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ABSTRACT

Frizzled2 (FZD2) is a receptor for Wnts and may activate both canonical and 
non-canonical Wnt signaling pathways in cancer. However, no studies have reported 
an association between FZD2 signaling and high-risk NB so far. Here we report that 
FZD2 signaling pathways are critical to NB growth in MYCN-single copy SK-N-AS 
and MYCN-amplified SK-N-DZ high-risk NB cells. We demonstrate that stimulation 
of FZD2 by Wnt3a and Wnt5a regulates β-catenin-dependent and –independent 
Wnt signaling factors. FZD2 blockade suppressed β-catenin-dependent signaling 
activity and increased phosphorylation of PKC, AKT and ERK in vitro, consistent 
with upregulation of β-catenin-independent signaling activity. Finally, FZD2 small 
interfering RNA knockdown suppressed tumor growth in murine NB xenograft models 
associated with suppressed β-catenin-dependent signaling and a less vascularized 
phenotype in both NB xenografts. Together, our study suggests a role for FZD2 in 
high-risk NB cell growth and provides a potential candidate for therapeutic inhibition 
in FZD2-expressing NB patients.

INTRODUCTION

Neuroblastoma (NB) is a childhood embryonal 
malignancy arising in the peripheral sympathetic nervous 
system. Half of all children with NB present with features 
that define their tumors as high-risk with poor overall 
survival despite intensive therapy [1, 2]. A subset of these 
tumors are characterized by amplification of the MYCN 
proto-oncogene [2], which occurs in approximately 25% of 
tumors [3, 4]. However, absence of MYCN amplification, 
stage 4 and an age of 12 or higher at diagnosis are also 
categorized as high-risk NB suggesting that other factors 
contribute to high-risk NB [5].

Aberrant regulation of the Wnt signaling pathway 
is a prevalent theme in cancer biology [6]. Wnt/β-catenin 
signaling may be of particular relevance to NBs as this 

program mediates neural crest cell fate and neural stem-
cell expansion [7–9]. Activation of the canonical Wnt/β-
catenin pathway is triggered by Wnt ligand binding to cell 
surface receptors of the Frizzled family (FZD) and low-
density lipoprotein receptor-related proteins (LRP5 or 6) 
co-receptors. This leads to the stabilization of cytoplasmic 
β-catenin and subsequent transcription of Wnt target genes 
that include MYC, CCND1 (cyclin D1) and others [10, 11]. 
Importantly, it has been shown that overactivation of the Wnt 
signaling pathway is due to the overexpression of different 
FZD receptors in a variety of cancers [12–14]. In high-risk 
NB without MYCN amplification, increased Wnt ligands have 
been shown together with strongly expressed β-catenin [15].

Besides canonical β-catenin Wnt signaling, 
β-catenin-independent non-canonical Wnt signaling 
encompasses those pathways that instead use other modes 
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of downstream signaling [16] and may also affect NB 
phenotype and growth. In the β-catenin-independent 
planar cell polarity (PCP) pathway, FZD receptors activate 
a cascade that involves the small GTPase Rac1 and JUN-
N-terminal kinase (JNK), which can lead to changes in 
cytoskeleton and cell polarity [17]. An important aspect is 
the crosstalk among canonical and non-canonical signaling 
pathways. Accordingly, PCP and β-catenin-dependent Wnt 
signaling are well known to antagonize each other, and 
inhibiting one will typically upregulate the other. Another 
β-catenin-independent pathway, the Wnt/Ca2+ pathway, 
can increase the intracellular Ca2+ concentration and 
activate protein kinase C (PKC) [17, 18]. In melanoma 
cells Wnt5a signaling directs migration and invasion of 
cells in a PKC-dependent manner [19] and can increase 
phosphorylated AKT via phosphoinositide 3-kinase 
(PI3K) [20].

FZD2 is one of the most important receptors in non-
canonical Wnt pathways and FZD2 expression is strongly 
correlated with poor prognosis in several types of cancer 
[12, 21, 22]. The binding of Wnt5a to FZD2 activates the 
Wnt/Ca2+ pathway in melanoma cell lines [23]. Moreover, 
Wnt5a/FZD2 signaling has been shown to control cellular 
migration and invasion in colon cancer [21]. However, 
in the presence of Wnt3a, FZD2 also activates β-catenin-
dependent signaling in pulmonary carcinoma [24]. These 
reports indicate that FZD2 can activate both β-catenin-
dependent and β-catenin-independent signaling. So far no 
studies have reported the association of FZD2 with NB 
growth.

In this study, we examine the function of FZD2 and 
its potential ligands Wnt3a and Wnt5a in MYCN-single 
copy SK-N-AS and MYCN-amplified SK-N-DZ NB cell 
lines. Our data indicate that FZD2 promotes tumor growth 
in high-risk NBs by regulating β-catenin-dependent and 
–independent signaling pathways.

RESULTS

Expression of FZD receptors and Wnt signaling 
factors in high-risk MYCN-amplified SK-N-DZ 
and MYCN-non-amplified SK-N-AS NB cell lines

We quantified the transcripts of all FZD receptors 
(FZD1-10) in human MYCN-unamplified SK-N-AS and 
MYCN-amplified SK-N-DZ NB cell lines. Quantitative 
RT-PCR showed that FZD2 mRNA in both cell lines 
was the highest, followed by FZD3, while expression 
of other FZDs was low (Supplementary information and 
supplemental Figure 1).

Next, we investigated the mRNA expression of 
FZD2 and its potential activators Wnt3a and Wnt5a in 
both NB cell lines. SK-N-DZ cells expressed significantly 
higher FZD2 and Wnt3a levels, whereas Wnt5a was 
expressed at roughly comparable amounts between SK-N-
AS and SK-N-DZ cells (Figure 1A). Notably, expression 

of the canonical Wnt signaling pathway target MYC was 
significantly higher in MYCN-unamplified SK-N-AS, 
while mRNA of cyclin D1 was more abundantly expressed 
in SK-N-DZ cells (Figure 1A).

Basal Wnt pathway activity was examined in the 
cells using several markers. Low-density lipoprotein 
receptor-related protein 6 (LRP6) is a key signaling 
co-receptor for the β-catenin pathway, which is 
phosphorylated following Wnt binding to FZD2 [17]. 
Thus, LRP6 phosphorylation, total β-catenin, stabilized 
active β-catenin, MYC and cyclin D1 were examined by 
Western blot analysis in both NB cell lines to investigate 
canonical β-catenin Wnt signaling components. In SK-N-
AS cells, FZD2 and phosphorylated LRP6 protein levels 
were lower compared with SK-N-DZ cells. In contrast, 
levels of total β-catenin, active β-catenin and MYC were 
both more abundantly expressed in SK-N-AS cells. SK-
N-DZ cells in turn, expressed higher levels of cyclin D1, 
confirming mRNA findings (Figure 1B and 1C).

Wnt5a signaling activates the PI3K-AKT pathway 
in melanoma cells [25] and Wnt3a-induced proliferation 
involves activation of ERK beside Wnt/β-catenin pathway 
activation in fibroblasts [26]. Therefore, we examined the 
basal activity of β-catenin-independent non-canonical Wnt 
signaling components by examining phosphorylation of 
PKC, JNK, AKT and ERK. SK-N-AS NB cells expressed 
phosphorylated PKC at higher levels than SK-N-DZ 
cells. The levels of total and phosphorylated AKT were 
comparable in both cell lines. In contrast, SK-N-DZ cells 
expressed higher levels of JNK and phosphorylated JNK 
(Figure 1B und 1C). The ERK protein level of SK-N-AS 
cells was comparable to that of SK-N-DZ cells, while 
phosphorylated ERK was significantly higher in SK-N-AS 
cells. These data indicate that basal Wnt signaling activity 
differs in the NB cell lines examined.

FZD2 regulates β-catenin-dependent and 
-independent pathways in high-risk NB cell lines

We analyzed whether the FZD2 ligands Wnt3a and 
Wnt5a may increase or decrease baseline Wnt-signaling 
activity in NB cells by using recombinant Wnt proteins. 
In addition, small interfering RNA (siRNA) specific to 
FZD2 was used to study the effect of FZD2 blockade. For 
RNA interference experiments, nonspecific scrambled 
siRNA was used as control. FZD2 siRNA reduced the 
levels of FZD2 protein by 64% and 59% in SK-N-AS and 
SK-N-DZ cells, respectively, as compared to cells treated 
with scrambled siRNA (Figure 2). Determination of the 
activity of β-catenin-dependent pathways components 
revealed that Wnt3a but not Wnt5a significantly increased 
phosphorylation of LRP6 and the level of active β-catenin 
in SK-N-AS and SK-N-DZ cells. Knockdown of FZD2 
decreased phospho-LRP6 and active β-catenin levels 
in Wnt3a- and Wnt5a-stimulated SK-N-AS and SK-N-
DZ cells or unstimulated controls below baseline levels 
(Figure 2). Total β–catenin levels were not significantly 
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changed compared to baseline levels. Consistent with the 
results for LRP6 and active β–catenin, MYC and cyclin 
D1 significantly decreased following knockdown of 
FZD2. However, no changes were observed by Wnt3a and 
Wnt5a treatment (Figure 2).

Then, we analyzed activation of factors involved 
in signaling of β-catenin-independent Wnt pathways. 
Baseline activity of PKC remained unchanged by Wnt5a 

and Wnt3a stimulation in both cell types. Of interest, 
knockout of FZD2 significantly increased phosphorylation 
of PKC in SK-N-AS and SK-N-DZ cells (Figure 2). Total 
protein levels of AKT, JNK and ERK remained constant 
in both cell lines under the observed conditions (Figure 
2). Wnt5a increased phosphorylation of JNK in both cell 
lines, whereas Wnt3a increased phosphorylation of JNK 
only in SK-N-DZ cells (Figure 2). FZD2 knockdown 

Figure 1: Characterization of gene expression in MYCN-unamplified SK-N-AS and MYCN-amplified SK-N-DZ NB 
cells. A. Graphs show the results of qRT-PCR for FZD2, Wnt3a, Wnt5a, MYC and cyclin D1 performed on RNA from human SK-N-AS 
(AS) and SK-N-DZ (DZ) NB cells. FZD2, Wnt3a, MYC and cyclin D1 mRNA expression is different between SK-N-AS and SK-N-DZ 
cells. B. Representative Western blot images and C. quantitative determination of protein expression in SK-N-AS and SK-N-DZ cells. 
Untreated cells were harvested to analyze the levels of FZD2, phospho-LRP6 (LRP6 phosphorylated at Ser1490; p-LRP6), total β-catenin, 
active β-catenin (non-phospho β-catenin; Ser33/37/Thr41), MYC, cyclin D1, pan-phospho-PKC, (βII Ser660; p-PKC), total JNK, phospho-
JNK (JNK phosphorylated at Thr183/Tyr185; p-JNK), total AKT, phospho-AKT (AKT phosphorylated at Ser473; p-AKT), total ERK 
and phospho-ERK (ERK1/2 phosphorylated at Thr202/Tyr204; p-ERK) by Western blotting. Comparison of protein expression profiles 
between SK-N-AS and SK-N-DZ cells revealed differences in basal expression and activation levels of investigated signaling proteins. 
Graphs represent the mean of 3 independent experiments ± SD (* P < 0.05).
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Figure 2: Wnt3a and Wnt5a signal via FZD2 in NB cell lines. Representative Western blot images and quantification of 
immunoblots. SK-N-AS A. and SK-N-DZ B. NB cells were left untreated (Control; Co) or treated with Wnt3a (3a) and Wnt5a (5a) for 15 
min, with or without FZD2 siRNA (si) pretreatment. Nonspecific scrambled siRNA (scr si, scrCo) served as an additional control. Then 
cells were harvested to analyze the levels of FZD2, phospho-LRP6 (LRP6 phosphorylated at Ser1490; p-LRP6), total β-catenin, active 
β-catenin (non-phospho β-catenin; Ser33/37/Thr41), MYC, cyclin D1, pan-phospho-PKC, (βII Ser660); p-PKC), total JNK, phospho-JNK 
(JNK phosphorylated at Thr183/Tyr185; p-JNK), total AKT, phospho-AKT (AKT phosphorylated at Ser473serine-473; p-AKT), total 
ERK and phospho-ERK (ERK1/2 phosphorylated at Thr202/Tyr204; p-ERK) by Western blotting. Activation levels of signaling factors 
associated with β-catenin-dependent signaling pathway (p-LRP6, active β-catenin) and β-catenin target genes (MYC, cyclin D1) were 
reduced below baseline levels in Wnt stimulated and unstimulated NB cells pretreated with FZD2 siRNA in contrast to activation levels 
of signaling factors associated with β-catenin-independent signaling (p-PKC, p-AKT, p-JNK, p-ERK). Graphs represent the mean of 3 
independent replicates ± SD. Asterisks (*) indicate P < 0.05 vs. untreated controls; GAPDH, loading control.
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had no suppressing effect on JNK activity in both cell 
types (Figure 2). Notably, the basal level of phospho-
PKC was 4-fold higher in SK-N-AS cells, whereas the 
basal phospho-JNK level was 1.9-fold higher in SK-N-
DZ cells when comparing protein levels in SK-N-AS and 
SK-N-DZ cells (Figure 1B and 1C). Stimulation with 
recombinant Wnt5a increased activation of AKT 1.9-fold 
in SK-N-AS and 6.6-fold in SK-N-DZ cells, whereas 
Wnt3a significantly increased AKT activation in SK-N-
DZ cells only (4-fold) (Figure 2). No effects on activated 
AKT levels were observed in FZD2 siRNA treated SK-
N-AS cells. Although Wnt3a and Wnt5a increased active 
AKT levels in FZD2 knockdown SK-N-DZ cells only 2.5-
fold and 2.9-fold, respectively, basal active AKT levels 
increased twofold in these cells (Figure 2B).

To address whether ERK signaling is involved in 
Wnt/FZD2 signaling, we analyzed phospho-ERK levels. 
While total ERK-levels remained unchanged, significantly 
increased activation of ERK was observed in SK-N-AS 
and SK-N-DZ cells when they were stimulated with 
Wnt3a (1.4-fold and 1.7-fold, respectively) and Wnt5a 
(1.5-fold and 2-fold, respectively). Knockdown of FZD2 
suppressed Wnt-induced ERK activation in SK-N-AS but 
not SK-N-DZ cells. Moreover, it increased basal ERK 
activity in SK-N-DZ cells by 38% (Figure 2B).

These data demonstrated that FZD2 activates the 
canonical Wnt signaling pathway in NB cells. Further, 
FZD2 can stimulate and inhibit noncanonical Wnt 
signaling factors, depending on the NB cell type.

FZD2 stimulates cell proliferation of human NB 
cells

We then analyzed the effect of FZD2 inhibition on 
NB cell proliferation. Treatment of unstimulated NB cells 
with FZD2 siRNA significantly decreased proliferation of 
SK-N-AS and SK-N-DZ cells compared to untransfected 
and scrambled siRNA transfected control cells as we 
assessed by WST-1 assays (P < 0.01; Figure 3A). On the 
other hand, treatment of NB cells with recombinant Wnt3a 
increased SK-N-AS and SK-N-DZ cell proliferation 
(P < 0.001 and P < 0.04, respectively), whereas Wnt5a 
stimulation increased cellular proliferation of SK-N-AS 
(P < 0.001) but not SK-N-DZ cells as compared with 
unstimulated cells (Figure 3A). From these experiments, 
we conclude that FZD2 stimulates the proliferation of both 
MYCN-unamplified and MYCN-amplified NB cell lines.

FZD2 promotes cell migration in NB cells

Wnt5a is also implicated in cancer cell migration 
[27]. Thus, we set out to evaluate the effects of FZD2 
on Wnt3a- and Wnt5a-stimulated NB cell migration in 
transwell assays. Migration of Wnt3a-stimulated SK-N-
AS cells remained unchanged during 48 hours, whereas 
Wnt5a stimulation significantly enhanced the ability of 

SK-N-AS NB cells to cross the transwell membrane by 
57% relative to control cells (P = 0.033). In SK-N-DZ 
cells, Wnt3a stimulation promoted transwell migration 
3.4-fold relative to control cells (P = 0.01). Similarly, 
Wnt5a stimulation promoted migration of SK-N-DZ cells 
4.4 fold relative to control cells (P < 0.001) (Figure 3B 
and 3C). In reciprocal experiments, FZD2 knockdown 
completely suppressed Wnt5a induced migration of 
SK-N-AS cells (P = 0.004 vs. Wnt5a-stimulated cells). 
FZD2 knockdown also completely suppressed Wnt3a and 
Wnt5a-induced migration of SK-N-DZ cells (P < 0.04 vs. 
Wnt3a and Wnt5a-stimulated cells, respectively) (Figure 
3B and 3C). Overall, we conclude that FZD2 promotes NB 
cell migration through a process that involves stimulation 
byWnt5a in SK-N-AS cells and by Wnt3a and/or Wnt5a 
in SK-N-DZ cells.

Knockdown of FZD2 suppresses Wnt5a-
dependent Rac activation in NB cells

PCP signaling triggers activation of the small 
GTPase Rac1, which in turn activates JNK, an important 
factor in cell migration. Moreover, knockdown of 
FZD2 suppressed the Wnt5a-dependent Rac activation 
in HeLaS3 cells [28]. To assess the effect of FZD2 on 
Rac1, we measured Rac1 GTPase activity by G-LISA 
assay. We first examined Rac1 activation by stimulation 
with recombinant Wnt3a and Wnt5a in NB cells. Rac1 
activity was not affected by Wnt3a treatment in SK-N-
AS cells, while Rac1 activity was significantly increased 
by Wnt3a stimulation in SK-N-DZ cells (P = 0.04; 
Figure 3D). In contrast, Wnt5a significantly upregulated 
Rac1 activity 2.5-fold in SK-N-AS (P = 0.006) and 2.4-
fold in SK-N-DZ cells (P < 0.001) as shown in Figure 
3D. FZD2 siRNA treatment caused no decrease of basal 
Rac1 activity in both NB cell lines. However, it inhibited 
Wnt5a-dependent Rac1 activation in SK-N-AS cells by 
31% and Wnt3a- and Wnt5a-dependent Rac activation in 
SK-N-DZ cells by 39% and 42%, respectively (P<0.01 vs. 
corresponding Wnt-stimulated cells) (Figure 3D). These 
results demonstrate that FZD2 stimulates activation of 
Rac1 in NB cells.

FZD2 blockade reduces growth of NB xenografts

To assess the role played by FZD2 in tumorigenesis, 
we used xenograft models in which SK-N-AS or SK-N-
DZ cells were injected subcutaneously into mice. Mice 
bearing human NB xenografts received five intratumoral 
injections of FZD2 siRNA or scrambled siRNA as 
controls. We cycled treatment every three days for two 
weeks to guarantee continuous reduction of FZD2. At 
the beginning of treatment on day 10 after tumor cell 
inoculation, mice developed human tumors of comparable 
size as measured using a caliper. We observed that tumor 
growth was significantly slower in the treatment groups 
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compared to the control groups (P < 0.01 for both groups 
on day 24), with a noticeable lag in the exponential growth 
phase after initiation of therapy on day 10 (Figure 4A). 
On day 24, at which time the animals were sacrificed, the 
mean tumor weight was reduced by 49% in SK-N-AS 

bearing mice treated with FZD2 siRNA (1845 mg ± 546 
mg) compared to control mice (3591 mg ± 572 mg; P < 
0.001) (Figure 4B). Similarly, tumor masses in SK-N-DZ 
bearing mice (1928 mg ± 667 mg) were reduced by 43% in 
the FZD2 siRNA group compared with the control group 

Figure 3: Effects of Wnt3a and Wnt5a stimulation and FZD2 blockade on cell proliferation, migration and Rac1 
activity in NB cells. A. Relative density of cancer cells up to 72 h following stimulation with 100 ng/ml recombinant Wnt3a, Wnt5a or 
pretreatment with FZD2 siRNA (FZD2si) or nonspecific scrambled siRNA (scrCo) was measured using the WST-1 cell proliferation assay. 
FZD2 siRNA suppressed NB cell proliferation. Graphs represent the mean of 3 independent experiments ± SD. Asterisks (*) indicate P < 
0.04 vs. untreated controls (Co, scrCo). B. Representative images of migrated SK-N-AS and SK-N-DZ NB cells from an in vitro migration 
assay are shown (200x magnification). C. Quantification of cell migration. NB cells were stimulated with 100 ng/ml recombinant Wnt3a 
and Wnt5a with or without pretreatment with FZD2 siRNA or scrambled siRNA (scrCo) for 24 h and migrated cancer cells quantified 
subsequently by in vitro migration assays. FZD2 blockade suppressed Wnt-induced migration of NB cells. Graphs represent the mean of 3 
independent experiments ± SD. Asterisks (*) indicate P < 0.05 vs. untreated controls (Co, scrCo) and vs. Wnt3a and Wnt5a stimulated cells, 
respectively. D. Rac1 activation in SK-N-AS and SK-N-DZ NB cell lines after stimulation with 100 ng/ml Wnt3a or Wnt5a protein for 30 
min with or without FZD2 siRNA or scrambled siRNA (scrCo) pretreatment. FZD2 blockade suppressed Wnt-induced Rac1-activation of 
NB cells. Graphs represent the mean of 3 independent experiments ± SD. Asterisks (*) indicate P < 0.05 vs. untreated controls (Co, scrCo) 
and vs. Wnt3a and Wnt5a stimulated cells, respectively.
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Figure 4: FZD-2 knockdown reduces growth of SK-N-AS and SK-N-DZ xenografts. A. Tumor volume curves in SK-N-AS 
and SK-N-DZ tumor xenograft bearing mice treated with FZD2 siRNA (FZD2si) or scrambled siRNA as control (Co). NB cells were 
injected s.c. into athymic nude mice and tumor growth was monitored in the presence (red shade) or absence (green shade) of siRNA 
against FZD2 or scrambled siRNA (n = 8 per group). Data are mean ± SD. *, significantly different from control tumors (P < 0.05). B. 
Quantification of tumor weight of SK-N-AS and SK-N-DZ NB xenografts on day 24 from mice treated with scrambled siRNA or FZD2 
siRNA (n = 8 per group). Box and whisker plots show the mean, quartiles and tenth and ninetieth percentiles of the data. FZD2 blockade 
significantly suppressed tumor weight of NB xenografts in mice. Data are mean ± SD. *, significantly different from control tumors (P < 
0.05). C. Histology and immunohistochemical analysis of NB xenografts. Representative images of tumor tissue sections from mice treated 
with FZD2 siRNA or scrambled siRNA on day 24. Left two columns: H&E staining of NBs. SK-N-AS and SK-N-DZ NB xenografts 
exposed to FZD2 siRNA indicated morphological changes. The scale bar in the left column (4x objective) represents 500 μm and the scale 
bar in the middle column (20x objective) represents 100 μm. Arrowheads indicate vessels. Third column: NB xenografts stained with the 
proliferation marker Ki67. The scale bar in the third column (40x objective) represents 50 μm. Right column: NB tumors stained with 
total β-catenin. β-catenin expression was higher in SK-N-AS tumors. In both, SK-N-AS and SK-N-DZ xenografts, β-catenin staining 
intensity was reduced in the FZD2 siRNA group. The scale bar in the right column (60x objective) represents 50 μm. D. Quantitative 
histomorphometric analysis of Ki67-positive, proliferating tumor cells. Cellular proliferation was significantly reduced following FZD2 
blockade. Data are mean ± SD (n = 8 per group). Asterisks (*) indicate P < 0.05 vs. controls.
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(3366 mg ± 454 mg; P < 0.001) (Figure 4B). There were 
no significant differences in mean body weights between 
groups (data not shown).

Histological analyses of tumors demonstrated that 
FZD2 siRNA treated tumors showed morphological 
changes as readily detected by H&E staining. Tumor 
cells of SK-N-AS and SK-N-DZ control groups were 
disorganized and arranged as nests and cords. In contrast, 
the tumor tissue of FZD2 siRNA treated groups was more 
dense and homogeneous associated with reduced vessel 
density (Figure 4C, left two panels). Accompanying the 
reduction in tumor growth, Ki67+ proliferating cells were 
significantly reduced in both FZD2 siRNA groups by 42% 
in SK-N-AS, and 40% in SK-N-DZ xenografts (P < 0.001; 
Figure 4C, third panel and 4D). Immunohistochemistry for 
β-catenin revealed a general higher expression in SK-N-
AS neuroblastoma tumors without amplification of MYCN 
as compared to MYCN-amplified SK-N-DZ tumors. 
Blocking FZD2 by siRNA decreased β-catenin staining 
intensity in SK-N-AS and SK-N-DZ tumors, which then 
was predominantly found at the periphery of the cells 
(Figure 4C, right panel).

Taken together, these data suggest that FZD2 
blockade reduces tumor growth and tumor cell 
proliferation associated with decreased β-catenin levels 
and reduced angiogenesis in both, MYCN-unamplified SK-
N-AS and MYCN-amplified SK-N-DZ NBs.

FZD2 gene silencing suppresses activation of the 
β-catenin signaling pathway in NB xenografts

Along with the tumor suppression following FZD2 
siRNA treatment, tissue FZD2 mRNA levels decreased in 
both NB xenografts (P < 0.02) (Figure 5A). No significant 
differences were observed for human Wnt3a and Wnt5a 
levels in SK-N-AS and SK-N-DZ xenografts following 
FZD2 siRNA treatment. In contrast, mRNA levels of 
MYC, cyclin D1, and the endothelial cell marker CD31 
(murine) were significantly downregulated following 
FZD2 blockade in both NB xenografts (P < 0.05; Figure 
5A). Consistently, protein levels of FZD2 and of activated 
phospho-LRP6 were significantly decreased in FZD2 
siRNA-treated tumors (Figure 5B and 5C). Moreover, 
protein levels of stabilized active β-catenin (non-phospho 
β-catenin), MYC and cyclin D1 decreased as well 
following FZD2 blockade (P < 0.05; Figure 5B and 5C). 
These data suggest that blockade of FZD2 inhibits NB 
proliferation by suppressing β-catenin-dependent signaling 
in vivo.

Blocking FZD2 activates β-catenin-independent 
signaling pathway components in NB xenografts

Consistent with our in vitro findings, we observed 
increased phosphorylation of PKC in SK-N-AS (2.9-fold; 
P = 0.043) and in SK-N-DZ (2.2-fold; P = 0.045) tumors 

of mice treated with FZD2 siRNA as compared to controls 
(Figure 5B and 5C). We did not detect any changes in 
expression level and activation status of JNK in both NB 
xenografts, in contrast to our in vitro findings. Activated 
AKT (P < 0.035 in SK-N-AS and SK-N-DZ) and ERK 
(P = 0.048 in SK-N-AS) were clearly increased in FZD2 
siRNA-treated tumors. No evident differences in total 
AKT and ERK levels were observed (Figure 5B and 5C). 
Notably, β-catenin, MYC and PKC levels were higher in 
SK-N-AS tumors than in SK-N-DZ tumors (Figure 5C).

Thus, MYCN-unamplified SK-N-AS and MYCN-
amplified SK-N-DZ NB xenografts respond to FZD2 
blockade by downregulation of β-catenin-dependent 
signaling and concurrent upregulation of β-catenin-
independent signaling activities.

DISCUSSION

In this study, we demonstrate that FZD2-mediates 
cell proliferation in two human NB cell lines with and 
without MYCN amplification and suggest a considerable 
degree of crosstalk between canonical and non-canonical 
Wnt signaling pathways in NB cells. According to our 
present observations, we propose a working model, in 
which Wnt3a and Wnt5a can form a complex with FZD2 
regulating both canonical and non-canonical pathways 
involved in promoting cell proliferation and migration. 
Consequently, FZD2 blockade downregulates β-catenin-
dependent signaling associated with increased activity of 
non-canonical pathways causing phosphorylation of PKC, 
AKT and ERK. The transduced signals interfere, at least in 
part, with the canonical Wnt/β-catenin signaling pathway 
leading to reduced cell proliferation (Figure 6).

The most extensively defined factor contributing 
to NB pathogenesis is amplification of MYCN oncogene. 
MYCN amplification accounts for the aggressive 
phenotype in a subset of children that define their tumors 
as high-risk and is observed in about 25% of NB cases 
[29]. Conversely, the majority of cases has no consistently 
identified molecular aberration but frequently express 
MYC at high levels [15]. MYC expression is dependent 
upon Wnt/β-catenin signaling [30]. Previous studies have 
implicated a potential relationship between increased 
Wnt/β-catenin signaling and neuroblastoma [15, 31, 32]. 
Likewise, we provide evidence for Wnt/FZD2 activity in 
high-risk NB cell lines by showing increased phospho-
LRP6 and active β-catenin levels in NB cells treated with 
recombinant Wnt3a, consistent with canonical β-catenin 
signaling. Moreover, β-catenin signaling activity and 
expression of the β-catenin target genes MYC and 
cyclin D1 were coordinately reduced by FZD2 blockade 
associated with concomitant lower proliferation rate. These 
findings support basal FZD2/β-catenin pathway activity in 
the investigated high-risk NB cell lines. Intriguingly, our 
study revealed higher expression levels of FZD2, LRP6 
and cyclin D1 in MYCN-amplified SK-N-DZ NB cells and 
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tumors, while β-catenin (both total and active) and MYC 
were higher expressed in MYCN-unamplified SK-N-AS 
cells and tumors. In support of this, other studies reported 
upregulated β-catenin and β-catenin target genes in high-

risk NB tumor tissue without MYCN amplification in 
comparison to high-risk MYCN-amplified tumor sections 
[15, 33]. Importantly, FZD2 blockade reduced β-catenin 
staining intensity in both NB xenografts. Together with 

Figure 5: FZD2 blockade interferes with canonical and non-canonical signaling in NB tissue. A. mRNA expression of 
SK-N-AS and SK-N-DZ human NB tumor tissue treated with FZD2 siRNA (FZD2si) or scrambled siRNA (Co) on day 24. Graphs show 
the results of qRT-PCR for human FZD2, Wnt3a, Wnt5a, MYC and cyclin D1 as well as for murine CD31. Data are mean ± SD (n = 8 per 
group). B. Representative Western blot images and C. quantification of immunoblots stained with FZD2, phospho-LRP6 (p-LRP6), total 
β-catenin, active β-catenin, MYC, cyclin D1, pan-phospho-PKC, (p-PKC), total JNK, phospho-JNK (p-JNK), total AKT, phospho-AKT 
(p-AKT), total ERK, phospho-ERK (p-ERK) antibodies. FZD2 blockade resulted in decreased levels of FZD2, p-LRP6, active β-catenin, 
MYC and cyclin D1 associated with increased levels of p-PKC, p-AKT and p-ERK in NB tissue. Data are mean ± SD (n = 8 per group). 
Asterisks (*) indicate P < 0.05 vs. controls.
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the observed downregulation of β-catenin target genes this 
further strengthens our hypothesis that activation of the 
β-catenin pathway by FZD2 promotes growth of high-risk 
NBs. This is also supported by the finding that expression 
of β-catenin was involved in maintaining a neuroblast-
like phenotype of NB cells [32]. However, based on the 
complexity of the involved pathways and the expression 
of FZD3 on both NB cell lines, we assume that the 
growth promoting effect of FZD2 in high-risk NB is the 
consequence from complex interactions between different 
pathways (Figure 6).

Wnt3a and Wnt5a have been shown to serve as a 
ligand for the FZD2 receptor. These secreted regulatory 
proteins may lead to activation of both canonical (Wnt3a) 
and non-canonical (Wnt5a) Wnt signaling pathways 

in cancer [23, 24, 34]. Moreover, high expression of 
both Wnt3 and Wnt5a has been shown in neuroblastic 
tumors and cell lines [35]. Findings from the present 
study showed that FZD2 regulates canonical Wnt3a/
Wnt5a signaling in NB cells. In addition, the investigated 
NB cells are a source of Wnt3a and Wnt5a indicating 
contribution of an autocrine Wnt-signaling loop in NB 
growth. Likewise, autocrine Wnt signaling has been 
reported in non-small cell lung cancers [36]. Wnt5a is 
particularly interesting as some Wnt5a actions, such as 
blocking canonical Wnt signaling, might be expected to 
foster decreased tumor aggressiveness, whereas others 
might be expected to foster increased aggressiveness 
[17, 37]. Furthermore, findings by Sato et al showed that 
Wnt5a competes for and inhibits binding of Wnt3a to 

Figure 6: Proposed mechanism by which FZD2 blockade affects NB cell behavior. Simplified schematic view of β-catenin-
dependent and -independent signaling pathways and the crosstalk between each other. Blue boxes indicate inhibited signaling factors 
and actions, red boxes depict activated signaling factors and actions following FZD2 blockade, which were revealed in this study. Wnt3a 
activates the β-catenin pathway by interacting with FZD2 and LRP6. When Wnt5a acts on FZD2 it may compete with Wnt3a, thereby 
inhibiting the β-catenin pathway. However, Wnt5a activates the Rac/JNK pathways. Downregulation of FZD2 inhibits the β-catenin 
pathway and the Rac/JNK pathways in NB cells. Blocking the action of Wnt5a on these pathways by blocking FZD2 could promote 
the activation of other β-catenin-independent Wnt pathways. Consequently, increased availability of Wnt5a protein may interact with 
receptor ROR1/2 or FZD to activate the PI3K/AKT and PKC pathway, leading to the activation of target genes, which normally suppress 
proliferation and migration. These actions, perhaps along with modulation of the activity of other non-canonical pathways (e.g. Rac/JNK), 
mediate the anti-proliferative and anti-migratory effects of Wnts following FZD2 blockade. In addition, Wnts acting via FZD and growth 
factor receptors also activate ERK. It is unclear, whether Wnt3a may also activate a β-catenin-independent pathway and/or contributes to 
ERK-activation. Phosphorylation of ERK alone or alteration of the p-ERK/p-AKT ratio in turn may regulate proliferation depending on the 
signaling strength thus counteracting or supporting the anti-proliferative effects of FZD2 blockade.
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FZD2 in HeLaS3 cells, thereby suppressing the β-catenin-
dependent pathway [28]. In any case, we conclude that the 
integration of the existing Wnt signals at the level of FZD2 
promotes tumor growth in NBs. In this context, it should 
be noted that besides FZD, Wnt5a can also bind to the 
membrane-bound receptor tyrosine kinase (RTK) Ror1/2, 
and mediate non-canonical signal transduction [38]. Our 
study provides evidence that FZD2 is also involved in 
the control of β-catenin-independent pathways in NB. 
This includes the PCP pathway, in which FZD receptors 
activate a cascade that involves the small GTPase Rac1 
and JNK, but also the Wnt/Ca2+ pathway, in which Wnts 
trigger FZD-mediated Ca2+ release and activate PKC [16]. 
Of interest, phosphorylation of JNK or PKC was not 
induced by stimulation with Wnt3 or Wnt5a in some NB 
cell lines [35]. In our cell lines, Wnts did not increase PKC 
phosphorylation in vitro, while our p-JNK in vitro and in 
vivo studies yielded conflicting results. However, another 
report showed the involvement of Wnt5a through the Wnt/
Ca2+ signaling in the pathogenesis of NB [39]. Importantly, 
in MYCN-amplified IGR-N91 NB cells Wnt5a and PKC 
gene expression increased concomitantly in response to 
retinoic acid-induced differentiation [40]. Notably, here 
we show that FZD2 blockade leads to increased PKC-
phosphorylation associated with downregulation of the 
β-catenin-dependent pathway, indicating a move from 
Wnt/β-catenin to Wnt/Ca2+ signaling in NB. Furthermore, 
Wnt5a-dependent Rac activation was shown in HeLaS3 
cells, which was suppressed by knockdown of FZD2 [28]. 
In partial contrast, we observed not only Wnt5a-dependent 
Rac1 activation in both investigated NB cells, but also 
Wnt3a-dependent Rac activation in SK-N-DZ cells, 
indicating cell type-specific differences in Rac activation. 
Importantly, FZD2 blockade suppressed Wnt-dependent 
Rac activation and concomitant migration in both cell 
lines. In summary, we hypothesize that in a move away 
from FZD2, Wnts are turning to alternative receptors to 
activate non-canonical signaling pathways.

A further layer of complexity relates to the 
interaction of Wnt/β-catenin with RTK and the MAPK/
ERK signaling pathways [41]. Evidence for a bi-
directional signaling loop between Wnt/β-catenin and 
RTK-driven MAPK signaling pathways that serves 
to drive proliferation has been provided in a normal 
epithelial cell population. [42]. A very recent study has 
shown that the G-protein coupled receptor LGR5 not only 
regulates Wnt signaling, but also MEK/ERK signaling in 
NB cells and the authors speculated that Wnt signaling 
in SK-N-AS cells may dampen MEK/ERK signaling 
[43]. Consistent with this idea, our data showed that 
perturbation of FZD2 by siRNA leads to downregulation 
of LRP6 phosphorylation with concomitant upregulation 
of ERK phosphorylation in NB indicating a FZD2-
dependent crosstalk between Wnt and ERK signaling. 
Alternatively, the inverse relationship of LRP6 and 
ERK1/2 phosphorylation may indicate a compensatory 

signaling response. In this model, suppression of FZD2/
LRP6 pathway causes overactivation of RTK pathways, 
including AKT and ERK pathways that potentially 
oppose the antiproliferative effects of FZD2 inhibitors. 
Further investigation using FZD inhibitors is needed to 
confirm our FZD2 siRNA data and to fully understand 
how NB cells adapt their signaling circuitry, taking 
advantage of routes of feedback and crosstalk to maintain 
their function.

To that end, different RTKs elicit different 
cellular responses, yet all appear to activate RAS/
ERK, SRC-family kinases and PI3K/AKT pathways. 
Differential responses may be obtained by modulating 
the relative strength of downstream pathway signaling, 
as has been shown for the ratio of activation of AKT 
and ERK pathways that distinguishes the proliferation 
and differentiation response in PC12 cells [44]. In this 
study, cyclin D knockdown cells required higher p-AKT 
and lower p-ERK signals to increase cyclin D protein 
stability and thereby make up for the reduced cyclin 
D translation to restore proliferation [44]. Notably, 
high expression of cyclin D1 occurs in approximately 
two thirds of NB cell lines and tumors [45]. Thus, it 
is tempting to speculate that the observed shift of the 
p-AKT/p-ERK ratio to high p-AKT/high p-ERK in 
FZD2 siRNA treated NBs, which was associated with 
reduced cyclin D1 expression levels, translates the 
p-ERK/p-AKT decision towards decreased proliferation 
of NB cells. Consequently, different routes, including 
different RTKs [46] and Wnt pathways, might be critical 
for NB proliferation.

The tumor microenvironment also substantially 
contributes to NB progression [47]. Highly vascular in 
nature, NB displays increased tumor angiogenesis, which 
is also related to poor patient outcomes [48]. As in most 
cancers, angiogenesis in NB occurs through the production 
of several angiogenic factors by tumor cells, which can 
correlate with a high-risk phenotype [49–52]. Reports 
from other types of cancer have also shown a direct 
interaction of Wnt signaling with angiogenesis [53, 54]. 
Likewise, the effect of FZD2 blockade on angiogenesis 
was obvious at animal autopsy as the control but not FZD2 
siRNA-treated tumors were quite hypervascular as seen 
in H&E-stained tumor tissue sections. The overall anti-
angiogenic effect of FZD2 blockade was further confirmed 
by significantly reduced levels of the endothelial cell 
marker CD31.

In summary, this study determines FZD2 as 
a likely control point for cell growth in high-risk 
NB tumors by regulating β-catenin-dependent and 
β-catenin-independent signaling pathways. FZD2 
blockade by siRNA inhibited NB cell proliferation and 
xenograft growth, reduced cell motility, and induced a 
less vascularized phenotype. Thus, FZD2 represents a 
potential therapeutic target in FZD2-driven high-risk NB 
tumors.
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MATERIALS AND METHODS

Cell lines

Human NB cell lines, SK-N-AS (MYCN single 
copy, chromosomal status of 1p36: loss of heterozygosity 
(LOH), derived from a 6 year old girl with a poorly 
differentiated NB) [55] and SK-N-DZ (MYCN-amplified, 
1p status: no LOH, derived from a 2 year old girl with 
poorly differentiated NB) [55] were obtained from 
American Type Culture Collection (ATCC, Manassas, 
VA). Cells were maintained in Dulbecco’s Modified 
Eagle’s medium (DMEM, Life Technologies, Carlsbad, 
CA) supplemented with 0.1 mM Non-Essential Amino 
Acids (NEAA, Life Technologies) and fetal calf serum 
to a final concentration of 10% fetal bovine serum (FBS, 
Life Technologies) at 37°C under 5% CO2. Cell lines were 
tested for authenticity by using STR-PCR (PowerPlex 16 
HS System, Promega, Madison, WI).

Quantitative real-time RT-PCR (qRT-PCR)

NB cells and tissues were processed for PCR 
as described [56]. The primer sequences for human 
factors are as follows (sense/antisense): FZD2: 
5′-TTCCACCTTCTTCACTGTCAC-3′/5′-GCCCGACA 
GAAAAATGATAG -3′; Wnt3a: 5’-GGCTGTTGG 
GCCACAGTATTCC- 3’/5’-GCTGGGCATGATCTCCA
CGTAG-3’; Wnt5a: 5′-ATGAACCTGCACAACAACGA- 
3′/5′-CTTCTCCTTCAGGGCATCAC-3′; MYC: 5′-GGA 
GGAACAAGAAGATGAGG-3′/5′- TGTGCTGA 
TGTGGAGAC-3′; cyclin D1: 5′-AAGCTGTGCA 
TCTACACC-3′/5′-GATCTGTTTGTTCTCCTCC -3′. The 
primer sequences for mouse CD31 are as follows (sense/
antisense): 5′-CAAAGAAAAGGAGGACAG-3′/5′- 
GATGACCACTCCAATGAC -3′.). Primer sequences for 
human FZD 1-10 are listed in Supplementary Table S1. 
LCDA Version 3.5.3 (Roche, Mannheim, Germany) was 
used for PCR data analysis. Relative quantification of the 
signals was performed by normalizing the signals of the 
different genes to β2-microglobulin as described [56, 57].

Protein isolation and western blotting

NB cells were seeded in 100 mm plates, one 
portion of cells were left untreated and one portion 
of cells were starved for 24 h before incubation with 
100 ng/ml recombinant Wnt3a and Wnt5a protein 
for 15 min. Cell lysates were prepared [58] and 25 
μg/lane were separated by 8/12% SDS-PAGE prior 
to electrophoretic transfer onto Amersham Protan 
Supported 0.2 μm Nitrocellulose membrane (GE 
Healthcare, Buckinghamshire, UK). The blots were 
probed with antibodies against FZD2 (Thermo Fisher 
Scientific, Waltham, MA), phospho-LRP6 (Ser1490) 
(Cell Signaling Technology, Danvers, MA), β-catenin 
(Abcam, Cambridge, UK), non-phospho β-catenin 

(Ser33/37/Thr41), MYC, cyclin D1, phospho-PKC 
(pan) (βII Ser660), JNK, phospho-JNK (Thr183/
Tyr185), AKT, phospho-AKT (Ser473), ERK1/2 and 
phospho-44/42 ERK1/2(Thr202/Tyr204) (Cell Signaling 
Technology) before incubation with horseradish 
peroxidase–conjugated secondary antibodies (GE 
Healthcare). GAPDH-HRP staining (Sigma-Aldrich, St. 
Louis, MO) was used as loading control. Proteins were 
immunodetected by chemiluminescence (Ace Glow, 
Peqlab, Erlangen, Germany), scanned using FUSION-
FX7 (Vilber Lourmat, Marne-la-Vallée, France) and 
quantified by Fusion-CAPT-Software 16.07 (Vilber 
Lourmat).

Small interfering RNA knockdown in NB cell 
lines in vitro

Three siRNAs for each target gene and two 
scrambled sequences were designed (synthesized 
from Eurofins Genomics AT, Vienna, Austria) and 
examined in vitro. The sequence of the siRNA 
targeting FZD2 was: 5′- CCACGTACTTGGTAGACAT 
-3′; the sequence of the scrambled siRNA was: 
5′-GAAGCAGCACGACTTCTTCTT-3′. Screening 
experiments were performed with in vitro transcribed 
siRNAs [59] and knockdown efficiency was assessed 
by qRT-PCR and Western blotting. For knockdown 
experiments in vitro, SK-N-AS and SK-N-DZ NB 
cells that express FZD2 were cultured in DMEM 
containing 10% FBS to 60% confluency. Cells were 
rinsed with PBS, refed with serum-free medium and 
then transfected with 100 nM siRNA targeting FZD2 or 
scrambled siRNA using Lipofectamine and Plus reagent 
(Life Technologies) according to the manufacturer’s 
protocol. At 24 h after transfection, NB cells were 
starved for further 24 h before incubation with 100 
ng/ml recombinant Wnt3a and Wnt5a protein for 15 
min. Untreated cells served as additional controls. 
Experiments were performed in triplicates. Next protein 
was isolated and analyzed by Western blotting as 
described [60].

Cell proliferation assay

Human SK-N-AS and SK-N-DZ NB cells were 
seeded in 96-well plates at a density of 1×104 cells/well 
in DMEM supplemented with 10% FBS. After 24 h cells 
were transfected with 100 nM FZD2 siRNA or scrambled 
siRNA using Lipofectamine and Plus reagent (Thermo 
Fisher Scientific). After another 24 h culture medium 
was replaced with DMEM with 1% FBS with or without 
100 ng/ml recombinant Wnt3a or Wnt5a protein (R&D 
Systems, McKinley Place, MN). After 24, 48 and 72 h 
cell proliferation was determined using the colorimetric-
based WST-1 reagent (Roche Diagnostics, Indianapolis, 
IN) according to the manufacturer’s protocol.
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Migration assay

NB cells (1×105 in 1 ml DMEM with 10% FBS) 
were added to the top of each Boyden migration chamber 
(8 μm, 12-well plate format; BD Biosciences, Palo Alto, 
CA). After 24 h cells were transfected with 100 nM FZD2 
siRNA or scrambled siRNA using Lipofectamine and 
Plus reagent. After 24 h cells were incubated with 100 
ng/ml recombinant Wnt3a or Wnt5a protein in DMEM 
with 1% FBS. After 48 h, medium was removed and 
membranes were washed twice with phosphate buffered 
saline (PBS). Cells from the upper side of the membrane 
were removed with cotton swabs. The membranes were 
excised using a scalpel, inverted and transferred to a PBS 
filled tissue culture well. Membranes were then fixed in 
methanol for 10 min at -20°C. After washing in PBS, 
membranes were stained with 1 μg/ml 4′-6-Diamidino-
2-phenylindole (DAPI) in PBS for 10 min at room 
temperature and washed again in PBS. Membranes were 
then embedded in Cityfluor (Cityfluor, Leicester, UK) on 
glass slides. Representative sectors of migrated cancer 
cells were counted under a fluorescence microscope. Each 
experiment was performed in triplicate.

Rac1 activation

NB cells were seeded in 6-well plates. After 24 h 
cells were transfected with FZD2 and scrambled siRNA. 
24 hours after transfection cells were starved for 24 
h. Cells were stimulated with 100 ng/ml recombinant 
Wnt3a and Wnt5a protein for 30 min and Rac1 
activity was then measured with G-LISA (colorimetric 
format, Cytoskeleton, Denver, CO) according to the 
manufacturer’s protocol.

Analysis of FZD2 siRNA treatment in vivo

The experiments performed in this study were 
approved by the Institutional Animal Care and Use 
Committee at the Medical University of Vienna. Pathogen-
free immune-deficient male athymic nu/nu (nude) mice 
(Charles River, Sulzfeld, Germany), 5 weeks of age, 
were weighed and coded and randomly assigned to 
experimental groups of n = 8. Mice were anesthetized 
(ketamine hydrochloride/xylazine at 55/7.5 mg/kg, i.p.), 
and 4x106 SK-N-AS or 8x106 SK-N-DZ cells/150 μl 
PBS were injected s.c. into their left flank [61]. In the 
present study, mice developed human NBs of similar 
weight at 10 days. FZD2 siRNA and scrambled siRNA 
(control) treatment was started on day 10 at a dose of 
10 μg/injection intratumorally, and cycled every three 
days. All animals were sacrificed on day 24, and tumors 
were isolated and weighed. One portion of the tissue was 
processed for paraffin embedding, and the remainder was 
processed for real-time qRT-PCR and Western blotting.

Histology and immunohistochemistry

Paraffin-embedded serial sections were rehydrated, 
incubated in 5% H2O2 to block endogenous peroxidase 
activity and antigens were stained with hematoxylin 
and eosin (H&E), or subjected to immunohistochemical 
analysis for Ki67 antibody (tumor proliferation assay; 
Dako, Glostrup, Denmark) to evaluate the density of 
proliferating cells [58] and total β-catenin (Abcam). Ki67 
and β-catenin primary antibodies were detected with 
biotinylated secondary antibody (Vector Laboratories, 
Burlingame, CA) and peroxidase conjugated streptavidin 
(Dako), developed with 3,3′-diaminobenzidine (Vector 
Laboratories), counterstained with haemalaun, dehydrated 
and mounted in DPX (Merck, Darmstadt, Germany) and 
digitalized images were generated with a Nikon Eclipse 
80i (Tokyo, Japan) microscope and analyzed using NIS 
Elements imaging software (Nikon). Results are expressed 
as relative percentage of Ki67–positive cells per field.

Statistical analysis

Differences between two groups were studied 
using the two-sided Student’s t-test. When more than 
two groups were compared, we performed analysis of 
variance (ANOVA) followed by post hoc tests (Dunnet, 
Bonferroni). All statistical tests were two-sided. Data 
are expressed as means ± the standard deviation (SD). 
P values of < 0.05 were considered to indicate statistical 
significance. Statistical tests were performed with the 
use of Statistical Package for the Social Sciences (SPSS) 
software (version 22.0, SPSS Inc., Chicago, IL).
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