitro, as well as tumor growth and
tube formation in vivo [37]. On the other hand, there is evi-
dence that SFRP3 acts as tumor suppressor, for instance, in
hepatocellular carcinoma, where SFRP3 downregulation is
caused by CpG hypermethylation of exon1 [22]. Furthermore,
SFRP3 decreases tumor growth and cell invasion and sup-
presses colony formation of prostate cancer cells (PC-3) and
gastric cancer cells (SGC-7901) via the inhibition of ß-catenin-
dependent WNT signaling by activation of GSK-3ß and reduc-
tion of cytosolic ß-catenin and TCF activity [23,24].

In agreement with the reduced SFRP3 mRNA expression in
primary renal cell carcinoma and melanoma [35,37], we dem-
onstrated significant SFRP3 mRNA reduction in primary
NSCLC samples. TCGA data analysis corroborated our results
indicating that SFRP3 expression is reduced during tumor pro-
gression, especially of adenocarcinoma. Furthermore, up to

now, SFRP3 location was not investigated in human normal
lung tissue and the loss of SFRP3 in primary NSCLC tissue at
the protein level was not validated. Therefore, we verified
SFRP3 reduction in primary NSCLC tissue samples by immu-
nohistochemistry staining. We identified, for the first time,
SFRP3 protein in the cytoplasm of type I and type II pneumo-
cytes, as well as in the cytoplasm of ciliated epithelium of nor-
mal lung tissue. Hyperplasia of ciliated epithelium constitutes
the source of LUSC, whereas alveolar hyperplasia promotes
LUAD [38]. Interestingly, complete absence of SFRP3 in LUSC
tissue and decreased protein level in LUAD samples are in
agreement with the TCGA expression dataset. We investigated
the molecular mechanism of SFRP3 downregulation in LUAD
and LUSC and found a highly significant inverse correlation
between SFRP3 expression and methylation in LUAD, but not
in LUSC, indicating that epigenetic silencing of SFRP3 could be
the leading molecular mechanism in LUAD, while in LUSC a
different regulatory mechanism may be more pivotal. In line,
expression and methylation analysis of NSCLC cell lines indi-
cated reduced SFRP3 mRNA expression due to

Figure 7. SFRP3mRNA re-expression after in vitro demethylation of adenocarcinoma cell lines A549 and SK-LU-I. (A) Semiquantitative real-time PCR showing SFRP3mRNA
expression without and after treatment with 5-aza-2’-deoxycytidine (DAC) and Trichostatin A (TSA) in the adenocarcinoma cell line A549. Increased SFRP3 mRNA expres-
sion is shown as fold-change relative to untreated A549 control cells. (B) and (C) Quantitative SFRP3 exon1 methylation was analyzed by pyrosequencing of six CpG
duplets in A549 cells without and after DAC and TSA treatment. Area charts visualize mean methylation for each CpG of untreated, DAC, TSA, and DAC/TSA treated cells.
(D) Semi quantitative real-time PCR showing SFRP3 mRNA expression without and after treatment with DAC and TSA in the adenocarcinoma cell line SK-LU-1. Increased
SFRP3 mRNA expression is demonstrated as fold-change relative to untreated control cells. (E) and (F) Quantitative SFRP3 exon1 methylation was analyzed by pyrose-
quencing of six CpG duplets in SK-LU-1 cells without and after treatment with DAC and TSA. Area charts visualize mean methylation for each CpG relative to the respec-
tive treatment of SK-LU-1 cells.
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hypermethylation in LUAD cell lines (A549, SK-LU-1, H23),
while SFRP3 expression and methylation in LUSC cell lines
suggested not to be thoroughly conformable (SK-MES, H157).
Our results could be corroborated by studies of Lin et al. deter-
mining frequent SFRP3 exon1 hypermethylation in hepatocel-
lular carcinoma [22]. McRonald et al. also showed SFRP3
downregulation linked to hypermethylation, detected in a
global methylation analysis of renal cell carcinomas [39].
Increased SFRP3 methylation was additionally observed in
medulloblastoma and invasive bladder cancer samples [37,40].
In vitro demethylation studies of two human LUAD cell lines
verified our finding of epigenetic silencing in adenocarcinoma
samples. Both cell lines revealed significant SFRP3 mRNA re-
expression after in vitro gene demethylation, with reduction of
SFRP3 exon1 methylation to nearly 40%. In this context,
Ekstr€om et al. evaluated SFRP3 exon1 methylation in mela-
noma cell lines and showed significant SFRP3 re-expression as
a consequence of DAC treatment [35].

Once we identified the mechanism of SFRP3 downregula-
tion, we aimed to shed light on the biological impact of SFRP3
in NSLC. Proliferation analysis of stable and transiently SFRP3-
transfected LUAD cell lines revealed no significant proliferation
difference between mock and SFRP3-expressing clones. How-
ever, based on the putative impact of canonical WNT signaling
in adenocarcinoma samples, we hypothesized reduced canoni-
cal WNT signaling activity in our LUAD cell lines. To this end,

stable SFRP3-expressing cells were co-transfected with a
WNT1-expressing plasmid. Basically, WNT1 is assigned to
canonical WNT ligand molecules [33,34] whose expression is
known to activate canonical WNT/ß-catenin signaling and ini-
tiate transcription of many WNT-target genes with TCF/LEF1
motif, such as cMyc and CyclinD1 [41–45]. Interestingly, stable
SFRP3 and WNT1 co-expressing A549 cells showed significant
decrease of cell proliferation. Accordingly, we investigated the
mRNA expression of CyclinD1, as a canonical WNT-target
gene with TCF/LEF1 motif, and found significant loss of
CyclinD1 expression as well. In this context, SFRP3 probably
inhibited upstream WNT-signaling by binding to WNT1 and
blocking WNT1-frizzled receptor interaction. Furthermore,
CyclinD1, as a direct WNT-target gene, regulates cell cycle and
coordinates mitotic events [46,47]. Decreased CyclinD1 levels
deregulate the cell cycle or guide cells to cell cycle arrest, which
leads to reduced cell proliferation rates [48].

In summary, our findings provide evidence that SFRP3 acts
as a putative tumor suppressor gene in normal lung tissue. This
is the first study that indicates a divergent expression profile of
WNT components in LUAD compared to LUSC and suggests a
putative tumor suppressive function for SFRP3, especially in
adenocarcinoma of the lung. Furthermore, abundant SFRP3
expression might be a prognostic marker for adenocarcinoma
patients, showing a significant prognostic benefit as indicated
by the improvement in patients’ OS and RFS. Potentially,

Figure 8. Increased SFRP3 mRNA expression reduced cell proliferation and CyclinD1 mRNA expression in a WNT1 dependent manner. (A) Cell proliferation rate of SFRP3-
expressing A549 single cell clones and mock cells was measured by XTT-assay at about four days. For each sample data were normalized to the absorption on day 0. (B)
XTT-proliferation assay was performed about four days after transient SFRP3 mRNA expression in adenocarcinoma cell line SK-LU-1. For each sample, data were normal-
ized to the absorption on day 0. (C) XTT-proliferation assay was performed after WNT signaling pathway induction via transient WNT1 transfection in SFRP3-expressing
and mock A549 clones, additionally transiently transfected with empty vector control. Proliferation rate was measured after 96 h cultivation and normalized to absorption
on day 0. (D) Semiquantitative real-time PCR after WNT1 induction showing loss of CCND1 mRNA expression in SFRP3 and WNT1 expressing cells. Decreased CCND1
mRNA expression is shown as fold-change normalized to empty vector-transfected (mock) A549 cells.
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SFRP3 could act as a canonical WNT/ß-catenin antagonist and
inhibitor of tumor proliferation. Further analysis of the role of
SFRP3 in lung cancer progression, especially in adenocarci-
noma of the lung, may help identify the underlying pathways
in more detail and improve disease management.
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