
Abstract. The Ô-acyltransferase Porcupine contributes to
secretion and function of Wnt signaling molecules, which
stimulate the expression of various cancer-related genes.
Porcupine is also involved in the Wnt-induced cell signaling
via ß-Catenin in non-small cell lung carcinoma (NSCLC)
cells. Herein, we report that the expression level of Porcupine
in human NSCLC tissues (n=89) positively correlates with
the expression of several genes coding for cancer-related
molecules such as ß-Catenin, Hypoxia-inducible factor-1·
and Jun B. However, the mRNA expression of Porcupine
was not generally increased in NSCLC compared to normal
lung tissues. In NSCLC tissues we also found a positive
correlation between the expression level of Porcupine and the
calcium-binding protein S100P, which contributes to initiation
and invasion of cancer cells. Subsequent studies showed that
the DNA hypomethylation with 5-aza-2'deoxycytidine
increased the mRNA expression of S100P in NSCLC cells
but did not alter that of Porcupine. Silencing the expression
of Porcupine with small interfering (si)RNA reduced the
expression of S100P in NSCLC cells, whereas silencing the
expression of S100P with siRNA did not effect the level of
Porcupine expression. In conclusion, besides DNA methylation
processes, Porcupine might regulate the expression of some
cancer-related molecules including S100P in human NSCLC.

Introduction

Wnt [an amalgam of Wingless and Integration-1 (1)] glyco-
proteins are a family of secreted signaling molecules that
control several signaling processes in embryos and in adults.

Nineteen wnt genes are described in human, which additionally
encode for alternatively spliced variants (2,3). An altered
regulation of Wnt proteins and/or compounds of their signaling
pathway have also been linked to the development of a wide
range of human cancers, in particular colorectal carcinomas
(3,4).

Wnt signaling requires Frizzled receptors and defined
co-receptors at the cell surface that induces signaling either
dependent on ß-Catenin (canonical Wnt signaling) or inde-
pendent of ß-Catenin (non-canonical Wnt signaling) (5). The
canonical Wnt signaling is characterized by an increased
level of cytoplasmic ß-Catenin due to protecting it from the
proteasome degradation machinery (6,7). The consequence of
stabilized ß-Catenin is its increased nuclear translocation,
complex formation with the Lef (lymphoid enhancer factor)1/
Tcf (T cell-factor) transcription factors and expression of target
genes such as the proto-oncogene myc (8). The canonical Wnt
signaling can be antagonized by the non-canonical Wnt
signaling, which involves intracellular calcium release,
activation of Rho GTPases and JNK (c-Jun N-terminal kinase)
(5,9). Despite of differences to the colorectal carcinoma, both
types of Wnt-induced cell signaling have emerged as critical
pathways in lung carcinogenesis (10).

Wnt proteins are secreted from the cell by the endoplasmic
reticulum (ER)-Golgi classical pathway (11). For this process,
they are modified due to acylation by palmitoyl and palmito-
leoyl groups (12-14). The putative enzyme for this lipid modifi-
cation of Wnt proteins is the ER-resident Ô-acyltransferase
Porcupine (13-16), also called MG61 in human (17). Wnt
acylation by Porcupine supports the N-glycosylation of Wnt
proteins at the ER membrane, which is necessary for the
Wnt secretion via Golgi (18,19). Moreover, Wnt acylation
contributes to the binding of Wnt to its surface receptors and,
therefore, Wnt-induced cell signaling (12,20).

It has been reported that the transcription of Porcupine is
increased in the non-small cell lung carcinoma (NSCLC)
(21), which composes about 80% of all lung malignancies
(22). Silencing the expression of Porcupine in selected
NSCLC cell lines resulted in a strong down-regulation of ß-
Catenin and its targeted gene products (cyclin D1,
dishevelled, frizzled 7, survivin) as well as in a dramatically
increased apoptotic cell death (21). These data suggest the
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contribution of Porcupine to the canonical Wnt signaling, and
probably non-canonical Wnt signaling, in NSCLC develop-
ment. Because the Wnt-induced cell signaling stimulates the
expression of various cancer-related genes (2), some gene
expressions might also be regulated by the level of Porcupine.
Therefore, our study focused on the level of Porcupine
expression and its relation to the expression of cancer-related
genes in human NSCLC tissues and cells.

Materials and methods

NSCLC tissues and cells. We studied NSCLC tissues and
non-involved normal lung tissues of lung cancer patients,
who underwent pulmonary resection surgery. Only patients
with clear histological classification as NSCLC (adeno-
carcinoma, squamous cell carcinoma) and without neo-
adjuvant chemo- or radiotherapy were admitted to the study.
Immediately after resection the lung tissues were snap-frozen
and stored in liquid nitrogen until use. The local ethics
committee approved this study and the subjects gave informed
consent.

Human NSCLC cells used in this study were the National
Cancer Institute (NCI-) cell lines A549, H358 and H322
(ATCC; Manassas, VA, USA). Cells were cultured in DMEM
supplemented with 10% fetal calf serum in a humidified
atmosphere at 10% CO2 and 37°C. Number and viability of
cells were estimated after counting the total number of living
and death cells using the Casy® cell counter (Schärfe System
GmbH; Reutlingen, Germany). DNA hypomethylation was
induced by treating cells with 10 μM 5-aza-2'deoxycytidine
(Sigma; Taufkirchen, Germany). Silencing the expression of
human Porcupine or S100P was induced by transient trans-
fection of 100 pmol synthetic small interfering (si)RNA
using Oligofectamine™ reagent (Invitrogen; Carlsbad, CA,
USA). The targeted sequence of the siRNA duplex was 5'-A
AGTTGTCACAAGCTGGAACC-3' for Porcupine (21), 5'-A
ATGGAGATGCCCAGGTGGAC-3' for S100P (23) and 5'-A
ATGAGGATGCCTGCAGGGAC-3' for control (scrambled
siRNA; Invitrogen). S100P overexpression was induced by
transient transfection of the coding sequence of human S100P,
which had been cloned into the pcDNA3.1(+) expression
vector (Invitrogen), by the use of Effectene® reagent (Qiagen;
Hilden, Germany). Control transfection was performed with
empty pcDNA3.1(+) vector.

RNA analysis. RNA was isolated with TRIzol® reagent
(Invitrogen) and/or RNeasy Mini kit (Qiagen). For mRNA
expression analysis by polymerase chain reaction (PCR)
RNA was transcribed to cDNA with Superscript II™reverse
transcriptase (Invitrogen). Thereafter, cDNA was amplified
by real-time PCR containing cDNA-specific primer pairs
(Biomers; Ulm, Germany) and SYBR green PCR mix (Bio-
Rad; Munich, Germany). We used cDNA-specific primers
for PCR amplification of human Porcupine [sense: 5'-TAC
CTGAAGCATGCAAGCAC-3', antisense: 5'-CGGTGTCTA
CCATGTGCATC-3' (21)], S100P [sense: 5'-ATCTAGCAC
CATGACGGAAC-3', antisense: 5'-AGCCTAGGGGAATAA
TTGCC-3' (24)] and 18S rRNA [sense: 5'-GTTGGTGGAG
CGATTTGTCTGG-3', antisense: 5'-AGGGCAGGGACTT
AATCAACGC-3' (25)]. External cDNA standards with

identical primer-binding sites were established for PCR
amplification of a concentration series of standard molecules.
Real-time PCR was performed using the iCycler iQ™ system
(Bio-Rad; Hercules, CA, USA). Calculating the signal for
Porcupine or S100P in relation to the signal for 18S rRNA
assessed the relative gene expression. Standard PCR was
performed using the 2X PCR mix (Promega; Mannheim,
Germany). After PCR amplification in a thermocycler (Bio-
metra; Göttingen, Germany) and subsequent agarose gel-
electrophoresis, PCR products were estimated by use of the
LAS 3000 computer-based imaging system (FujiFilm; Tokyo,
Japan).

For mRNA expression analysis by high-density oligo-
nucleotide microarray (Affymetrix; Santa Clara, CA, USA),
biotinylated target cRNA was prepared from total RNA as
described (26) and then hybridized to the microarrays
according to Affymetrix GeneChip technology (27). Micro-
arrays were washed and stained with the GeneChip Fluidics
Station 400. The intensity of the hybridization signals was
scanned with the GeneArray Scanner 7G and analyzed by
using the GeneChip® Operating System.

Protein analysis. Total protein was extracted from cells in
Tris(hydroxymethyl)amino-methane-buffered sodium dodecyl
sulfate solution containing protease inhibitors and subjected
to standard immunoblot procedure. Mouse monoclonal anti-
ß-Catenin (BD Bioscience; Heidelberg, Germany) and goat
polyclonal anti-S100P (R&D Systems; Minneapolis, MN,
USA) were used as primary antibodies. Specificity of the anti-
S100P was checked by use of protein extracts from S100P-
overexpressing cells (24). GAPDH immunoblotting with a
rabbit polyclonal antibody (Abcam; Cambridge, UK) indicated
protein loading. Primary antibodies were visualized by horse-
radish peroxidase-conjugated secondary antibodies and
ECLplus detection (Amersham; Buckinghamshire, UK). The
signal intensities were analyzed by use of the LAS 3000
computer-based imaging system (FujiFilm) equipped with
AIDA 3.5. software (Raytest; Straubenhardt, Germany).

Data analysis. Patient's data were calculated as median with
interquartile range. Experimental data were calculated as
mean ± standard error. Statistical significance of the data
(P<0.05) was determined by Student's t-test followed by
Mann-Whitney rank sum test or by the ANOVA procedure
followed by Dunnett's method as appropriated (SigmaStat 3.5
software; Jandel Corp.; San Rafael, CA, USA). The correlation
coefficient R of the linear regression analysis for significance
was tested using the two-sided test.

Results 

Porcupine expression in NSCLC. Oligonucleotide microarray
analysis of human NSCLC tissues revealed a highly significant
correlation of the mRNA expression level of many genes
with that of Porcupine. While the expression level of 791 genes
positively correlated with the mRNA expression of Porcupine
(n=89, R>0.350), the expression level of only 2 genes showed
a negative correlation (R<-0.350). Among the expressions
correlating positively with the mRNA expression level of
Porcupine we found the expression of some genes coding for
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cancer-related molecules such as ß-Catenin, HIF-1· and Jun B
(for further examples see Table I). In the case of Wnt/ß-Catenin
target gene products (2) we only found a significant correlation
between the mRNA expression level of Porcupine with that
of E-Cadherin and Endothelin-1 (Table I).

Some gene products listed in Table I also showed an altered
mRNA expression in NSCLC compared with non-involved
normal lung tissue such as S100P and its intracellular inter-
action partner Ezrin. While the mRNA expression of S100P
was increased in NSCLC compared with normal lung tissue,
the expression of Erzin was reduced in NSCLC (Table I). In
contrast, the mRNA expression of Porcupine was not signifi-
cantly altered in NSCLC compared with normal lung tissue
despite of its well detectable expression in NSCLC tissues and
cell lines (Fig. 1, Table II). This has been shown for two
independent study groups analyzed by either oligonucleotide
microarray or real-time PCR (Table II). In both study groups
the number of normal lung tissues was lower than the number
of NSCLCs, because we only selected normal lung tissues
without signs of pathologies. However, paired analyses of
NSCLC and normal lung tissue of the same patient did also not
reveal significant changes in the mRNA expression (Table II).

Porcupine regulates the S100P expression in NSCLC cells.
S100P is reported as gene product involved in the initiation

and invasion of cancer cells (23,24,28-35) as well as in the
survival of cancer patients (30,33). Therefore, our further
analyses focused on the interaction between the expression
level of Porcupine and S100P in NSCLC. First of all, we
studied the impact of DNA hypomethylation by 5-aza-2'
deoxycytidine on the expression of Porcupine and S100P in
the NSCLC cell line NCI-H358. This deoxycytidine analogue
increased the mRNA expression of S100P but not Porcupine
after 2 to 3 days (Fig. 2). We then checked whether the DNA
hypomethylation-induced increase in S100P might have
simultaneously impaired the mRNA expression of Porcupine.
However, transient overexpression of S100P in NCI-H358 did
not change the expression level of Porcupine compared with
control transfected cells after 2 to 3 days (data not shown).

Finally, we studied the effect of Porcupine silencing on
the expression of S100P in NCI-H358 and further NSCLC
cell lines (NCI-H322 and NCI-A549) by siRNA transfection.
The transient transfection of NCI-H358 cells with Porcupine-
targeted siRNA reduced the mRNA expression of S100P for
1 to 2 days (Fig. 3A, left panel). This effect was even more
pronounced in the cell line NCI-H322 but less in NCI-A549
(Fig. 3A, left panel). The reduced expression of S100P
following Porcupine-targeted siRNA transfection was also
determined on protein level in the NSCLC cell lines (Fig. 3B),
but extent and time of the reduction of S100P protein slightly
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Table I. Selected gene products whose expression correlates with the Porcupine expression in NSCLC tissue.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Correlation with Median expression
Porcupine expression

GenBank ––––––––––––––––––– ––––––––––––––––––––––––––––
Gene product accession Coefficient R P-value NSCLC Normal lung P-value
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Positive correlation

E (epithelial)-Cadherin NM_004360 0.371 0.0002 777 631 0.0153
·-Catenin NM_001903 0.414 <0.0001 371 379 0.9916
ß-Catenin BE178050 0.410 <0.0001 369 385 0.4377
‰-Catenin NM_001331 0.448 <0.0001 306 308 0.3735
Cathepsin D AI565004 0.469 <0.0001 674 452 <0.0001
Endothelin-1 NM_001955 0.466 <0.0001 137 250 <0.0001
Ezrin (Villin 2) NM_003379 0.501 <0.0001 706 818 0.0007
Hypoxia-inducible factor (HIF)-1· NM_001530 0.443 <0.0001 548 462 0.0032
c-Jun N-terminal kinase (JNK) 1 AA257992 0.414 <0.0001 703 582 <0.0001
Jun B transcription factor NM_002229 0.467 <0.0001 919 784 0.0002
Plakophilin-3 NM_007183 0.363 0.0003 501 296 <0.0001
Plakophilin-4 AL031846 0.374 0.0002 251 509 <0.0001
Rho family small GTP binding protein Rac1 NM_006908 0.471 <0.0001 761 727 0.5053
Rho GTPase activating protein 1 NM_004308 0.415 <0.0001 678 701 0.6598
S100 calcium-binding protein A6 (S100A6) NM_014624 0.504 <0.0001 918 1068 0.0096
S100 calcium-binding protein P (S100P) NM_005980 0.457 <0.0001 395 206 0.0050

Negative correlation
ING1-like tumor suppressor protein AF149724 -0.382 0.0013 161 161 0.8530
Solute carrier family 17 member 7 NM_020309 -0.358 0.0037 274 279 0.8679

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
mRNA expression was determined for n=89 NSCLC tissues (study group 1) by oligonucleotide microarray analysis, and the expression level
is given as normalized microarray signal intensity. GenBank accession of Porcupine: NM_022825. Exclusion criteria were low expression
level (normalized microarray signal intensity <150) and low correlation coefficient of the linear regression (-0.350<R<+0.350).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. mRNA expression of Porcupine is shown after PCR amplification
for NSCLC tissue and paired normal lung tissue of the same patient (corres-
ponding to study group 2 in Table II; gel loading of the real-time PCR) as
well as for human NSCLC cell lines (gel loading of the standard PCR).
Amplification of 18S rRNA and/or GAPDH indicates PCR loading.

Table II. Porcupine expression in NSCLC tissue.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Study group NSCLC Normal lung P-value
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1: All tissues

Number 89 15
Porcupine expressiona 458 (407-521) 464 (430-485) 0.974

1: Paired tissues only
Number 15 15
Porcupine expressiona 449 (358-488) 464 (430-485) 0.395

2: All tissues
Number 43 16
Porcupine expressionb 0.267 (0.182-0.484) 0.246 (0.146-0.340) 0.223

2: Paired tissues only
Number 16 16
Porcupine expressionb 0.263 (0.201-0.525) 0.246 (0.146-0.340) 0.090

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
mRNA expression level was determined by aoligonucleotide microarray analysis (normalized microarray signal intensity) and breal time-PCR
(normalized per 18S rRNA signal intensity). Expression data are given as median with interquartile range.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Time-dependent effect of 5-aza-2'deoxycytidine on the mRNA expression of Porcupine and S100P in the NSCLC cell line NCI-H358. mRNA
expression was determined by PCR amplification per 18S rRNA as loading control. Mean data are given ± standard error (n=6) with *P<0.05 vs. untreated
control (co).
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differed from the reduction of S100P mRNA (Fig. 3A). Extent
and time of the protein reduction of S100P also differed from
the reduction of ß-Catenin protein following transfection of

Porcupine-targeted siRNA (Fig. 3B). Conversely, the siRNA-
mediated silencing of S100P did not change the expression
level of Porcupine in the NSCLC cell lines (Fig. 3A, right

INTERNATIONAL JOURNAL OF ONCOLOGY  36:  1015-1021,  2010

Figure 3. Time-dependent effect of the transfection with Porcupine- or S100P-targeted siRNA on the (A) mRNA expression of Porcupine and S100P and (B)
protein expression of S100P and ß-Catenin in the NSCLC cell lines NCI-H358, NCI-H322 and NCI-A549. (B) mRNA expression was determined by PCR
amplification per 18S rRNA as loading control and protein expression was determined by immunoblot detection per GAPDH as loading control. Immunoblot
detection of S100P and ß-Catenin is exemplarily shown for NCI-H358 cells. Mean data are given ± standard error (n≥3) with +P=0.1, *P<0.05 and **P<0.01 vs.
control transfection with scrambled siRNA (co).
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panel). The viability of the cell lines was not obviously
impaired by the Porcupine- or S100P-targeted siRNA (≥90%
viable cells at day 1 to 3 after siRNA transfection).

Discussion

Various cancer-related genes are activated by Wnt signaling,
in which the Ô-acyltransferase Porcupine plays an important
role (4,36). Our study showed that the expression of Porcupine
positively correlates with the expression of several genes
coding for cancer-related molecules in human NSCLC tissues.
Among them we identified the calcium-binding protein S100P,
which is a member of the S100 family (37). Subsequent studies
revealed that the expression of S100P in NSCLC cells can be
regulated by Porcupine in addition to DNA methylation.

S100P has been suggested as a gene product responsible
for the immortalization of epithelial cells that finally leads to
neoplastic transformation (28,29,31). Although the exact
contribution of S100P to this process is unclear, S100P is
increased in early stages of human NSCLC (30,38) and other
carcinomas (28,39-41). In addition, the increase in S100P has
been revealed as a predictor of worse outcome of NSCLC
patients (30). This clinical observation is explained by the
supporting effect of S100P on cancer cell invasion in vitro
and in vivo (23,30,32-35). One of the molecular mechanisms
responsible for the increased expression of S100P in cancer
cells is the DNA hypomethylation in 5'CpG islands of the
s100P gene as identified for pancreatic and prostate cancer
(42,43) and by our group for lung cancer (24). Although this
indicates the importance of DNA methylation processes in
the transcriptional regulation of S100P, our siRNA studies
showed that the expression of S100P is also regulated by
Porcupine in NSCLC cells. However, NSCLC cells seem to
have a different turnover of S100P mRNA and protein because
the expression of S100P differed at mRNA and protein level
following siRNA-mediated silencing of Porcupine. In contrast
to S100P, the transcription of Porcupine was independent of
DNA hypomethylation. Feed-back mechanisms of S100P on
the transcription of Porcupine can be excluded because silen-
cing or overexpression of S100P did not influence the mRNA
level of Porcupine.

The lipid modification of Wnt proteins by Porcupine is
required for the Wnt processing (11,36). Therefore, Porcupine
might rather stimulate than suppress the transcription of various
genes via Wnt pathways. This assumption is supported by our
observation that the expression level of Porcupine in NSCLC
tissues correlates positively with that of others genes in nearly
all cases. Among these genes we found some genes coding
for cancer-related molecules such as the transcription factors
HIF-1· and Jun B, which themselves activate the expression
of cancer-related genes (44,45) as well as Cathepsin D and
Ezrin, which are related to the function of S100P in cancer
cells (34,35). In addition, we observed a positive correlation
between the expression level of Porcupine and ß-Catenin in
NSCLC tissues. In accordance with this observation, silencing
Porcupine induced a diminished expression of ß-Catenin in
NSCLC cells. This effect of Porcupine on the expression of
ß-Catenin and the ß-Catenin-dependent (canonical) Wnt
signaling pathway in NSCLC cells was shown recently (21).
As human NSCLC cells express the canonical Wnt

molecules Wnt2, Wnt3, Wnt7a and Wnt9a (46), it suggests
the primary contribution of Porcupine to the canonical Wnt
signaling in NSCLC.

However, cancer development highly depends on the tumor
stroma that can be a source of the non-canonical Wnt mole-
cules (Wnt 4, Wnt5a and Wnt11) (9,10,47). The possible
involvement of Porcupine in the non-canonical Wnt signaling
is supported by our observation that the mRNA expression of
only few target gene products of ß-Catenin (E-Cadherin,
Endothelin-1) correlates with that of Porcupine in NSCLC
tissues. Moreover, transient silencing of Porcupine by siRNA
induced a less stable reduction of S100P compared to ß-Catenin
in NSCLC cells. Altogether, these data indicate the contri-
bution of Porcupine to canonical and non-canonical Wnt
signaling pathways in NSCLC.

Porcupine has been suggested as a critical factor involved
in the survival of NSCLC cells but not lung fibroblasts by
attenuating the canonical Wnt pathway (21). Although we
used the same NSCLC cell line (NCI-A549), transient silencing
of Porcupine by siRNA did not affect the viability of the
NSCLC cells. However, it is possible that we did not achieve
that long-term reduction of Porcupine/ß-Catenin necessary
for inducing cell death. In this regard, it also has to remember
that ß-Catenin is a molecule with dual function. It is involved
in both canonical Wnt signaling (6) and epithelial cell-cell
adhesion via intracellular binding to E-Cadherin in complex
with ·-Catenin (48). The expression level of E-Cadherin and
·-Catenin, which are often dysfunctional in lung carcinomas
due to mutations (48), also correlated positively with that of
Porcupine in NSCLC tissues. Thus, Porcupine might play an
important role in NSCLC as well as in normal lung epithelium
but at different molecular level.

Differential gene expressions between tumor and non-
tumor tissue do not necessarily indicate the contribution of
individual gene products to tumor development. In particular,
the dissimilar cellular composition of tumor and non-tumor
tissue may strongly influence the expression level of total
tissues. In this regard, we did not find a general increase in
the mRNA expression level of Porcupine in human NSCLC
compared to normal lung tissues contrary to recent reports
(21). This has been shown for a high number of NSCLC
tissues in two study groups and for two analytical methods.
An assessment of the protein expression of Porcupine is
presently not possible because of unavailable antibodies.
However, the direct correlation of the expression level of
Porcupine with the transcription of some cancer-related genes
in human NSCLC tissues suggests the gene-regulatory role of
Porcupine in NSCLC. Although the correlation of gene
expressions in tissue samples can not point out the molecular
interaction of gene products in single cells, our experimental
studies indicated that Porcupine regulates the expression of
S100P in NSCLC additionally to DNA methylation.

In conclusion, Porcupine might contribute to NSCLC
development by transcriptional activation of cancer-related
genes such as s100P.
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