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Solid-pseudopapillary neoplasm is an uncommon pancreatic tumor with distinct clinicopathologic features.

Solid-pseudopapillary neoplasms are characterized by mutations in exon 3 of CTNNB1. However, little is known

about the gene and microRNA expression profiles of solid-pseudopapillary neoplasms. Thus, we sought to

characterize solid-pseudopapillary neoplasm-specific gene expression and identify the signaling pathways

activated in these tumors. Comparisons of gene expression in solid-pseudopapillary neoplasm to pancreatic

ductal carcinomas, neuroendocrine tumors, and non-neoplastic pancreatic tissues identified solid-pseudopapil-

lary neoplasm-specific mRNA and microRNA profiles. By analyzing 1686 (1119 upregulated and 567 down-

regulated) genes differentially expressed in solid-pseudopapillary neoplasm, we found that the Wnt/b-catenin,

Hedgehog, and androgen receptor signaling pathways, as well as genes involved in epithelial mesenchymal

transition, are activated in solid-pseudopapillary neoplasms. We validated these results experimentally by

assessing the expression of b-catenin, WIF-1, GLI2, androgen receptor, and epithelial–mesenchymal transition-

related markers with western blotting and immunohistochemistry. Our analysis also revealed 17 microRNAs,

especially themiR-200 family andmiR-192/215, closely associated with the upregulated genes associated with the

three pathways activated in solid-pseudopapillary neoplasm and epithelial mesenchymal transition. Our results

provide insight into the molecular mechanisms underlying solid-pseudopapillary neoplasm tumorigenesis and its

characteristic less epithelial cell differentiation than the other common pancreatic tumors.
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Solid-pseudopapillary neoplasm of the pancreas is
rare,1–3 accounting for 1–2% of exocrine pancreatic
tumors.4–6 Solid-pseudopapillary neoplasm is
classified as a distinct phenotype due to its chara-
cteristic clinicopathologic features and distinct
immunophenotype. The molecular genetics of solid-
pseudopapillary neoplasm has recently become one
of the best understood of all human tumors.1 Unlike

the more common pancreatic adenocarcinoma,
alterations in KRAS, TP53, CDKN2A, and SMAD4
have not been reported in solid-pseudopapillary
neoplasm.7 Instead, almost all solid-pseudo-
papillary neoplasms exhibit somatic mutations in
exon 3 of CTNNB1, which encodes b-catenin.7,8
b-catenin is regulated by multiple signaling
pathways through binding to proteins such as Tcf/
Lef family members, axin, APC, and cadherins.9,10

Under normal circumstances, b-catenin resides in
the cytoplasm, where it is activated via phosphory-
lation and then degraded. However, this process is
inhibited when exon 3 of CTNNB1 is mutated,
which results in abnormal b-catenin nuclear
translocation and the activation of transcription
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factors through formation of a b-catenin-Tcf/Lef
complex.11,12 Consistent with this, studies have
demonstrated b-catenin nuclear accumulation in
solid-pseudopapillary neoplasms.13

Although CTNNB1 mutation and activation of the
Wnt/b-catenin pathway have been implicated in the
pathogenesis of solid-pseudopapillary neoplasm,
the molecular regulatory networks of solid-pseudo-
papillary neoplasm remain poorly understood. To
date, no study has been performed to characterize
microRNA expression in solid-pseudopapillary neo-
plasm, while only one study profiling gene expres-
sion has been reported. This investigation
demonstrated the activation of the Wnt/b-catenin
and Notch signaling pathways in solid-pseudopa-
pillary neoplasm.14 However, direct comparison
of the gene expression profiles of solid-pseudo-
papillary neoplasm to other common pancreatic
carcinomas and endocrine tumors, which may
provide insights into the cellular origin of solid-
pseudopapillary neoplasm, has yet to be performed.
Moreover, integrative analysis of the mRNA and
microRNA expression profiles is necessary to
identify the regulatory networks underlying the
pathogenesis of solid-pseudopapillary neoplasm.

In this study, we compared the mRNA and
microRNA expression profiles of solid-pseudopapil-
lary neoplasms to those from patient-matched non-
neoplastic pancreatic tissues and other ductal and
endocrine pancreatic tumors. In doing so, we identi-
fied solid-pseudopapillary neoplasm-specific mRNA
and microRNA expression. Moreover, we demon-
strate an association between solid-pseudopapillary
neoplasm and activation of the Wnt/b-catenin, Hedge-
hog, and androgen receptor signaling pathways.

Materials and methods

Case Selection

A total of 14 solid-pseudopapillary neoplasms, six
pancreatic adenocarcinomas, six neuroendocrine
tumors, and five non-neoplastic pancreatic tissue
samples were used in this study. The selected non-
neoplastic tissues showed no evidence of chronic
pancreatitis or preneoplastic lesions. The selected
tissues mostly comprised pancreatic acinar cells and
a few pancreatic islet cells, and therefore did not
correspond exactly to the phenotypes of the three
pancreatic neoplasms of our study. However, we
used these non-neoplastic pancreatic tissues as a
control, as they contained no neoplasms. The
specimens were obtained from the archives of the
Department of Pathology, Yonsei University, Seoul,
Korea, and from the Liver Cancer Specimen Bank of
the National Research Resource Bank Program of the
Korean Science and Engineering Foundation of the
Ministry of Science and Technology. Patient data
were collected retrospectively from hospital records.
All patients had undergone pancreatic resection

between 2001 and 2011 and fresh snap-frozen
samples were obtained immediately at the time of
surgery. All carcinoma samples comprised B70%
tumor cells, and none of the patients had received
neo-adjuvant chemotherapy. Authorization for the
use of these tissues for research purposes was
obtained from the Institutional Review Board of
Yonsei University of College of Medicine.

RNA Preparation

Total RNA was extracted using Trizol (Invitrogen
Life Technologies, Carlsbad, CA, USA) according to
the manufacturers’ protocol. After DNase digestion
and other clean-up procedures, RNA samples were
quantified, aliquoted, and stored at � 80 1C until
use. For quality control, RNA purity and integrity
were evaluated by denaturing gel electrophoresis,
measurement of the A260/280 ratio, and analyzed
using the 2100 bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). For all samples, the RNA
integrity number scores were 49.5.

Gene Expression Analysis

For DNA microarray hybridization, RNAwas pooled
by mixing equal amounts of total RNA. Biotin-
labeled cRNA targets were synthesized starting from
1.5 mg of total RNA. Double-stranded cDNA synth-
esis was performed using the Illumina TotalPrep
RNA Amplification Kit (Illumina, San Diego, CA,
USA), while biotin-UTP-labeled antisense RNAwas
transcribed in vitro using Ambion’s Kit (Ambion Life
Technologies, Carlsbad, CA, USA). All steps of the
labeling procedure were performed according to the
manufacturers’ protocol. Microarray experiments
were conducted on the HumanHT-12 v4 Sentrix
Expression BeadChip (Illumina). Hybridization of
labeled cRNA to the BeadChip, washing, and
scanning were performed according to the Illumina
Bead Station 500� manual.

MicroRNA Expression Analysis

To monitor the changes in microRNA levels asso-
ciated with solid-pseudopapillary neoplasm, 100ng
of total RNA was labeled and hybridized using the
Human microRNA Microarray Kit (v.16, Agilent
Technologies) according to the manufacturer’s pro-
tocol (Agilent microRNA microarrays Version 1.5).
Hybridization signals were detected with a DNA
microarray scanner (Agilent Technologies) and the
scanned images were analyzed using Agilent feature
extraction software.

mRNA Gene Expression Data Preparation and
Statistical Analysis

Raw data were extracted using the software
provided by the manufacturer (Illumina Genome
Studio v2011.1 (Gene Expression Module v1.9.0)).
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Expression intensities were normalized using quantile
normalization techniques.15 Using the normalized
intensities, differentially expressed genes between
non-neoplastic pancreatic tissue and pancreatic
tumors (solid-pseudopapillary neoplasm, neuroen-
docrine tumor, or pancreatic adenocarcinoma) were
determined using the integrated statistical method
previously reported.16 Briefly, (1) two independent
tests were performed: Student’s t-test and log2–
median-ratio test; (2) adjusted P-values from each
test were computed using an empirical distribution
of the null hypothesis that the means of the genes
were not different, which was obtained from
random permutations of the samples; (3) the
P values from the two tests were combined to
compute the overall P-values using Stouffer’s
method17 and (4) differentially expressed genes
were selected as those with Po0.01 and a fold
change 41.5. Finally, functional enrichment
analysis of the differentially expressed genes
was performed using DAVID software18 to
identify GO biological processes and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathways represented by the genes in individual
clusters with statistical significance (Supplementary
Figure 2A and B).

MicroRNA Raw Data Preparation and Statistical
Analysis

Raw data were extracted using the Agilent Feature
Extraction Software (v 10.7.1.1) and then processed
as published previously.19 The method described
above to analyze mRNA gene expression data was
also used to identify differentially expressed
microRNAs with Po0.01 and a fold change of 41.5.

Analysis of mRNA-micro RNA Network

We searched for possible mRNAs targeted by the 30
microRNAs specifically downregulated in solid-pseu-
dopapillary neoplasm using miRBase,20 Target-
scan,21 and Miranda.22 After the initial screening, we
computed the Pearson’s correlation coefficient using
expression profiles of the mRNAs and micro-
RNAs, and then selected mRNA-microRNA pairs
with correlation o� 0.5 and P-valueo0.01. Among
these mRNA-microRNA pairs, we finally selected
mRNAs specifically upregulated in solid-pseudo-
papillary neoplasm and associated with the three
activated signaling pathways as the microRNA targets.

Quantitative RT-PCR

Primer sequences used were obtained from the
Primer-Bank database (http://pga.mgh.harvard.edu/
primerbank/) and are listed in Supplementary
Table 5. The reaction was carried out in a final

volume of 20ml with Premix Ex Taq (Takara Bio Otsu,
Japan) according to the manufacturer’s instructions.

Immunohistochemistry

Paraffin-embedded tissue blocks were cut into 4-mm
sections. Immunohistochemical analysis was per-
formed using a Ventana XT automated stainer
(Ventana, Tucson, AZ, USA) with antibodies against
b-catenin (diluted 1:100, BD Biosciences, San Jose,
CA, USA), WIF-1 (diluted 1:50, BD Biosciences),
GLI2 (diluted 1:100, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), androgen receptor (predi-
luted; Roche, Mannheim, Germany), E-cadherin for
extra-cellular domains (diluted 1:100, Dako, Carpin-
teria, CA, USA) and intracellular domains (diluted
1:200, BD Biosciences) and N-cadherin (diluted
1:50, Abcam, Cambridge, UK).

Results

Clinicopathologic and Molecular Characteristics of
Solid-pseudopapillary Neoplasms

Before performing mRNA and microRNA expression
analysis, solid-pseudopapillary neoplasm was
confirmed by immunohistochemistry and other
molecular diagnostic tests. We performed immuno-
staining of b-catenin, vimentin, and CD10 for
diagnosis of solid-pseudopapillary neoplasm and
immunostaining of chromogranin A for diagnosis of
neuroendocrine tumors (Supplementary Table 1). In
doing so, we confirmed that all of the 14 solid-
pseudopapillary neoplasms expressed nuclear
b-catenin, vimentin, and CD10. We also demon-
strated that all six neuroendocrine tumors expressed
chromogranin A. Unlike the pancreatic adenocarci-
nomas, neuroendocrine tumors, and non-neoplastic
pancreas analyzed, all 14 solid-pseudopapillary
neoplasms exhibited mutation in exon 3 of CTNNB1
(Table 1 and Supplementary Table 1).

Unsupervised Clustering Analysis of mRNA and
MicroRNA Expression Distinguishes Solid-
pseudopapillary Neoplasm as a Distinct Type of
Pancreatic Tumor

As a first step in the molecular analysis of solid-
pseudopapillary neoplasms, we examined whether
the mRNA and microRNA expression profiles are
distinct among the different pancreatic tumors
examined. mRNA and microRNA expression profil-
ing was performed on 14 solid-pseudopapillary
neoplasms, six pancreatic adenocarcinomas, six
neuroendocrine tumors, and five non-neoplastic
pancreatic tissues using the Human HT-12 v4
Expression Bead Chip, which contains 47231 probes
representing 31332 annotated genes. Unsupervised
hierarchical clustering analysis of 6777 differen-
tially expressed genes in 31 microarrays grouped

Modern Pathology (2014) 27, 580–593

Gene and microRNA expression profiles

582 M Park et al

http://pga.mgh.harvard.edu/primerbank/
http://pga.mgh.harvard.edu/primerbank/


non-neoplastic pancreas, solid-pseudopapillary neo-
plasm, pancreatic adenocarcinoma, and neuroendo-
crine tumor into separate clusters, suggesting that
these tissue types could be characterized by unique
differential gene expression (Figure 1a).

Clustering analysis based on the 232 differentially
expressed microRNAs revealed substantial distinc-
tions in over- and underrepresented microRNAs
according to the tumor type. As evident from the
resultant dendrogram, the 31 samples clustered into
four groups according to the tissue type, demon-
strating that microRNA expression patterns were
distinct according to the type of pancreatic tumor
similar to mRNA expression (Figure 1b). These gene
expression and microRNA microarray data dis-
cussed in this study have been deposited in NCBI’s
Gene Expression Omnibus (GEO) database (http://
www.ncbi.nih.gov/geo/), and are accessible through
GEO Series accession number GSE43795, GSE43796
and GSE43797.

The distinct gene and microRNA expression
profiles among the pancreatic tumors were also
demonstrated when unsupervised hierarchical clus-

tering analysis of mRNAs (Figure 1c) and microRNAs
(Figure 1d) were performed by using the expression
data relative to non-neoplastic samples: mRNA and
microRNA expression value divided by the median
value of five non-neoplastic pancreatic tissues.

Solid-pseudopapillary Neoplasm-specific Gene
Expression Profiles

To identify solid-pseudopapillary neoplasm-specific
gene expression, we compared the gene express-
ion profiles of solid-pseudopapillary neoplasms,
pancreatic adenocarcinomas, and neuroendocrine
tumors with those of non-neoplastic pancreatic
tissues, namely solid-pseudopapillary neoplasm
versus non-neoplastic samples, neuroendocrine
tumor versus non-neoplastic samples, and pancrea-
tic adenocarcinoma versus non-neoplastic samples.
Using an integrative statistical method that we
previously reported (Materials and methods), we
identified 6777 differentially expressed genes
(Po0.01, fold-change 41.5), of which 4134 and
2807 were up- and downregulated, respectively, in
solid-pseudopapillary neoplasms, pancreatic adeno-
carcinomas, and neuroendocrine tumors compared
with non-neoplastic samples (Figures 2a–c). While
1119 genes were exclusively upregulated in solid-
pseudopapillary neoplasm, 488 were upregulated in
both pancreatic adenocarcinoma and solid-pseudo-
papillary neoplasm. Meanwhile, 660 genes were
upregulated in both neuroendocrine tumor and
solid-pseudopapillary neoplasm (Figure 2a). Among
the downregulated genes, 567 were exclusively
downregulated in solid-pseudopapillary neoplasm.
Pancreatic adenocarcinoma and solid-pseudopapil-
lary neoplasm shared 819 downregulated genes,
while 955 were downregulated in both neuroendo-
crine tumor and solid-pseudopapillary neoplasm
(Figure 2b). The 6777 differentially expressed genes
were further categorized into 25 clusters based on
differential expression in the three comparisons
(Supplementary Figure 1A). Clusters 5 and 21
revealed that a majority of the differentially ex-
pressed genes found in solid-pseudopapillary neo-
plasms (1119 of 2026 upregulated and 567 of 1757
downregulated genes) were specific to this tumor
(Figure 2c), thereby defining a molecular signature
for solid-pseudopapillary neoplasm tumorigenesis.

Identification of Characteristic Signaling Pathways
Associated with Solid-pseudopapillary Neoplasm

We then examined whether the solid-pseudopapil-
lary neoplasm-specific up- and downregulated
genes are associated with signaling pathways by
performing an enrichment analysis of GO biological
processes and KEGG pathways using DAVID soft-
ware (Supplementary Figure 2). GO biological
processes enrichment analysis demonstrated that
the solid-pseudopapillary neoplasm-specific upre-
gulated genes represent several signaling pathways,

Table 1 Clinicopathologic features of solid-pseudopapillary
neoplasm of pancreas, pancreatic adenocarcinomas, and pancrea-
tic neuroendocrine tumors

Types of pancreatic cancer

Variable
Category

Case no.
(n¼ 26)

SPN 14
(%)

PCA 6
(%)

NET 6
(%) P-value

Age (years) 39.9±15.2 62.8±9.1 48.3±16.4 0.013
—

Gender
Male 13 4 (28.6) 5 (83.3) 4 (66.7) 0.066
Female 13 10 (71.4) 1 (16.7) 2 (33.3) —

Location
Head 7 1 (7.2) 4 (66.7) 2 (33.3) 0.078
Body 4 3 (21.4) 0 (0.0) 1 (16.7) —
Tail 15 10 (71.4) 2 (33.3) 3 (50.0) —

Size
r4 cm 15 8 (57.1) 3 (50.0) 4 (66.7) 1.0
44 cm 11 6 (42.9) 3 (50.0) 2 (33.3) —

Pancreas invasion
Present 12 3 (21.4) 6 (100.0) 3 (50.0) 0.003
Absent 14 11 (78.6) 0 (0.0) 3 (50.0) —

Lymph node metastasis
Present 4 0 (0.0) 1 (16.7) 3 (50.0) 0.018
Absent 22 14 (100.0) 5 (83.3) 3 (50.0) —

Distant metastasis
Present 5 1 (7.1) 2 (33.3) 2 (33.3) 0.203
Absent 21 13 (92.9) 4 (66.7) 4 (66.7) —

b-catenin mutation
Present 14 14 (100.0) 0 (0.0) 0 (0.0) o0.001
Absent 12 0 (0.0) 6 (100.0) 6 (100.0) —

Chromogranin expression
Present 7 1 (7.1) 0 (0.0) 6 (100.0) o0.001
Absent 19 13 (92.9) 6 (100.0) 0 (0.0) —
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including the Wnt/b-catenin, Hedgehog, and andro-
gen receptor signaling cascades (Supplementary
Figure 2A). KEGG pathway enrichment analysis

also revealed an association with the Wnt/b-catenin
and Hedgehog signaling pathways in addition to
identifying other pathways represented by the

Figure 1 Unsupervised hierarchical clustering analysis of mRNA and microRNA expression profiles of pancreatic tumors. (a)
Unsupervised hierarchical clustering analysis of gene expression. Red and green indicate transcript levels above and below the sample
median, respectively. Five non-neoplastic pancreatic tissues, 6 pancreatic adenocarcinomas (PCA), 14 solid-pseudopapillary neoplasm
(SPN), and 6 neuroendocrine tumors (NET) were clustered based on gene expression patterns. Non-neoplastic pancreas, pancreatic
adenocarcinomas, solid-pseudopapillary neoplasms, and neuroendocrine tumors are indicated by green, pink, yellow, and blue bars,
respectively. (b) Unsupervised hierarchical clustering analysis of microRNA expression. Complete separation of non-neoplastic
pancreas, pancreatic adenocarcinomas, SPNs, and neuroendocrine tumors were evident based on microRNA expression profiles. Non-
neoplastic pancreas, pancreatic adenocarcinomas, solid-pseudopapillary neoplasms, and neuroendocrine tumors are indicated by green,
pink, yellow, and blue bars, respectively. (c) Clustering analysis using the filtered 6777 differentially expressed genes in 26 pancreatic
tumors composed of six pancreatic adenocarcinomas, 14 solid-pseudopapillary neoplasms, and six neuroendocrine tumors. Each mRNA
expression value was divided by the median value of five non-neoplastic pancreatic tissues. Color bar gradient represents log2-fold
changes in each pancreatic tumor compared to non-neoplastic pancreas. (d) Clustering expressed microRNAs in 27 samples composed of
6 pancreatic adenocarcinomas, 14 solid-pseudopapillary neoplasms, and 6 neuroendocrine tumors. Each microRNA expression value
was divided by the median value of five non-neoplastic pancreatic tissues.
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upregulated genes (eg, ubiquitin-mediated proteoly-
sis) (Supplementary Figure 2B). GO biological
process analysis of the downregulated genes demon-
strated their association with cell motility, migration,
and blood vessel development (Supplementary
Figure 2A). Moreover, the KEGG pathways repre-
sented by the downregulated genes included fructose
and mannose metabolism, the MAPK signaling path-
way, and endocytosis (Supplementary Figure 2B).
Notably, comparison of the GO biological process and
KEGG pathways found in the 25 differentially
expressed genes clusters (Supplementary Figure 1A)

demonstrated that the genes specifically upregulated
in solid-pseudopapillary neoplasms were exclusively
related to the Wnt/b-catenin, Hedgehog, and andro-
gen receptor signaling pathways (cluster 5 in Supple-
mentary Figure 2, Table 2).

Expression of Tumor Differentiation Markers

Solid-pseudopapillary neoplasms exhibit little cyto-
logic and histologic differentiation. Therefore, solid-
pseudopapillary neoplasms have been speculated to
possess a stem cell-like trait.23 Also, studies have

Figure 2 mRNAs and microRNAs are differentially expressed in non-neoplastic pancreas tissues and pancreatic tumors. Differentially
expressed gene profiles between non-neoplastic pancreatic tissues and pancreatic tumors. (a–c) Venn diagram analysis of mRNAs (a)
upregulated and (b) downregulated in solid-pseudopapillary neoplasm relative to non-neoplastic pancreas and other pancreatic tumors.
(c) Heatmap of mRNA expression profiles of solid-pseudopapillary neoplasm-specific up- or downregulated genes. MicroRNA
expression profiles differentially expressed in non-neoplastic pancreatic tissues and pancreatic tumors. (d–f) Venn diagram analysis of
microRNAs (d) upregulated and (e) downregulated in solid-pseudopapillary neoplasm relative to non-neoplastic pancreas and other
pancreatic tumors. (f) Heatmap of microRNA expression profiles of SPN-specific up- or downregulated genes.
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reported that B50% of solid-pseudopapillary
neoplasms express KIT, a well-known stem cell
marker.24 Interestingly, examination of stem cell
marker expression in our microarray data did not
reveal any significant changes in these markers in
solid-pseudopapillary neoplasms (Supplementary
Table 2). Instead, the expression of genes associated
with epithelial–mesenchymal transition changed
dramatically in solid-pseudopapillary neoplasms.
Among the well-known epithelial mesenchymal
transition markers,25,26 E-cadherin (CDH1) expre-
ssion was drastically decreased (� 59-fold), whereas
the expression of epithelial mesenchymal transition
regulators, such as TWIST2 (17.09-fold) and ZEB2
(3.89-fold), was increased.

Solid-pseudopapillary Neoplasm-specific MicroRNA
Expression Profiles

Using the same comparisons and statistical meth-
ods, we identified 232 differentially expressed

microRNAs. We found 49 microRNAs specifically
upregulated in solid-pseudopapillary neoplasms,
whereas 30 were specifically downregulated
(Po0.01, fold-change 41.5) (Figures 2d–f). The
expression of these 232 microRNAs was categorized
into 21 clusters (Supplementary Figure 1B). We
focused on cluster 18, which includes 30 micro-
RNAs specifically downregulated in solid-pseudo-
papillary neoplasm. Of these, nine microRNAs
(miR-200c-3p, miR-192-5p, miR-215, miR-14-3p,
miR141-5p, miR-127-3p, miR-379-5p, miR-338-3p,
and miR-455-5p) were predicted to target 4100
genes belonging to cluster 5 from our mRNA micro-
array analysis (ie, mRNAs specifically upregulated
in solid-pseudopapillary neoplasm). Six additional
microRNAs (miR-429, miR-7-5p, miR200b-3p, miR-
192-3p, miR200b-5p, and miR-200a-3p) from clus-
ters 14, 15, and 17, which consisted of microRNAs
that decreased in solid-pseudopapillary neoplasm
but increased in pancreatic adenocarcinomas and/or
neuroendocrine tumors, were predicted to target

Table 2 List of Wnt/b-catenin, Hedgehog, and AR signaling-related genes up-regulated in SPN

Validation

Official symbol Gene name
Fold

change P-value qRT-PCR WB

Wnt signaling pathway
DKK4 dickkopf homolog 4 (Xenopus laevis) 300.66 3.7E-07 — —
WIF1 WNT inhibitory factor 1 74.77 1.3E-05 — O
NKD1 naked cuticle homolog 1 (Drosophila) 64.91 4.9E-06 — —
AXIN2 axin 2 31.44 1E-05 O —
FZD7 frizzled homolog 7 (Drosophila) 14.74 0.00011 — —
WNT2B wingless-type MMTV integration site family, member 2B 11.49 0.00017 — —
RUVBL1 RuvB-like 1 (E. coli) 9.34 0.00022 — —
WNT5A wingless-type MMTV integration site family, member 5A 8.12 0.00094 — —
NKD2 naked cuticle homolog 2 (Drosophila) 5.75 0.00329 — —
MAP3K7 mitogen-activated protein kinase kinase kinase 7 5.63 0.00035 — —
TCF7 transcription factor 7 (T-cell specific, HMG-box) 5.45 0.00063 — —
PPARD peroxisome proliferator-activated receptor delta 5.29 0.00029 — —
FZD2 frizzled homolog 2 (Drosophila) 4.69 0.00049 — —
NFAT5 nuclear factor of activated T-cells 5, tonicity-responsive 4.04 0.00117 — —
CTNNB1 catenin (cadherin-associated protein), beta 1, 88 kDa 3.92 0.00331 O O
CCND3 cyclin D3 2.69 0.00264 — —
SMAD3 SMAD family member 3 2.62 0.00661 —
SKP1 S-phase kinase-associated protein 1 2.54 0.00148 — —
SIAH1 seven in absentia homolog 1 (Drosophila) 2.46 0.00875 — —
DVL2 dishevelled, dsh homolog 2 (Drosophila) 2.31 0.00201 — —
BTRC beta-transducin repeat containing 2.18 0.00881 — —
NFATC3 nuclear factor of activated T-cells, cytoplasmic,

calcineurin-dependent 3
2.02 0.0108 — —

Hedgehog signaling pathway
BMP7 bone morphogenetic protein 7 9.89 0.00021 — —
ZIC2 Zic family member 2 (odd-paired homolog, Drosophila) 5.87 0.00298 — —
GLI2 GLI family zinc finger 2 3.84 0.00438 O O
GLI3 GLI family zinc finger 3 2.99 0.00925 — —
Sufu suppressor of fused homolog (Drosophila) 1.99 0.00651 — —

Androgen receptor signaling pathway
AR androgen receptor 9.89 0.000486 O O
MED30 mediator complex subunit 30 2.63 0.001934 — —
MED17 mediator complex subunit 17 2.04 0.009345 — —
DAXX death-domain associated protein 1.83 0.010927 — —
THRAP3 thyroid hormone receptor associated protein 3 1.73 0.016438 — —

O: performed in this study.
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4100 mRNAs belonging to cluster 5 of our mRNA
expression analysis.

mRNA-microRNA Regulatory Network in
Solid-pseudopapillary Neoplasm

Based on these results, we hypothesized that the 30
microRNAs specifically downregulated in solid-

pseudopapillary neoplasm targeted genes involved
in the Wnt/b-catenin, Hedgehog, and androgen rece-
ptor signaling pathways. Thus, we examined the
microRNAs predicted to target genes associated
with these signaling pathways and that belonged
to cluster 5 from our mRNA analysis. To accomplish
this, the target genes of the 30 microRNAs were
identified using miRBase,20 TargetScan Human,21

Figure 3 Gene expression signature changes leading to activated signaling pathways in solid-pseudopapillary neoplasm. (a) Gene
expression changes leading to activation of the Wnt/b-catenin signaling pathway in solid-pseudopapillary neoplasm (SPN). Alterations
were defined by (1) greater than two-fold mean up- or downregulation in gene expression, and (2)41.5-fold change in gene expression in
all 14 solid-pseudopapillary neoplasms. The number in the left inside box denotes the number of altered cases/total cases. The number in
the inside right box denotes the mean fold change of the gene. Red box, upregulated genes; yellow circle, genes with activating mutation;
p, phosphorylation; ub, ubiquitination. (b) Gene expression changes leading to activation of the Hedgehog signaling pathway in solid-
pseudopapillary neoplasm. Alterations were defined using the same criteria as in panel a.The number in the left inside box denotes the
number of altered cases/total cases. The number in the inside right box denotes the mean fold change of the gene. red box, up-regulated
genes; blue box, down-regulated genes.
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and Miranda.22 Then, target genes whose expression
was anti-correlated with that of microRNAs (ie, up-
regulated specifically in solid-pseudopapillary neo-
plasms; Materials and methods) and involved in the
Wnt/b-catenin, Hedgehog, and androgen receptor
signaling pathways (Table 2) were grouped. This
analysis identified 17 microRNAs that regulate
genes involved in Wnt/b-catenin, Hedgehog, and
androgen receptor signaling pathways (Supplemen-
tary Table 4).

Using this microRNA-mRNA target information,
we constructed gene expression and a microRNA
regulatory network specifically activated in solid-
pseudopapillary neoplasm (Figure 3, Supple-
mentary Figure 3). The network in Figure 3 shows
that the upregulated mRNAs of the Wnt/b-catenin
pathway, includingWIF1, Axin2, FZD7, PRKCZ, and
Wnt5A, may be regulated by the miR-200 family,
miR-192/215, and miR-455 (Supplementary
Figure 3, Supplementary Table 4). Figure 3b shows
the regulation of Hedgehog pathway components,
such as GLI2 and GLI3, by miR-141/200a, while
androgen receptor could be targeted by miR-376b.
According to these models, themiR-200bc/429, miR-
192/215, and miR-141/200a families may contribute
to upregulating Wnt/b-catenin, Hedgehog, and an-
drogen receptor pathway gene expression (Supple-
mentary Table 4).

Validation of Differentially Expressed mRNAs by
Quantitative RT-PCR

Changes in mRNA levels of differentially expressed
genes in solid-pseudopapillary neoplasm, pancrea-
tic adenocarcinomas, and neuroendocrine tumors,
compared with non-neoplastic pancreas, were con-
firmed by quantitative real-time PCR. 18S rRNAwas
used as a control for normalization. We selected
CTNNB1 and Axin2 to assess the Wnt/b-catenin

signaling pathway, GLI2 for the Hedgehog pathway,
and androgen receptor for the androgen receptor
signaling pathway. E-cadherin (CDH1) and N-cad-
herin (CDH2) were chosen as representative genes of
epithelial–mesenchymal transition. Marked upregu-
lation of CTNNB1 was found in solid-pseudopapil-
lary neoplasm, while only a slight increase was
observed in pancreatic adenocarcinoma and neu-
roendocrine tumor compared with non-neoplastic
pancreatic tissues (Figure 4). Expression of Axin2,
GLI2, and androgen receptor were markedly higher
in solid-pseudopapillary neoplasm relative to pan-
creatic adenocarcinoma, neuroendocrine tumor, and
non-neoplastic pancreatic tissues (Figure 4). Marked
downregulation of E-cadherin, an epithelial marker,
was found in solid-pseudopapillary neoplasm com-
pared with normal pancreas and other pancreatic
tumors. In contrast, the expression of N-cadherin, a
mesenchymal marker, was significantly increased in
solid-pseudopapillary neoplasm and neuroendo-
crine tumor relative to non-neoplastic pancreatic
tissues and pancreatic adenocarcinoma (Figure 4).

Validation of Differentially Expressed Genes in Solid-
pseudopapillary Neoplasm by Western Blotting and
Immunohistochemistry

We validated b-catenin, WIF-1, GLI2, androgen
receptor, E-cadherin, and N-cadherin expression
by western blotting (Figure 5a) and immunohisto-
chemistry (Figure 5b). We could not include one
case of solid-pseudopapillary neoplasm in the
western blotting analysis due to a lack of remaining
specimen. Both western blotting and immuno-
histochemical analysis revealed increased levels of
b-catenin, WIF-1, GLI2, androgen receptor, and
N-cadherin, along with decreases in E-cadherin in
solid-pseudopapillary neoplasms.

All 13 solid-pseudopapillary neoplasms showed
increased b-catenin expression, whereas pancreatic

Figure 4 Validation of the expression of genes involved in the signaling pathways activated in solid-pseudopapillary neoplasms and
epithelial–mesenchymal transition. mRNA levels of CTNNB1 (b-catenin), Axin2, GLI2, androgen receptor (AR), CDH1 (E-cadherin) and
CDH2 (N-cadherin) were verified by quantitative RT-PCR. The expression level of each mRNAwas normalized to that of 18s rRNA and
arbitrarily set to 1. *Po0.05; **Po0.01 based on the Student’s t-test.
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adenocarcinomas and neuroendocrine tumors
showed slightly increased b-catenin expression
compared with non-neoplastic pancreas by western
blot. WIF-1 protein was also highly expressed in
solid-pseudopapillary neoplasm tumor tissues rela-
tive to matched normal pancreatic tissues by
western blot. GLI2 was highly expressed in all
solid-pseudopapillary neoplasms and three out of
six pancreatic adenocarcinomas, but was not ex-
pressed in neuroendocrine tumors and non-neo-
plastic pancreas according to western blot.
Androgen receptor was highly expressed in all of
13 solid-pseudopapillary neoplasms, but not ex-
pressed in pancreatic adenocarcinomas, neuroendo-
crine tumors, or non-neoplastic pancreas on western
blot. Of the epithelial–mesenchymal transition-
related markers, E-cadherin expression was detected
in 1 out of 13 solid-pseudopapillary neoplasms, 3
out of 6 neuroendocrine tumors, and 5 out of 6
pancreatic adenocarcinomas by using E-cadherin
antibody targeting for intracellular domains; N-cad-
herin expression was found in 8 out of 13 solid-
pseudopapillary neoplasms, 4 out of 6 neuroendo-
crine tumors. None of the six pancreatic adenocar-
cinomas were assessed by western blot.

Immunohistochemical analysis revealed charac-
teristic b-catenin nuclear accumulation exclusively
in all 14 solid-pseudopapillary neoplasms, whereas
no nuclear b-catenin expression was found in
pancreatic adenocarcinomas or neuroendocrine tu-
mors. Strong cytoplasmic WIF-1 expression, and
strong nuclear expressions of GLI2 and androgen
receptor were demonstrated in all 14 solid-pseudo-
papillary neoplasms (Figure 5b). E-cadherin expres-
sion was not detected in any of the 14 solid-
pseudopapillary neoplasms, but was found in 3
out of 6 neuroendocrine tumors and all of 6
pancreatic adenocarcinomas by immunohistochem-
istry. In accordance with previous reports, we also
observed nuclear E-cadherin expression in all 14
solid-pseudopapillary neoplasms and in 1 out of 6
neuroendocrine tumors by antibody targeting for

intracellular domains (Supplementary Figure 4).
Nuclear localization of E-cadherin in solid-pseudo-
papillary neoplasms has been reported, and pro-
posed to be mechanistically related to mutations in
b-catenin.27,28 In contrast to rare membranous
E-cadherin expression in solid-pseudopapillary
neoplasms, N-cadherin expression was found in 12
out of 14 solid-pseudopapillary neoplasms.
E-cadherin, but not N-cadherin, was expressed in
the cell membranes of normal pancreas acinar cells
(Figure 5b).

Discussion

In this study, we characterized the mRNA and
microRNA expression profiles of solid-pseudopa-
pillary neoplasm using a DNA microarray and
microRNA array approach and compared them with
other pancreatic tumors. We confirmed that solid-
pseudopapillary neoplasm is a unique tumor based
on mRNA and microRNA expression patterns. We
also demonstrated that the Wnt/b-catenin signaling
pathway is activated in solid-pseudopapillary neo-
plasms and revealed the involvement of the Hedge-
hog and androgen receptor signaling pathways. By
comparing the mRNA-microRNA regulatory net-
work of solid-pseudopapillary neoplasms, we iden-
tified several microRNAs that may participate in
upregulating genes associated with these three
signaling pathways.

Although solid-pseudopapillary neoplasm is rare,
understanding its molecular mechanisms is still
important and advantageous. Solid-pseudopapillary
neoplasm is a uniquely homogeneous tumor in
terms of cell morphology and genetic changes.
Nearly all solid-pseudopapillary neoplasms exhibit
gain of function mutations in exon 3 of CTNNB1.
Thus, knowledge about the molecular ramifications
of this mutation is also of great importance. Here, we
provide a broad unbiased view of the molecular
characteristics of solid-pseudopapillary neoplasm at

Figure 5 Representative western blotting and immunohistochemical analysis of the proteins involved in Wnt signaling, Hedgehog
signaling, androgen receptor signaling pathway, and epithelial–mesenchymal transition in pancreatic tumors. Protein levels of
components of the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways were assessed in solid-pseudopapillary
neoplasm (SPN), non-neoplastic pancreatic tissues, pancreatic adenocarcinomas (PCA), and neuroendocrine tumors (NET) by western
blot (a) and immunohistochemistry (b).
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Figure 5 (Continued).
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the mRNA and microRNA levels by analyzing genes
specifically deregulated in solid-pseudopapillary
neoplasms. The gene expression profile of solid-
pseudopapillary neoplasm was compared with non-
neoplastic pancreas and other pancreatic tumors.
Previous studies of solid-pseudopapillary neoplasm
have reported the activating CTNNB1 mutations
and abnormal b-catenin nuclear accumulation due
to inhibition of its degradation. Thus, activation
of downstream b-catenin targets was expected.
CTNNB1 mutation in solid-pseudopapillary neo-
plasm is heterozygous and many genes encoding
components of the Wnt/b-catenin pathway have
been shown to be upregulated in solid-pseudopa-
pillary neoplasm by our study and others.14

Therefore, nuclear accumulation of wild type
b-catenin protein was also expected. Interestingly,
both studies found that the level of CTNNB1 mRNA
is approximately three to four-fold upregulated in
solid-pseudopapillary neoplasm. The proportion of
mutant to wild-type b-catenin protein in the nucleus
and its effects on downstream targets should be
studied in the future.

Besides the Wnt/b-catenin pathway, solid-pseudo-
papillary neoplasm also exhibits upregulation of
genes involved in activation of the Hedgehog and
androgen receptor signaling pathways. Based on our
analysis of upregulated mRNAs in solid-pseudopa-
pillary neoplasm, we propose that solid-pseudopa-
pillary neoplasm is characterized by activation of the
Wnt/b-catenin, Hedgehog, and androgen receptor
signaling pathways. At present, there has been only
one report demonstrating the gene expression pro-
files of solid-pseudopapillary neoplasm. This study
showed that the Wnt/b-catenin and Notch signaling
pathways participate in solid-pseudopapillary neo-
plasm.14 Consistent with this, our data demonstrate
that Notch signaling genes were differentially
expressed in solid-pseudopapillary neoplasm
compared with non-neoplastic pancreatic tissues.
However, because these genes were also diffe-
rentially expressed in pancreatic adenocarcinomas
and/or neuroendocrine tumors, this pathway is not
regarded as specifically activated pathway in solid-
pseudopapillary neoplasm. Instead, our results
suggest that the Hedgehog pathway is significantly
activated in solid-pseudopapillary neoplasms. The
Notch and Hedgehog signaling pathways are closely
related to the Wnt/b-catenin pathway, with many
components in common.29,30

One novel finding of this study is activation of the
androgen receptor signaling pathway in solid-pseu-
dopapillary neoplasm. We have demonstrated in-
creased androgen receptor expression at the trans-
criptional and translational levels. Studies have
shown that androgen receptor binds to the armadillo
repeat domain of b-catenin and enhances its nuclear
localization and androgen receptor.31 Increased
androgen receptor-dependent transcriptional acti-
vity was reported in prostatic tumors with CTNNB1
mutations.32 However, no direct relationship

between activation of the Wnt/b-catenin and
androgen receptor signaling pathways has been
reported. In this study, we demonstrate for the first
time a high level of nuclear androgen receptor
expression in all 14 solid-pseudopapillary neo-
plasms. In addition to the molecular link between
the Wnt/b-catenin and androgen receptor signaling
pathways, tumor cells of solid-pseudopapillary
neoplasm are characterized by nuclear expression of
androgen receptor. These results suggest that
androgen receptor may be a potential diagnostic
marker for solid-pseudopapillary neoplasm.

The molecular mechanisms leading to the upre-
gulation of these genes in solid-pseudopapillary
neoplasms are mostly unknown. We evaluated the
possibility that this upregulation is related to the
mRNA-microRNA regulatory network. As we per-
formed the mRNA and microRNA gene expression
analysis with the same solid-pseudopapillary neo-
plasm samples, we could evaluate the mRNA-
microRNA reciprocal relationship in our solid-
pseudopapillary neoplasms. Our analysis revealed
distinct microRNA expression patterns specific to
solid-pseudopapillary neoplasm. In particular, 30
microRNAs were found to be specifically down-
regulated in solid-pseudopapillary neoplasms.
Based on this data, we showed that a large number
of solid-pseudopapillary neoplasm-specific upregu-
lated genes belonging to the Wnt/b-catenin, Hedge-
hog, and androgen receptor signaling pathways are
associated with downregulated microRNAs. For
instance, downregulation of the miR-200 family
and miR-192/215 were related to the upregulation
of components of these signaling pathways in solid-
pseudopapillary neoplasm.

Finally, we found that solid-pseudopapillary neo-
plasm altered the expression of genes linked to
epithelial–mesenchymal transition. Marked down-
regulation of E-cadherin (CDH1) was found in solid-
pseudopapillary neoplasms, whereas upregulation of
N-cadherin (CDH2) and vimentin were validated by
western blotting. These findings are in accordance
with the rare epithelial differentiation observed in
solid-pseudopapillary neoplasm tumor cells. Inter-
estingly, upregulation of epithelial mesenchymal
transition regulator genes, TWIST2 and ZEB2, was
also observed. A recent study demonstrated that the
miRNA-200 family (miR-141, miR-200a, b, c, and
miR-429) and miR-192/215 inhibit E-cadherin ex-
pression by targeting ZEB1 and ZEB2.33–37 These
previous reports suggest that solid-pseudopapillary
neoplasm-specific downregulation of the miR-200
family and miR-192/215 targets components of the
Wnt/b-catenin, Hedgehog, androgen receptor
signaling pathways as well as genes associated
with epithelial–mesenchymal transition. These
effects ultimately result in decreased expression
of epithelial markers. Interestingly, the expression
of epithelial–mesenchymal transition-related genes is
linked with activation of the Wnt/b-catenin, Notch,
and Hedgehog signaling pathways.30,38–41
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We propose that solid-pseudopapillary neoplasm
is characterized by activation of Wnt/b-catenin,
Hedgehog, androgen receptor signaling pathways
and epithelial–mesenchymal transition based on the
signature of differentially expressed mRNAs in
solid-pseudopapillary neoplasm. Analysis of micro-
RNA expression profiles suggests that a large
number of solid-pseudopapillary neoplasm-specific
upregulated genes belonging to the Wnt/b-catenin,
Hedgehog, and androgen receptor signaling
pathways are associated with downregulated
microRNAs. Especially, the downregulated miR-
200 family and miR-192/215 are related to the
upregulation of genes belong to epithelial–
mesenchymal transition in solid-pseudopapillary
neoplasm. These mRNA and microRNA expression
profiles may explain reports of less epithelial cell
differentiation in solid-pseudopapillary neoplasm
than other common pancreatic tumors, thereby
providing a molecular mechanism for solid-pseudo-
papillary neoplasm tumorigenesis.
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