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Abstract
The involvement of Wnt signaling in human lung cancer remains unclear. This study investigated the role of Wnt11 in
neuroendocrine (NE) differentiation, cell proliferation, and epithelial-to-mesenchymal transition (EMT) in human small-cell
lung cancer (SCLC). Immunohistochemical staining of resected specimens showed that Wnt11 was expressed at higher
levels in SCLCs than in non-SCLCs; 58.8% of SCLC, 5.2% of adenocarcinoma (ADC), and 23.5% of squamous cell
carcinoma tissues stained positive for Wnt11. A positive relationship was observed between Achaete-scute complex
homolog 1 (Ascl1) and Wnt11 expression in SCLC cell lines, and this was supported by transcriptome data from SCLC
tissue. The expression of Wnt11 and some NE markers increased after the transfection of ASCL1 into the A549 ADC cell
line. Knockdown of Ascl1 downregulated Wnt11 expression in SCLC cell lines. Ascl1 regulated Wnt11 expression
via lysine H3K27 acetylation at the enhancer region of the WNT11 gene. Wnt11 controlled NE differentiation, cell
proliferation, and E-cadherin expression under the regulation of Ascl1 in SCLC cell lines. The phosphorylation of AKT and
p38 mitogen-activated protein kinase markedly increased after transfection of WNT11 into the SBC3 SCLC cell line, which
suggests that Wnt11 promotes cell proliferation in SCLC cell lines. Ascl1 plays an important role in regulating the Wnt
signaling pathway and is one of the driver molecules of Wnt11 in human SCLC. Ascl1 and Wnt11 may employ a
cooperative mechanism to control the biology of SCLC. The present results indicate the therapeutic potential of targeting the
Ascl1–Wnt11 signaling axis and support the clinical utility of Wnt11 as a biological marker in SCLC.

Introduction

Lung cancer is a leading cause of cancer-related mortality
worldwide. Small-cell lung cancer (SCLC) accounts for

10–15% of all lung cancer cases and is genetically considered
to be one of the most aggressive malignant neuroendocrine
(NE) tumors. Despite a high response rate to first-line treat-
ment, most cases show rapid growth and metastasis and
acquire multidrug resistance, resulting in a 5-year survival
rate of 5–10% [1]. In recent years, the clinical focus has been
on personalized therapy, as represented by the use of epi-
dermal growth factor tyrosine kinase inhibitors and anaplastic
lymphoma kinase inhibitors to treat non-small-cell lung
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cancer (NSCLC) [2, 3]. Furthermore, personalized therapies
have been employed for lung adenocarcinoma (ADC)
patients with rare mutant oncogenes, such as ROS1 and RET
fusion genes [4, 5]. In contrast, novel target molecules of
therapies for SCLC are yet to be developed. The molecular
mechanisms of small-cell carcinogenesis have not yet been
elucidated, and thus, advances in research on novel ther-
apeutic modalities are expected [6].

A characteristic feature of SCLC is the expression of NE
phenotypes, which is considered to correlate with tumor
malignancy, including rapid growth, a high metastatic rate
at an early stage, and the acquisition of multidrug resistance
[7–9]. Achaete-scute complex 1 (ASCL1), a proneural basic
helix–loop–helix factor, is strongly expressed in SCLC
[10]. Osada et al. reported that the knockdown of Ascl1
induced growth inhibition and apoptosis in SCLC cell lines
[11, 12]. Borromeo et al. showed that Ascl1 played a more
pivotal role in tumorigenesis than Neurod1 in human SCLC
cell lines and mouse models of SCLC [13]. Our previous
findings suggest that SCLC exhibited an epithelial-to-
mesenchymal transition (EMT)-like phenotype, which may
be related to inactivated Notch signaling [14]. Notch sig-
naling is an important cell signaling system, and the inter-
action between Notch receptors and ligands induces several
genes, such as hairy and enhancer of split-1 (HES1),
CCND1, MYC, and AKT [15]. The Notch1–Hes1 pathway
represses NE differentiation by decreasing the expression of
NE-promoting transcription factors, including ASCL1 and
insulinoma-associated protein 1 (INSM1) [16–20]. Among
lung cancers, SCLC was shown to be positive for Ascl1
and/or Insm1, but negative for Notch1, whereas NSCLC
was negative for Ascl1 and/or Insm1, but positive for
Notch1 [19].

Wnt signaling regulates a number of developmental
processes, including cell fate specification, proliferation,
polarity, and migration [21]. Wnt molecules trigger gene
transcription via at least three signaling pathways: the
canonical or β-catenin-dependent and two noncanonical
pathways, comprising the planar cell polarity (PCP) and
Wnt/Ca2+ pathways. Increasing evidence has shown that the
Wnt pathway is one of the main signaling pathways
involved in carcinogenesis in many organs. The aberrant
activation of this pathway underlies several debilitating
diseases, and lung cancer is not an exception [21, 22].

Most of the 19 Wnt ligands and 10 receptors, frizzled
(FZD) proteins, which have been identified in mammalian
cells, may also be present in human lung cells [23]. Mam-
malian Wnt11 is a 354-amino acid protein with a predicted
24-amino acid signal peptide, and 22 core cysteine residues
that are found in all the Wnt family members, two predicted
sites for lipid modification (palmitate at C80 and palmitoleic
acid at S215), and five predicted sites for Asn-linked gly-
cosylation [24]. Wnt11 is known for its role during

development; it is required for convergent extension
movements during gastrulation and kidney morphogenesis
[25]. Wnt11 has also been implicated in the carcinogenesis
of some organs, such as the stomach [26], kidneys [26],
colon [27], and mammary gland [28]. Uysal-Onganer et al.
reported that Wnt11 promoted NE differentiation, survival,
and migration in prostate cancer [29]. In NSCLC, Bartis
et al. identified Wnt11 as a regulator of cadherin expression
and demonstrated its role in cellular adhesion [30].

We hypothesized that Wnt11 may contribute to the
biology of SCLC. To test this hypothesis, this study
investigated the following: (1) the frequency of Wnt11
expression in resected lung cancer tumors and cell lines, (2)
the relationship between Ascl1 and Wnt11 in SCLC, and (3)
the molecular and biological functions of Wnt11 in human
SCLC. The results obtained showed that Wnt11 was more
strongly expressed in SCLC than in NSCLC, and also
that it regulated NE differentiation, cell proliferation, and
E-cadherin expression in an Ascl1-dependent manner
in SCLC.

Materials and methods

Cell lines

Seven SCLC cell lines (H69, H889, SBC1, H69AR, H1688,
SBC3, and SBC5), three ADC cell lines (A549, H358, and
H1975), and two SCC cell lines (H2170 and H226) were
used in this study. H69, H889, H69AR, H1688, A549,
H358, H1975, H2170, and H226 were purchased from
ATCC (Manassas, VA), and SBC1, SBC3, and SBC5 from
the Japan Collection of Research Bioresources Cell Bank
(Osaka, Japan).

Tissue samples

Tissue samples of SCLCs (n= 17), ADCs (n= 19), and
SCCs (n= 17) resected at the Department of Thoracic
Surgery of Kumamoto University Hospital were obtained
from 53 patients for experiments. A histological diagnosis
of samples was made according to the criteria of the World
Health Organization [31]. These sections were used for
immunohistochemical (IHC) staining. This study followed
the guidelines of the Ethics Committee of Kumamoto
University.

Western blot (WB) analysis

Cells were prepared for a WB analysis as described pre-
viously [32]. A list of the primary antibodies used is shown
in Table 1. Membranes were washed and incubated with the
respective secondary antibodies conjugated with peroxidase
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(Amersham Pharmacia Biotech, Buckinghamshire, UK)
for 1 h, and the immunocomplex was visualized using
a chemiluminescence substrate (Amersham Pharmacia
Biotech, UK).

Transcriptome data of SCLC tissues

The transcriptome data of SCLC tissue samples from the
GSE60052 (n= 79) RNA-seq data set [33] were used to
examine the relationship between the expression levels of
ASCL1 and WNT11.

RNA-sequence (RNA-seq) analysis

An RNA-seq analysis was performed by the Liaison
Laboratory Research Promotion Center (LILA) (Kumamoto
University), as follows. Total RNA was isolated using an

RNeasy Mini Kit (Qiagen, Germany). A 2100 Bioanalyzer
(Agilent, Santa Clara, CA) was employed to detect the
concentration and purity of total RNA. All samples with an
RNA integrity number >7.5 were used for sequencing.
NextSeq 500 (Illumina, San Diego, CA) was used for the
analysis, and the data were converted into Fastq files. The
quality control of data was performed using FastQC. Fil-
tered reads were then used to map to the UCSC hg19
genome reference genome using HISAT2 2.1.0. Fragments
per kilobase of exon per million reads mapped (FPKM)
values were calculated using Cufflinks. Significant genes
were extracted by cuffdiff (p < 0.05).

Transfection with siRNA

We purchased Wnt11 siRNA (sc-41120) and Ascl1 siRNA
(sc-37692) from Santa Cruz Biotechnology (Santa Cruz, CA)

Table 1 Antibodies used for
IHC and WB analysis

Primary antibody Manufacturer (location) WB IHC

Wnt11 (107-10576) RayBiotech (Norcross, GA) 1:1000 1:1000

ASH1 (AB15582) Millipore (Billerica, MA) 1:100

Ascl1 (556604) BD Biosciences (San Jose, CA) 1:500

CHGA (H-300) Santa Cruz Biotechnology (Santa Cruz, CA) 1:1000

SYP (NCL-SYNAP-299) Novocastra Laboratories Ltd (Newcastle upon Tyne, UK) 1:500

NCAM (NCL-CD56-1B6) Novocastra Laboratories Ltd 1:500

Wnt7a/b (H-8) Santa Cruz Biotechnology 1:1000

Dkk1 (B-7) Santa Cruz Biotechnology 1:1000

E-cadherin (610181) BD Biosciences 1:1000

N-cadherin (H-63) Santa Cruz Biotechnology 1:1000

Slug (C19G7) Cell Signaling (Danvers, MA) 1:500

Snail (C15D3) Cell Signaling 1:500

Vimentin (E-5) Santa Cruz Biotechnology 1:2000

GSK-3beta (9332) Cell Signaling 1:2000

p-GSK-3α/β (Ser21/9) Cell Signaling 1:1000

p38MAPK (9212) Cell Signaling 1:1000

p-p38MAPK (9211S) Cell Signaling 1:500

Akt (9102) Cell Signaling 1:1000

p-Akt (Ser473) (9101S) Cell Signaling 1:500

p-Histone H3 (Ser10) Millipore (Billerica, MA) 1:500

Myc Cell Signaling 1:1000

Caspase3 (9662) Cell Signaling 1:5000

Cleaved caspase3 (9661) Cell Signaling 1:500

turbo-GFP (TA150041) Origene (Rockville, MD) 1:5000

Tankyrase-1/2 (E-10) Santa Cruz Biotechnology 1:5000

β-actin (A-5441) Sigma-Aldrich (Oakville, ON, Canada) 1:10000

Manufacturers, quantities, and working dilutions are indicated

Wnt11 Wnt family member 11, Ascl1 achaete-scute complex homolog-like 1, CHGA chromogranin A,
SYP synaptophysin, NCAM neural cell adhesion molecule, Wnt7a/b Wnt family member 7a/b, Dkk1
dickkopf-related protein 1, GSK-3β glycogen synthase kinase 3 beta, p-GSK-3α/β phospho-glycogen
synthase kinase 3 alpha/beta, p38MAPK p38 map kinase, p-p38MAPK phospho-p38 map kinase,
Akt Akt serine/threonine kinase, p-Akt phosphor-Akt serine/threonine kinase, p-HH3 phospho-histone H3,
turbo-GFP turbo-green fluorescent protein, IHC immunohistochemistry, WB western blot
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and transfected them into cells at a concentration of 20 nmol/
L using an electroporator (NEPA21 pulse generator; Nepa
Gene, Chiba, Japan), as described in the manufacturer’s
instructions. These were pools of three different siRNA
duplexes, and the sequences for Wnt11 were as follows:
sense; 5′-CUCUGGAAAUGAAGUGUAATT-3′, antisense;
5′-UUACACUUCAUUUCCAGAGTT-3′ (sc-41120A),
sense; 5′-CCUGACUUCUGCAUGAAGATT-3′, antisense;
5′-UCUUCAUGCAGAAGUCAGGTT-3′ (sc-41120B), and
sense; 5′-GGAUGUGGAAGCUACAGAATT-3′, antisense;
5′-UUCUGUAGCUUCCACAUCCTT-3′ (sc-41120C). The
sequences for Ascl1 were as follows: sense; 5′-CCAACAAG
AAGAUGAGUAATT-3′, antisense; 5′-UUACUCAUCUU
CUUGUUGGTT-3′ (sc-37692A), sense; 5′-GAAGCGCUC
AGAACAGUAUTT-3′, antisense; 5′-AUACUGUUCUGA
GCGCUUCTT-3′ (sc-37692B), and sense; 5′-GUUCGGG
GAUAUAUUAAGATT-3′, antisense; 5′-UCUUAAUAUA
UCCCCGAACTT-3′. Control siRNA (Cat# sc-36869) was
used as a control. Cells were harvested 48 h post transfection.

Plasmid construction and transfection

To construct pCMV-AC-GFP-WNT11, we replicated
the WNT11 gene of a human Wnt11 cDNA ORF clone
(OriGene, USA) and replaced it with WNT11. We gen-
erated pCMV6-acGFP-mock from a human WNT11
cDNA ORF clone by cleaving out WNT11. These plas-
mids were transfected into SBC3 and H1975 cells using
Lipofectamine 3000 (Invitrogen) as described in the
manufacturer’s instructions. After 48 h, 1 mg/mL of
Neomycin (G418, Invitrogen) was added to the cells for
2 weeks, with the medium being exchanged every 3 days.
Stably transfected resistant cell lines were cloned from the
transfectants. Regarding ASCL1-transfected A549 cells,
we used a pCAG-IRES-puro-FlagHA vector (a generous
gift from Prof. H. Niwa; Kumamoto University) to
establish stable lines.

Cell-counting assay

After 48 h of siRNA and control transfection, cells were
stained with trypan blue and counted. When H69 and H889
cell lines were used, 2 × 105 cells were seeded on six-well
plates. Every 2 days, cells were collected and counted, after
which they were seeded into fresh medium and left at 37 °C
in 5% CO2. The counting method was continued until day
6. The criteria for cellular integrity included trypan blue
exclusion, an intact nucleus, and an intact cell membrane.
Experiments were repeated three times separately to confirm
reproducibility. Stably transfected resistant SBC3 and
H1975 cell lines with pCMV-AC-GFP-WNT11 and the
control vector were also compared in the same manner, but
only until day 3.

IHC staining and evaluation

Formalin-fixed, paraffin-embedded specimens were cut into
4-μm-thick sections and mounted onto MAS-GP-coated slides
(Matsunami Glass Ind, Osaka, Japan). After being depar-
affinized and rehydrated, sections were heated using an
autoclave in 0.01 mol/L citrate buffer (pH 7.0) for antigen
retrieval. Sections were incubated with 0.3% H2O2 in absolute
methanol for 30min to block endogenous peroxidase activity.
Sections were then incubated with skimmed milk for 30min
to block nonspecific staining. After this blocking step, sec-
tions were incubated with the primary antibodies shown in
Table 1 at 4 °C overnight. This was followed by sequential
1-h incubations with the secondary antibodies (En Vision+
System-HRP-Labeled Polymer, Dako) and visualization with
the Liquid DAB+ Substrate Chromogen System (Dako). All
slides were counterstained with hematoxylin for 30 s before
being dehydrated and mounted. We evaluated the IHC results
based on staining intensity and the percentage of positively
stained tumor cells. The percentage of positively stained
tumor cells was divided into four groups: with no staining,
<5% tumor cells reactive, 5–25% reactive, and >50% reac-
tive. Staining intensity levels were divided into three groups:
negative, weak, and strong. We designed a table to allocate
IHC scores to each specimen. IHC scores were classified
into three groups: negative (0), weak positive (1+), and
positive (2+). We defined a 2+ IHC score as significantly
positive. Scoring was performed simultaneously by two
independent observers who were blinded to patient details.

Tumor xeno-transplantation experiment

Rag(−/−):Jak3(−/−), 8-week-old male mice (generous gift
from Prof. S. Okada, Kumamoto University) were used.
Two groups of mice were injected subcutaneously: one
group was injected with 2 × 106 stably transfected cells with
ASCL1, and the other group was injected with an equal
number of the control cell population. After 4 weeks, sub-
cutaneous tumors were removed and fixed. Samples were
fixed with 10% formalin and embedded in paraffin. Tissue
sets were stained with hematoxylin and eosin, and addi-
tional sections were used for IHC staining. All animal work
was performed in accordance with the Institutional Animal
Care and Use Committee guidelines.

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated using an RNeasy Mini Kit (Qiagen,
Germany) in accordance with the manufacturer’s instruc-
tions. cDNA was produced using a ReverTra Ace qPCR
RT-kit (Toyobo, Osaka, Japan), according to the manu-
facturer’s instructions. A list of the primers used is shown in

Ascl1-induced Wnt11 regulates neuroendocrine differentiation, cell proliferation, and E-cadherin. . . 1625



Table 2. Amplified DNA fragments were separated on a
1.5% agarose gel and identified after ethidium bromide
staining.

Quantitative real-time PCR (qRT-PCR)

RNA isolation and cDNA synthesis were performed as
described above. cDNA was subjected to quantitative
SYBR Green real-time PCR using SYBR Premix Ex Taq II
(Takara Bio). A list of the specific primers used is shown in
Table 2. qRT-PCR was performed with LightCycler® Nano
(Roche Diagnostic K.K.), using 40 cycles of a three-stage
program under the following conditions: at 94 °C for 20 s, at
60 °C for 40 s, and at 72 °C for 15 s, as recommended by the
manufacturer. The products were quantified during the
initial exponential phase of amplification above the base-
line. Data were obtained from triplicate reactions. The
means and SDs of the copy number were normalized to the
value for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA.

Chromatin immunoprecipitation (ChIP)–qPCR assay
for H3K27Ac at the enhancer region of the WNT11
gene

H889, SBC1, ASCL1-transfected A549 cells (clones 1 and
2), and A549 mock cells were cross-linked with 1% for-
maldehyde at 37 °C for 5 min, washed with PBS containing
2% FBS, lysed with ChIP buffer (10 mM Tris-HCl, pH 8.0,
200 mM NaCl, 1 mM CaCl2, 0.5% NP-40, and protease
inhibitor cocktail), and sonicated for 10 s × 3 times (50 s on
ice) using a NR-50M (MicroTech Nition, Chiba, Japan).
Cells were digested with 200 U/mL micrococcal nuclease
(MNase) (NEB) at 37 °C for 40 min and treated with 10 mM
EDTA to stop the reaction. After the addition of an equal
volume of RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deox-
ycholate, and 0.1% SDS), cells were resonicated for 10 s ×
10 times (50 s on ice) using NR-50M. After centrifugation,
the soluble chromatin fraction was immunoprecipitated at 4
°C overnight with Dynabeads Protein A/G with an anti-
H3K27Ac antibody (Active Motif; MABI 0309, San Diego,
CA). A normal mouse IgG antibody (Santa Cruz Bio-
technology; sc-2025) was used as the control. Immuno-
precipitates were washed with high-salt ChIP buffer (500
mM NaCl) four times and TE buffer (10 mM Tris-HCl, pH
8.0 and 1 mM EDTA) twice. Bound chromatin and 25 μL of
input DNA were suspended in 47.5 and 22.5 μL of elution
buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS,
and 250 mM NaCl), respectively, and vortexed. After the
addition of 5 μL of 5M NaCl, the solutions were incubated
at 65 °C for 4 h and then treated with 25 μg/mL RNase A
(Sigma-Aldrich) at 37 °C for 30 min and 0.1 mg/mL

Table 2 List of primers used in PCR

Target Sequence Product size (bp)

WNT11 F: 5-TGACCTCAAGACCCGATACC-3′ 189

R: 5-GCTTCCGTTGGATGTCTTGT-3′
ASCL1 F: 5-CGGCCAACAAGAAGATGAGT-3′ 169

R: 5-GCCATGGAGTTCAAGTCGTT-3′
WNT10A F: 5-GCGCCATGGGCAGCGCCCAC-3′ 1259

R: 5-TCACTTGCAGACGCTGACCCAC-3′
WNT7B F: 5-TCAACGAGTGCCAGTACCAG-3′ 229

R: 5-CCCTCGGCTTGGTTGTAGTA-3′
LEF1 F: 5-ACAGATCACCCCACCTCTTG-3′ 157

R: 5-CTGAGGCTTCACGTGCATTA-3′
DACT1 F: 5-TGGTCAAGGCCCAGTTTATC-3′ 187

R: 5-TCTGGGAAGCGACACTTCTT-3′
DKK1 F: 5-TCCGAGGAGAAATTGAGGAA-3′ 157

R: 5-CCTGAGGCACAGTCTGATGA-3′
DKK2 F: 5-AGTACCCGCTGCAATAATGG-3′ 243

R: 5-GAAATGACGAGCACAGCAAA-3′
ROR2 F: 5-GCCGCTACCATCAGTGCTAT-3′ 226

R: 5-TCGGGGACGTTTTTATTCTG-3′
WISP2 F: 5-AAGCAGGACCCCAGTTTTCT-3′ 232

R: 5-CGGCTCTAGAAGGCACTGTT-3′
SFRP1 F: 5-TCTTCCTCTGCTCGCTCTTC-3′ 284

R: 5-GCTGGCACAGAGATGTTCAA-3′
INSM1 F: 5-CAGTGTGCGGAGAGTCGTT-3′ 166

R: 5-ACCTGTCTGTTTTCGGATGG-3′
SYP F: 5-TGCCAACAAGACCGAGAGTGA-3′ 289

R: 5-CCACATGAAGGCGAACACAGC-3′
CHGA F: 5-CCTGTCAGCCAGGAATGTTT-3′ 235

R: 5-CATCCTTGGATGATGGCTCT-3′
NCAM F: 5-GGAACCCAGTGCACCTAAGCT-3′ 125

R: 5-CGCTCGGTACCTGACCAGAT-3′
NOTCH1 F: 5-CAACATCCAGGACAACATGG-3′ 229

R: 5-GGACTTGCCCAGGTCATCTA-3′
NOTCH2 F: 5-AAAAATGGGGCCAACCGAGAC-3′ 201

R: 5-TTCATCCAGAAGGCGCACAA-3′
HES1 F: 5-TGGAGAAAAGACGAAGAGCAAGAA-3′ 89

R: 5-CCGCGAGCTATCTTTCTTCAGA-3′
DLL1 F: 5-ACAGCAAGCGTGACACCAAG-3′ 88

R: 5-GATGCTTCTCCACCCCTGAGT -3′
DLL3 F: 5 -GAGACACCCAGGTCCTTTGA-3′ 152

R: 5-CAGTGGCAGATGTAGGCAGA-3′
JAG1 F: 5-TGGTCAACGGCGAGTCCTTT-3′ 85

R: 5-GGGCTGCAGTCATTGGTATTCTG-3′
E-CADHERIN F: 5-TGCCCAGAAAATGAAAAAGG-3′ 200

R: 5-GTGTATGTGGCAATGCGTTC-3′
N-CADHERIN F: 5-GACAATGCCCCTCAAGTGTT-3′ 179

R: 5-CCATTAAGCCGAGTGATGGT-3′
SNAIL F: 5-TTTACCTTCCAGCAGCCCTA-3′ 207

R: 5-CCCACTGTCCTCATCTGACA-3′
APC F: 5-CAGATTCTGCTAATACCCTGCAA-3′ 610

R: 5-CCATCTGGAGTACTTTCCGTG-3′
AXIN2 F: 5-GCCAAGTGTCTCTACCTCATT-3′ 105

R: 5-TTTCCAGCCTCGAGATCA-3′
GAPDH F: 5-CAGCCTCAAGATCATCAGCA-3′ 106

R: 5-TGTGGTCATGAGTCCTTCCA-3′

WNT11 Wnt family member 11, ASCL1 achaete-scute complex
homolog-like 1, WNT10A Wnt family member 10A, WNT7B Wnt
family member 7B, LEF1 lymphoid enhancer binding factor 1, DACT1
disheveled binding antagonist of beta catenin 1, DKK1 dickkopf WNT
signaling pathway inhibitor 1, DKK2 dickkopf WNT signaling pathway
inhibitor 2, ROR2 receptor tyrosine kinase like orphan receptor 2,
WISP2 WNT1-inducible signaling pathway protein 2, SFRP1 secreted
frizzled related protein 1, INSM1 insulinoma-associated protein 1, SYP
synaptophysin, CHGA chromogranin A, NCAM neural cell adhesion
molecule, HES1 hairy and enhancer of split-1, DLL delta-like ligand, JAG
jagged ligand, GAPDH glyceraldehyde-3-phosphate dehydrogenase,
F forward, R reverse
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proteinase K (Roche) at 50 °C for 1 h to reverse for-
maldehyde cross-linking. Eluted DNA was purified with a
Wizard® SV Gel and PCR Clean-Up system (Promega). In
ChIP assays, quantitative real-time PCR was performed on
input and ChIP DNA samples. The primer sequences used
were as follows: gene: forward/reverse primer (5′ to 3′).

WNT11: AATGCTCAGCACGTAATCGG/CGGCCAC
CTGACAATTCCTC, and control: CTTTGTGCCAGGT
CACCTCCTTC/ AGGGAAGCCCTAATGTCAGGGTG.

Cell invasion assay for WNT11-transfected SBC3 cells

Cell invasion assay activity was measured with the Corn-
ing® BioCoatTM Matrigel® Invasion Chamber (#354480,
Corning, New York) according to the manufacturer’s pro-
tocol. In brief,WNT11-transfected SBC3 or mock cells were
inoculated on the coated Matrigel of the culture inserts
(upper chamber) at a density of 5 × 104 cells per 500 µL of
serum-free medium. The lower chamber contained the usual
serum-containing medium as a chemoattractant. At the end
of the 22-h incubation at 37 °C and 5% CO2 atmosphere,
cells on the upper surface of the filter were completely
removed with cotton swabs. The invaded cells that
remained on the lower surface of the filter were stained with
Diff-Quick (Sysmex, Hyogo, Japan). The numbers of
stained cells in five randomly selected microscopic fields
(×100) per filter were counted and the average number was
calculated. Experiments were repeated three separate times.

Canonical Wnt pathway inhibitory experiment

We purchased IWR-1-endo (CAS 1127442-82-3) from
Cayman Chemicals (Ann Arbor, MI). At 10 µM, IWR-1-
endo inhibits the Wnt-induced accumulation of β-catenin,
leading to the proteasomal degradation of this protein
through a destruction complex, which consists of Apc,
Axin2, Ck1, and GSK3β. IWR-1-endo stabilizes the
destruction complex and blocks a cell-based Wnt/β-catenin
pathway reporter response [34]. We treated the H69 and

H889 cell lines in accordance with the manufacturer’s
instructions. In brief, IWR-1-endo was dissolved in DMSO
at 10 µM. We seeded cells at 5 × 105 cells/well on a six-well
plate. We supplied IWR-1-endo or DMSO alone, and after
24 h at 37 °C in 5% CO2, collected the cells.

Statistical analysis

Spearman’s correlation coefficient (ρ) was calculated for the
correlation analysis. Cell-counting data were expressed as
the means ± standard deviation of triplicate measurements.
Differences in mean values between the groups were ana-
lyzed by a two-tailed statistical analysis using the Student’s
t-test. GraphPad Prism version 7.04 (San Diego, CA) was
used for the statistical analysis. p values <0.05 were con-
sidered to be significant.

Results

Wnt11 is overexpressed in SCLC tissues and cell
lines and positively correlates with Ascl1 expression

To the best of our knowledge, the expression patterns of
Ascl1 and Wnt11 have not yet been examined in lung
cancer. Therefore, in order to investigate Ascl1 and Wnt11
expression patterns, we stained surgically resected lung
cancer tissues (17 SCLCs, 19 ADCs, and 17 squamous cell
carcinomas (SCCs)) for Ascl1 and Wnt11 using IHC
(Table 3 and Fig. 1a), and performed a WB analysis on 12
lung cancer cell lines (seven SCLCs, three ADCs, and two
SCCs) (Fig. 1b). IHC revealed that ASCL1 and WNT11
were more strongly expressed in SCLC specimens than in
NSCLC specimens. ASCL1 staining was detected in the
nuclei of SCLC cells, and WNT11 staining was observed in
the cytoplasmic and perinuclear areas of SCLC cells.
While the majority of ASCL1-positive cases showed
positive staining for WNT11 (seven out of eight cases), one
ASCL1-positive, but WNT11-negative case was also

Table 3 Results of immunohistochemical staining of human lung cancer

SCLC ADC SCC

ASCL1 WNT11 ASCL1 WNT11 ASCL1 WNT11

Score

0, negative 7/17 (41.2%) 2/17 (11.8%) 16/19 (84.2%) 14/19 (73.7%) 14/17 (82.4%) 8/17 (47.1%)

1, weak positive 2/17 (11.8%) 5/17 (29.4%) 3/19 (15.8%) 4/19 (21.0%) 3/17 (17.6%) 5/17 (29.4%)

2, positive 8/17 (47.0%) 10/17 (58.8%) 0/19 (0%) 1/19 (5.3%) 0/17 (0%) 4/17 (23.5%)

Small-cell lung cancer tissues highly express ASCL1 and WNT11. Immunohistochemical staining for ASCL1 and WNT11 was performed in 17
small-cell lung carcinoma (SCLC), 19 adenocarcinoma (ADC), and 17 squamous cell carcinoma (SCC) specimens that had been surgically
resected

SCLC small- cell lung carcinoma, ADC adenocarcinoma, SCC squamous cell carcinoma
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observed (one out of eight cases) in SCLC. Furthermore, the
WB analysis revealed that WNT11 was overexpressed in
four out of the seven SCLC cell lines examined. The
expression of ASCL1 and WNT7B in these lung cancer cell
lines was also confirmed by the WB analysis. Three out of
the seven SCLC cell lines simultaneously expressed ASCL1
and WNT11. SBC1 is an exceptional SCLC cell line that
expressed ASCL1, but only a low level of WNT11. In
contrast to WNT11, WNT7B was frequently overexpressed
in the NSCLC cell lines examined. The expression patterns
of the NE markers chromogranin A (CHGA), synaptophy-
sin (SYP), and neural cell adhesion molecule (NCAM) were
also shown. The similar expression patterns of ASCL1,
WNT11, and WNT7B mRNAs were confirmed by RT-PCR
in these human lung cancer cell lines (Fig. 1c). Furthermore,
based on the fact that Ascl1 and Wnt11 were more likely to
be co-expressed in SCLC, we surveyed public data sets of
gene expression profiles in human SCLC samples and
evaluated their relationships. The RNA-seq data set using
the tumor samples of 79 SCLC patients confirmed the
coordinated expression of ASCL1 and WNT11 in human
SCLC tissue samples (GSE60052: ρ= 0.5283) (Fig. 1d)

[33]. This result indicates that Wnt11 expression may be
positively regulated by Ascl1.

Ascl1 is a driver molecule of Wnt11 in SCLC

To investigate the biological effects of Ascl1 on Wnt11 in
lung cancer cell lines, we performed ASCL1 transfection
experiments. An A549 cell line stably transfected with
ASCL1 was established; A549 is a representative ADC
cell line that does not express Ascl1 or other NE mole-
cules. The expression changes of the NE molecules,
E-CADHERIN, SLUG, and SNAIL was induced by the
forced expression of ASCL1, as described previously
[14]. The results obtained showed that WNT11 was also
induced in ASCL1-transfected ADC cells (Fig. 2a). IHC
staining revealed that WNT11 was more strongly
expressed after the transfection of ASCL1 in the xeno-
transplanted tumors of immunocompromised mice
(Fig. 2b). We used these cells in the RNA-seq analysis
and compared mRNA expression by RT-PCR or heat-
maps. We detected ten Wnt signaling-related molecules,
including WNT11, that were significantly changed after

Fig. 1 a ASCL1 was positively immunostained in SCLC cell nuclei.
Immunohistochemical staining showed that WNT11 was more
strongly expressed in SCLC specimens than in non-SCLC specimens.
Representative images are shown. Scale bar= 50 μm. b A WB ana-
lysis was conducted using lung cancer cell lines, including SCLC,
ADC, and SCC. The expression of ASCL1, WNT11, WNT7B,
CHGA, SYP, and NCAM in lung cancer cell lines. Three out of seven

SCLC cell lines simultaneously expressed WNT11 and ASCL1.
β-actin served as an internal control. c Expression patterns of ASCL1,
WNT11, and WNT7B mRNA were shown by RT-PCR in 12 human
lung cancer cell lines and were similar to protein expression patterns in
the WB analysis. GAPDH served as an internal control. d Expression
levels of ASCL1 and WNT11 in the RNA-seq data set of SCLC tissues.
The GSE60052 (n= 79) data set [33] was analyzed
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the transfection with ASCL1. Wnt1-inducible signaling
pathway protein 2 (WISP2), dickkopf-related protein
(DKK) 1, secreted frizzled related protein 1 (SFRP1), and
WNT7B expression levels decreased, whereas WNT11,
WNT10A, DKK2, lymphoid enhancer binding factor 1
(LEF1), disheveled binding antagonist of beta catenin 1
(DACT1), and receptor tyrosine kinase like orphan
receptor 2 (ROR2) expression levels increased (Fig. 2c,
d). These results suggest that Ascl1 is strongly involved in
the Wnt signaling pathway.

To confirm whether Ascl1 affects Wnt11 expression in
SCLC cell lines, we conducted an ASCL1 knockdown
experiment using RNAi interference in H69, H889, and
SBC1 cells. The knockdown of ASCL1 expression in H69
and H889 cells resulted in a significant reduction in
WNT11 (Fig. 2e). qRT-PCR revealed that the knockdown
of ASCL1 mRNA expression in SBC1 also led to a sig-
nificant reduction in WNT11 (Fig. 2f). These results sup-
port Ascl1 functioning as a driver molecule for Wnt11
expression in SCLC.

Ascl1 regulates Wnt11 expression by altering lysine
H3K27 acetylation (H3K27Ac)

To clarify the mechanisms by which Ascl1 regulates Wnt11
expression in SCLC, we conducted ChIP assays for
H3K27Ac in H889, SBC1, ASCL1-transfected A549 cells
(clones 1 and 2), and A549 mock cell lines. H3K27Ac is
associated with the stronger activation of transcription, and
thus, is defined as an active enhancer marker. H3K27Ac-
marked chromatin, called an enhancer, is associated with
key oncogenic genes in cancer cells [35]. Borromeo et al.
identified WNT11 as one of the target genes of ASCL1
based on their ChIP sequencing (ChIP-seq) findings from
SCLC cell lines, which included H889 cells [13]. An inte-
grated genome viewer snapshot of H889, H128, and H2107
cells for ASCL1 was shown (Fig. 3a). We characterized
H3K27Ac levels over the 10-kb upstream region from the
WNT11 gene (hg19, chr11: 75,928,700–75,928,930 bp),
which was detected as the highest peak examined. In
H889 cells, H3K27Ac levels significantly increased in the

Fig. 2 a) The WB analysis showed that the transfection of ASCL1
decreased the expression of E-CADHERIN and increased that of
EMT-related transcription factors. In addition, we demonstrated that
WNT11 was also induced in these cells. In contrast, WNT7B and
DKK1 decreased. TF, transfected. b Xeno-transplantation of ASCL1-
transfected A549 cells. Using IHC, ASCL1 transfection was shown to
induce WNT11 protein expression. Representative images are shown.
Scale bar= 50 μm. c RNA-seq data are shown using a heatmap.
We extracted ten molecules related to the Wnt signaling pathway.

d RT-PCR data are shown. We confirmed that these results corre-
sponded with RNA-seq data. GAPDH served as an internal control.
e, f Ascl1 affects Wnt11 expression in the SCLC cell lines H69, H889,
and SBC1. The suppression of Wnt11 by siRNA for ASCL1 was
confirmed in H69 and H889 cells by the WB analysis (e), and
SBC1 cells by the qRT-PCR analysis (f). Data are shown as means ±
SD. Asterisks indicate a significant difference. *p < 0.05. NT non-
treated, si small interfering
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targeted chromosome site by ChIP-qPCR assay. In contrast,
we did not observe a significant change in H3K27Ac levels
at the same location in SBC1 cells (Fig. 3b). Furthermore,
we detected different H3K27Ac levels between A549 mock
and ASCL1-transfected A549 clones (Fig. 3c). As described
above, H889 cells strongly expressed Ascl1 and Wnt11,
whereas SBC1 cells did not (Fig. 1b, c). It is also important
to note that WNT11 and some NE markers showed different
expression levels between ASCL1-transfected A549 clones,
in spite of the similar expression levels of ASCL1 (Fig. 2a).
These results suggest that H3K27Ac levels at the enhancer
region of the WNT11 gene are related to the balance
between ASCL1 and WNT11 protein expression in these
cell lines.

The role of Wnt11 in SCLC cell lines

To investigate the biological significance of Wnt11 in
SCLC cell lines, we conducted WNT11 knockdown
experiments using RNAi interference in H69 and H889
cells. The knockdown of WNT11 in these cells resulted in
significant reductions in E-CADHERIN and SNAIL.
Moreover, the knockdown of WNT11 decreased NE mole-
cules; however, not all NE molecules were downregulated
in the cell lines examined. This result suggests that Wnt11
promotes NE differentiation in the presence of Ascl1. The
knockdown of WNT11 did not affect ASCL1 expression in
the cell lines examined. Glycogen synthase kinase-3a/β
(GSK3α/β), one of the essential components in the cano-
nical Wnt pathway, decreased in the WNT11 mRNA
knockdown–H69 cell line, but not in the WNT11
knockdown–H889 cell line. This result suggests that Wnt11
affects the canonical Wnt pathway in SCLCs in a context-
dependent manner in each cell line (Fig. 4a). The cell-
counting assay revealed that the knockdown of WNT11

suppressed cell growth and the knockdown of ASCL1 in
these cells (Fig. 4b). This result indicates that Wnt11 and
Ascl1 positively affect the proliferation of SCLC cells.

The role of Wnt11 in an ASCL1-transfected ADC cell
line

To investigate the biological significance of Wnt11 in an
ASCL1-transfected ADC cell line, we conducted WNT11
knockdown experiments using RNAi interference in
ASCL1-transfected A549 cells. The knockdown of WNT11
expression in this cell line resulted in a significant reduction
in the protein expression of GSK3α/β, MYC, and CHGA.
The canonical Wnt pathway induces Myc through Gsk3α/β
and other Wnt signal components. This result suggests that
Wnt11 affects canonical pathways in this cell. CHGA, but
not SYP, decreased after the knockdown of WNT11. This
result shows that Wnt11 may also promote NE differ-
entiation in an Ascl1-dependent manner in lung cancer cell
lines. Furthermore, the knockdown of WNT11 also
decreased the phosphorylation of histone H3 (p-HH3) and
increased the caspase pathway (Fig. 4c). These results
suggest that Wnt11 affects cell proliferation and apoptosis
in lung cancer.

The role of Wnt11 in proliferation and apoptosis in
SCLC cell lines

To investigate the biological significance of Wnt11 in
SCLC cell lines, we performed a WNT11 transfection
experiment. A SBC3 cell line stably transfected with
WNT11 was established. SBC3 is a representative SCLC
cell line that hardly expresses Ascl1 and Wnt11 molecules
(Fig. 1b, c). WNT11 was clearly detected in the cytoplasmic
and perinuclear areas of WNT11-transfected SBC3 cells.

Fig. 3 a ChIP-seq shows ASCL1 binding near the WNT11 gene in
human SCLC cell lines (common to NCI-H889, NCI-H128, and NCI-
H2107). An integrated genome viewer snapshot was shown from the
study by Borromeo et al. [13]. b Manual ChIP assays for H3K27Ac at
the 10-kb upstream lesions of WNT11. The relative amounts of
immunoprecipitated DNA are depicted as a percentage of input DNA.

H3K27Ac levels significantly increased at the targeted chromosome
site in H889 cells, but not in SBC1 cells. c Relative comparison of
H3K27Ac levels between ASCL1-TF A549 clones and mock cells.
H3K27Ac levels increased in accordance with WNT11 expression in
ASCL1-TF A549 cells. Data are shown as means ± SD. Asterisks
indicate a significant difference. *p < 0.05. TF transfected
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The same level of phase-contrast microscope images were
shown in mock and WNT11-transfected SBC3 cells
(Fig. 5a). This result showed that the phosphorylation of
GSK3α/β, AKT, and p38 mitogen-activated protein kinase
markedly increased after the overexpression of WNT11
(Fig. 5b). The cell growth curve showed that Wnt11 pro-
moted cell proliferation in transfected cells (Fig. 5c). These
results suggest that Wnt11 is positively involved in cell
proliferation in SCLC cell lines. WNT11-transfected H1975
ADC cells, which were preliminarily established, showed
similar results (Supplementary Fig. S1).

We also demonstrated that WNT11-transfected SBC3
cells did not show significant changes in NE markers or NE-
promoting transcription factors, such as ASCL1 and INSM1,
by qRT-PCR (Fig. S2). Notch pathway components,
including NOTCH1 or NOTCH2, HES1, delta-like ligand
(DLL) 1, DLL3, and jagged ligand 1 (JAG1), which may
affect the NE to non-NE cell fate switch, did not show
significant changes in the cell (Fig. S3). We also did not
observe any significant changes in EMT markers or the
promotion of the cell invasive capacity measured in
these cells using invasion chambers (Fig. S4). Similarly, the
expression levels of APC regulator of WNT signaling
pathway (APC), which is reported to be mutated in several
cancers and is an established negative regulator of β-catenin
and Wnt signaling [36], did not change after the over-
expression of Wnt11 in cells (Fig. S5).

Canonical Wnt pathway inhibition by IWR-1-endo is
not sufficient to affect NE differentiation or E-
CADHERIN and SNAIL expression in SCLC cell lines

We inhibited a canonical Wnt pathway using a treatment
with IWR-1-endo in order to identify which Wnt pathways
are more significant in the regulation of NE differentiation
or E-CADHERIN and SNAIL expression in SCLC. IWR-
1-endo is a potent inhibitor of the Wnt response, blocking
the Wnt/β-catenin pathway. On the other hand, the Wnt11
ligand has been reported to activate canonical and non-
canonical Wnt pathways [22, 23]. It may be beneficial to
compare the effects of Wnt11 inhibition and IWR-1-endo
in SCLC. Tankyrase, a poly-ADP-ribose polymerase
enzyme, regulates canonical Wnt activity [37]. Busch et al.
showed that IWR-1-endo dose-dependently repressed cell
growth and increased tankyrase levels in NSCLC cell lines
[38]. Taking these findings into consideration, we used
tankyrase to monitor the effects of the IWR-1-endo treat-
ment in this study. TANKYRASE was markedly upregu-
lated after the IWR-1-endo treatment in the SCLC cell
lines examined. However, there were no other changes in
the expression of molecules that were associated with NE
differentiation or E-CADHERIN and SNAIL (Fig. 6). This
result suggests that the noncanonical Wnt pathway is
needed to affect NE differentiation or E-CADHERIN and
SNAIL expression.

Fig. 4 aWnt11 affects NE differentiation and E-cadherin expression in
SCLC cell lines. The suppression of E-CADHERIN and SNAIL was
observed in H69 and H889 cells with siRNA for WNT11. Wnt11 was
also involved in the expression of NE molecules, but not Ascl1 in
these cell lines. b Cell- counting assays with SCLC cell lines. The cell
growth curve is shown. The suppression of cell proliferation was
observed in H69 and H889 cells with siRNA against WNT11 and
ASCL1. The analysis was performed in triplicate. Data are shown
as means ± SD. Asterisks indicate a significant difference. *p < 0.05.

c Wnt11 affected NE differentiation and the canonical Wnt pathway in
ASCL1-transfected A549 cells. The suppression of CHGA was
observed in these cells with siRNA. Wnt11 is also involved in the
expression of the canonical Wnt pathway components, GSK-3α/β and
MYC. The knockdown of WNT11 expression modulated the apoptotic
pathway and proliferative activity. The knockdown of WNT11
expression increased cleaved CASPASE3, but decreased p-HH3. NT
nontreated, si small interfering, p- phospho-, TF transfected
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Discussion

This study demonstrated that Wnt11 was more strongly
expressed in SCLC than in NSCLC using IHC staining, a
WB analysis, and RT-PCR. We elucidated the significance
of Wnt11 in NE differentiation, cell proliferation, and
E-cadherin expression, particularly in SCLC. The results

obtained suggest the potential of Wnt11 as a therapeutic
target in the treatment of SCLC.

We revealed that Ascl1 regulates Wnt11 and other Wnt
pathway components in lung cancer cells. WNT11 is one of
the target genes of ASCL1 [13]. ASCL1 associates with an
enhancer in multiple human SCLC cell lines that strongly
express ASCL1 [39]. H3K27Ac-marked chromatin, called
an enhancer, may contribute to Wnt11 expression, particu-
larly in the presence of Ascl1. The overexpression of Ascl1
in the ADC cell line induced a decrease in the expression
level of Dkk1, a negative Wnt signaling pathway regulator
[11, 40]. Meder et al. also reported that Ascl1 was sufficient
to trigger canonical Wnt signaling via the phosphorylation
of the co-receptor LDL receptor-related protein 6 [40].
Osada et al. showed that the knockdown of Ascl1 induced
growth inhibition and apoptosis in SCLC cell lines [12].
The present results are consistent with these findings, and as
a further novel insight, Wnt11 is one of the most important
molecules involved in these molecular mechanisms and
cellular biological behaviors. Ascl1-induced Wnt11 may
regulate not only cell proliferation, but also NE differ-
entiation and E-cadherin expression in human lung cancer.

A shift between canonical and noncanonical Wnt sig-
naling pathways has been suggested to modulate the lung
carcinogenic process. The upregulation of canonical Wnt7b
has been detected in ADC cells, whereas the increased
expression of Wnt5a was found in primary SCCs [30, 41].
In a similar manner, the upregulation of Wnt11 was
detected, whereas the decreased expression of Wnt7b was
observed in ASCL1-transfected A549 cells in this study. We
also demonstrated that SCLC cells strongly expressed

Fig. 5 a WNT11 transfection in SBC3 cells. Cell shapes did not appear
to change after the transfection of WNT11. GFP showed the locali-
zation of WNT11 in the perinuclear region, cytoplasm, or cell mem-
brane in WNT11-TF SBC3 cells. TF transfected. Scale bar= 100 μm.
bWB analyses revealed that the overexpression of WNT11 inWNT11-
TF SBC3 cells markedly increased the phosphorylation of GSK3α/β,
AKT, and P38 mitogen-activated protein kinase. All analyses were

performed in triplicate. β-actin was used as an internal control. NT
nontreated. c A cell- counting assay with WNT11-transfected SBC3
and mock cells. The cell growth curve is shown. Cell proliferation
was promoted by the forced expression of WNT11. The analysis was
performed in triplicate. Data are shown as means ± SD. Asterisks
indicate a significant difference. *p < 0.05

Fig. 6 Canonical Wnt pathway inhibitory experiment using IWR-1-
endo. The same amount of dimethyl sulfoxide (DMSO) was used as in
the control. Apart from the upregulation of TANKYRASE, the
expression of NE markers, E-CADHERIN and SNAIL, did not sig-
nificantly change after the treatment. All analyses were performed in
triplicate. β-actin was used as an internal control
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Wnt11, whereas Wnt7b was frequently expressed in
NSCLC cell lines. Ascl1 may be a key regulator in coor-
dinating the Wnt11–Wnt7b balance. Not only Wnt ligands,
but also various Wnt signaling molecules changed their
expression levels in an Ascl1-dependent manner. For
example, SFRP1, which inhibits Wnt signaling by binding
Wnt proteins, decreased after the transfection of Ascl1.
Fukui et al. reported that SFRP1 is a candidate tumor
suppressor gene for lung cancer [42]. Ascl1 may advanta-
geously affect lung tumorigenesis by modulating the Wnt
signaling pathway. ROR2, a Wnt binding receptor with an
interaction via FZD2 [43], is induced under Ascl1-positive
conditions. Bai et al. found that the ROR2 receptor
responded to the Wnt11 ligand and regulated cell migration
and cell morphology during gastrulation in zebrafish [44].
Minami indicated the importance of Wnt5a/ROR2 signaling
in the progression of different types of cancers in humans
[45]. Based on these findings, we hypothesize that ROR2
may function in the Wnt signaling pathway of SCLC in an
Ascl1-dependent manner.

The knockdown of Wnt11 expression in the H69 and
H889 SCLC cell lines resulted in significant reductions in
E-cadherin and Snail. Bartis et al. investigated the mole-
cular events in canonical and noncanonical Wnt signaling
pathways in lung SCC, and reported that Wnt11 and Wnt5a
potentiated the relocation of β-catenin to the nucleus as an
important step in decreased cell adhesion [30]. We showed
that Ascl1 and Wnt11 also regulated E-cadherin expression
in SCLC cell lines. Our results strengthened their findings,
and as a further novel insight, Wnt11 may affect E-cadherin
expression and NE differentiation in a context-dependent
manner, particularly in the presence of Ascl1. The SBC3
cell line stably transfected with WNT11 did not show
changes in the expression of E-cadherin or NE markers in
this study. On the other hand, Ascl1 was sufficiently potent
to induce the modulation of E-cadherin expression and NE
differentiation in lung cancer [14, 19]. Lim et al. reported
that the endogenous activation of the Notch pathway may
result in a NE to non-NE fate switch in 10–50% of tumor
cells in a mouse model of SCLC and in human tumors [46].
Wnt11 overexpression did not affect the expression levels
of Notch pathway components in the SBC3 cells examined.
However, Wnt11 affected E-cadherin expression or the NE
switch more strongly in an Ascl1-dependent manner. In
other words, Wnt11 alone did not play a role in the non-NE
to NE switch and E-cadherin expression in SCLC. Fur-
thermore, Wagner et al. recently showed that relapsed
SCLC exhibited recurrent mutations and the loss of het-
erozygosity in regulators of Wnt signaling, including APC
[47]. Since they demonstrated that the activation of Wnt
signaling through the knockdown of APC induced che-
moresistance in human SCLC cell lines, we investigated
whether Wnt11 overexpression affected APC expression.

However, we did not detect significant APC changes in
WNT11-transfected SBC3 cells.

Uysal-Onganer et al. previously showed that Wnt11
increased the expression of neuron-specific enolase (NSE)
and Ascl1 in prostate cancer [29]. Their findings were
somewhat contradictory with the present results. We
revealed that Ascl1 drove Wnt11 and NE marker expression
in lung cancer, whereas the opposite phenomenon in pros-
tate cancer was not observed in our case. These differences
suggest that the Ascl1–Wnt11 and Wnt11–Ascl1 axes both
exist in cell-specific context-dependent manners. Unfortu-
nately, they screened NE differentiation using NSE alone.
CHGA, SYP, NCAM, and INSM1 are specific NE markers
[19]; therefore, it will be interesting to examine Wnt11-
expressing prostate cancer with any other NE marker in
addition to NSE.

We performed a canonical Wnt inhibitory experiment
using IWR-1-endo to compare the effects of Wnt11 inhi-
bition in SCLC. Many types of Wnt ligands and receptors
are known to collaborate with each other in order to regulate
cell-specific Wnt signaling events. In this study, we aimed
to compare the effects of Wnt11 inhibition by RNAi and the
inhibition of canonical Wnt signaling by IWR-1-endo. The
results obtained showed that IWR-1-endo was insufficient
to affect NE differentiation or E-cadherin and Snail
expression in SCLC. These results were in contrast to those
from the Wnt11 inhibition experiment. Previous studies
demonstrated that canonical and noncanonical Wnt pathway
suppression may be induced by the inhibition of Wnt11
[22, 30]. These findings indicate that the noncanonical
pathway is essential for regulating NE differentiation, and
E-cadherin and Snail expression in SCLC. Previous find-
ings showed that the PCP signaling pathway is activated by
Wnt11, which activates RhoA and Ras-related C3 botuli-
num toxin substrate 1. These, in turn, activate the stress
kinase Jun N-terminal kinase and Rho-associated coiled-
coil-containing protein kinase 1, which initiates cytoskele-
ton remodeling, and ultimately, changes in cell adhesion
and motility [48–50].

In summary, Wnt11 is frequently overexpressed in
SCLC and is associated with the expression of Ascl1. Ascl1
plays an important role in regulating the Wnt signaling
pathway. We demonstrated that Wnt11 regulates NE dif-
ferentiation and E-cadherin expression in SCLC cell lines
in vitro. We also revealed the significance of Wnt11 and
Ascl1 in the cell growth of Ascl1-positive SCLC cell lines.
Collectively, these results suggest the potential of the
Ascl1–Wnt11 axis as a therapeutic target and support
the clinical utility of Wnt11 as a biological marker in
SCLC. In further studies on Wnt11, it will be necessary to
focus on highly specific molecules that are involved in
Wnt11 signaling in SCLC. This study promotes our
understanding of the significance of Wnt11 in SCLC, which
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may lead to the development of novel targeted therapies and
improvements in the prognosis of patients with SCLC.
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