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ABSTRACT

The lost expression of a-catenin has been found in cancers, and reinstalling
a-catenin inhibits tumor growth. Here we hypothesized that the a-N-catenin, a
homologous member of a-catenin and neural-specific expressed, functions as a
novel tumor suppressor in neural crest-derived tumor, neuroblastoma. We correlated
CTNNA2 (encodes a-N-catenin) expression to neuroblastoma disease relapse-free
survival probability using publicly accessible human neuroblastoma datasets in R2
platform. The result showed that it negatively correlated to relapse-free survival
probability significantly in patients with neuroblastoma with non-MYCN amplified
tumor. Conversely, overexpressing CTNNA2 suppressed the neuroblastoma cell
proliferation as measuring by the clonogenesis, inhibited anchorage-independent
growth with soft agar colony formation assay. Forced expression of CTNNA2 decreased
cell migration and invasion. Further, overexpression of CTNNA2 reduced the secretion
of angiogenic factor IL-8 and HUVEC tubule formation. Our results show, for the first
time, that a-N-catenin is a tumor suppressor in neuroblastoma cells. These findings
were further corroborated with in vivo tumor xenograft study, in which a-N-catenin
inhibited tumor growth and reduced tumor blood vessel formation. Interestingly, this
is only observed in SK-N-AS xenografts lacking MYCN expression, and not in BE(2)-C
xenografts with MYCN amplification. Mechanistically, a-N-catenin attenuated NF-«kB
responsive genes by inhibiting NF-kB transcriptional activity. In conclusion, these
data demonstrate that a-N-catenin is a tumor suppressor in non-MYCN-amplified
neuroblastomas and it inhibits NF-kB signaling pathway to suppress tumor growth
in human neuroblastomas. Therefore, restoring the expression of a-N-catenin can be
a novel therapeutic approach for neuroblastoma patients who have the deletion of
CTNNA2 and lack of MYCN amplification.

INTRODUCTION made improvements in the overall survival of patients with

neuroblastoma; however, those high-risk group of patients

Neuroblastoma is a highly virulent extracranial presenting with advanced-stage tumors at diagnosis

neural crest-derived solid tumor that affects infants and remain difficult to cure with a dismal long-term overall
children. The development of multi-modality therapy has survival of less than 50%.
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Genetic alterations have been identified in
neuroblastomas, including segmental chromosome 1p, 3p,
4p, and 11q deletions, and 1q and 17q gain; gene mutations
including MYCN amplification, ALK amplification and
mutation, and LIN28B amplification and polymorphism.
These genetic aberrations are associated with disease
initiation and progression in neuroblastoma, and correlated
with a clinical outcome such as overall mortality rate [1].
Alterations in epigenetic regulation recently also have
been identified in neuroblastoma [2].

Here, we identified one novel tumor suppressor, o-N-
catenin (CTNNAZ2), a cell adhesion molecule, silenced in
some non-MYCN amplified neuroblastomas, correlated
to low event-free survival probability. Alpha-catenin is a
cell adhesion protein and plays critical roles in intercellular
adhesions including having a role in both stable and
dynamic morphogenetic movements by binding with F-actin
[3]. There are three members in a human a-catenin family,
o-E-catenin (CTNNAL1), o-N-catenin (CTNNA2), and
a-T-catenin (CTNNA3). Among three isoforms, CTNNA2
expression has been shown to be neurally restricted [4]
and o-N-catenin governs the stability of synaptic contact
[5]. Meanwhile, dysregulation of constitutive a-catenin
expressions has been found in various cancers: loss of
a-catenin in prostate cancer [6], frameshift in breast cancer
[7], and mutant in laryngeal carcinomas [8]. Likewise, the
abnormal expression of intercellular adhesion protein can
lead to a variety of pathologies, including tumorigenesis,
and metastasis and hyperproliferation [9]. However, the
exact role of CTNNA2 in neuroblastoma remains unknown.

Multiple signaling pathways are downstream of the
cell adhesion molecules, such as f-catenin/Wnt signaling
[6], Ras/MAPK signaling [10], the Hedgehog pathway
[11], and the Hippo signaling pathway [12, 13]. Alpha-
catenin attenuated the effect of Src phosphorylation
by increasing [-catenin association with E-cadherin
and increased the sensitivity of prostate cancer cells to
the Src inhibitor in suppressing cell proliferation [6].
Overexpression of full-length a-catenin attenuates Wnt
signaling in Xenopus [14, 15]. Others reported that
a-catenin suppressed tumor growth by inhibiting NF-xB
signaling in E-cadherin-negative basal-like breast cancer
cells [16]. However, neural-specific a-N-catenin has not
been widely studied, especially in neural crest cell-derived
tumor neuroblastomas. In this study, we investigated the
role of a-N-catenin in neuroblastomas and identified that
a-N-catenin acts as a tumor suppressor by inhibiting tumor
aggressiveness and tumor angiogenesis.

RESULTS

a-N-catenin is a potential tumor suppressor in
non-MYCN-amplified human neuroblastoma

a-catenin has been known to play tumor suppressor
roles in cancer [16] and lost, or decreased expression of

a-catenin is often found in cancers [8]. However, much
is unknown about o-N-catenin, which has a tissue-
specific expression in neuronal tissues, especially in
neuroblastoma. First, we utilized publicly accessible
clinical datasets R2 Analysis and Visualization Platform
(http://r2.amc.nl) and analyzed the expression of three
CTNNA family members and their correlation to
relapse-free survival probability in neuroblastomas.
Two publicly available datasets: Wolf (generated gene
expression profiles from 498 primary neuroblastomas
using RNA-Seq and microarray) and Seeger (generated
gene expression profiles of primary tumors from 102
patients with metastatic neuroblastoma lacking MYCN
amplification) were used for this study. We found that
CTNNA1 and CTNNAZ2 had higher expressions, while
CTNNA3 had consistently lower expression in both Wolf
and Seeger datasets from patients with neuroblastoma
(Figure 1A and 1B).

Thus, we focused on CTNNA1 and CTNNA2 for
further evaluation using the R2 platform. We analyzed the
relationship between CTNNAT1 and CTNNA2 expression
and patient prognoses in large, independent cohorts
featuring all stages of neuroblastoma. Specifically, we
utilized Wolf’s neuroblastoma dataset to make a Kaplan-
Meier Curve based upon CTNNAT1 and CTNNA2 gene
expression utilizing the R2: microarray analysis and
visualization platform [17, 18]. The lower expressions
of both CTNNA1 and CTNNA2 were associated with a
decreased probability of relapse-free survival in overall
patients as shown in Figure 1C and 1F, respectively. We
further analyzed the correlation between the expressions
of CTNNA1 and CTNNA2 and relapse-free survival
in two subgroups based on the MYCN status: MYCN-
amplified and non-MYCN-amplified groups. We found
that expression of CTNNA1 and CTNNA2 correlated to
relapse-free survival only in non-MY CN-amplified groups
(Figure 1E and 1H), but not in MYCN-amplified groups
(Figure 1D and 1QG). Finally, we analyzed the expression
of CTNNA1 and CTNNA2 in Seeger’s dataset, which
contains 102 gene expression profiles from patients with
metastatic neuroblastoma lacking MY CN-amplification.
We found that lower expression of CTNNA2 was
associated with a decrease of relapse-free survival
(Figure 1J), compared to CTNNAI1 (Figure 11, p=0.046).
Therefore, we deduced that CTNNA2 is a potential
tumor suppressor in neuroblastomas that lacked MYCN
expression. Similar results were obtained by analyzing
the datasets of Versteeg and Kocak (Supplementary
Figure 1). Interestingly, if we analyze the data based on
the clinical risk group, the results show that the expression
of CTNNAZ? at stage 4 is decreased significantly compared
to other stages (Supplementary Figure 2A and 2B). The
sample size of MYCN-amplified group was limited for
statistical analysis (Supplementary Figure 2C). Together,
these data demonstrate that decreased levels of CTNNA2
are worse and associated with disease relapse and
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Figure 1: Low CTNNA2 expression is associated with disease relapse and mortality in patients with neuroblastoma
lacking MYCN amplification. We analyzed the expressions of three CTNNA members in two datasets by utilizing the R2 analysis
and visualization platform (http://r2.amc.nl). (A) The expression levels of CTNNA1 and CTNNA2 were higher than CTNNA3 in Wolf’s
dataset which is a gene expression profiles generated from 498 primary neuroblastomas using RNA-Seq and microarrays. (B) The similar
result showed in Seeger’s dataset which is a gene expression profiles of primary tumors from 102 patients with metastatic neuroblastoma
lacking MYCN amplification. (C) CTNNAT1 expression was analyzed in the overall of Wolf’s dataset using Kaplan scan. Kaplan—Meier
curves showed the lower probability of relapse-free survival associated with lower expression of CTNNA1. (D) CTNNA1 expression was
analyzed in MY CN-amplified subgroup of Wolf’s dataset using Kaplan scan. No significant relation between a probability of relapse-free
survival and CTNNA1 expression. (E) CTNNA1 expression was analyzed in non-MYCN-amplified subgroup of Wolf’s dataset using
Kaplan scan. Kaplan—Meier curves showed the lower probability of relapse-free survival associated with lower expression of CTNNAL. (F)
CTNNA2 expression was analyzed in the overall of Wolf’s dataset using Kaplan scan. Kaplan—Meier curves showed the lower probability of
relapse-free survival associated with lower expression of CTNNA2. (G) CTNNA2 expression was analyzed in MY CN-amplified subgroup
of Wolf’s dataset using Kaplan scan. No significant relation between a probability of relapse-free survival and CTNNA2 expression. (H)
CTNNA2 expression was analyzed in non MY CN-amplified subgroup of Wolf’s dataset using Kaplan scan. Kaplan—Meier curves showed
the lower probability of relapse-free survival associated with lower expression of CTNNA2. (I) CTNNA1 expression was analyzed in
Seeger’s dataset using Kaplan scan. Kaplan—Meier curves showed the lower probability of relapse-free survival associated with lower
expression of CTNNAL. (J) CTNNA2 expression was analyzed in Seeger’s dataset using Kaplan scan. Kaplan—-Meier curves showed the
lower probability of relapse-free survival associated with lower expression of CTNNAZ2.
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mortality in neuroblastoma patients, especially in those
with neuroblastoma lacking MY CN-amplification.

Forced expression of a-N-catenin suppressed the
proliferation and anchorage-independent growth
of neuroblastoma cells

To investigate the role of a-N-catenin on cell
aggressiveness, we performed functional assays. First,
we analyzed the expression of CTNNA2 in Versteeg’s
dataset which contains gene expression profiles from
24 neuroblastoma cell lines. As shown in Figure 2A,
the expression level of CTNNA2 was found in varying
levels in all cell lines tested. We examined the expression
level of a-N-catenin in eight human neuroblastoma cell
lines by immunoblotting, the expression levels are varied
as shown in Figure 2B; the negative expression of o-N-

catenin in SK-N-AS and SK-N-SH cell lines, moderate
levels of a-N-catenin in BE(2)-M17, IMR-32, and LAN-
1, and abundant expression of a-N-catenin in BE(2)-C,
SK-N-DZ, and SH-SY5Y. There was no correlative
expression shown between MYCN and CTNNA2 in
neuroblastoma cell lines (Figure 2B). Based on the
data in Figure 2A and 2B, we then chose two cell lines,
which we used and successfully established animal
xenograft models in our laboratory: SK-N-AS cells
have no expression of CTNNA2 and are non-MYCN
amplified while BE(2)-C cells have relatively higher
expression of CTNNA2 and are MYCN amplified. We
established stably-overexpressed CTNNA2 cells in
both cell lines and confirmed the levels of CTNNA2
(Figure 2C). Next, we performed the clonogenic assay
and anchorage-independent assay using both stable cell
lines and our results showed that enhanced a-N-catenin
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Figure 2: a-N-catenin inhibits colony formation and anchorage-independent growth of human neuroblastoma cells. (A)
The expression of CTNNA2 was analyzed in 24 neuroblastoma cell lines from Versteeg’s dataset which contains gene expression profiles
from neuroblastoma cell lines using the R2 platform. (B) a-N-catenin protein expression was detected in 8 human neuroblastoma cell lines.
[-actin was used as an internal control. (C) BE(2)-C and SK-N-AS cells transfected with control vector (CON) and CTNNA?2 overexpression
vectors. Overexpression of a-N-catenin was confirmed in both BE(2)-C and SK-N-AS cells. -actin was used as an internal control. (D)
Clonogenesis assay was performed in BE(2)-C and SK-N-AS cells transfected with a control vector and CTNNA2 overexpression vectors.
Bottom figures are representative images of colony formed from single cell proliferation. (E) Anchorage-independent assay was performed
by quantifying the soft agar colony formed by BE(2)-C and SK-N-AS cells transfected with a control vector and CTNNA2 overexpression

vectors. Data represent mean += SEM; * = p < 0.05 vs. CON.

www.oncotarget.com

5031 Oncotarget



significantly reduced cell proliferation to 77% and 52%
in BE(2)-C and SK-N-AS cell lines respectively by
clonogenesis assay (Figure 2D), indicating a-N-catenin
negatively regulates cell growth in neuroblastoma
cells. Moreover, CTNNAZ2 significantly inhibited the
anchorage-independent growth in the soft agar colony
formation assay to 25% and 22% in BE(2)-C and SK-
N-AS cells, respectively (Figure 2E). The ability of
anchorage-independent growth correlates strongly with
tumorigenicity and invasiveness. Thus, our data indicated
that a-N-catenin played a tumor suppressor role in
neuroblastoma cells.

Forced expression of a-N-catenin decreased the
migration, invasion, and angiogenesis in vitro

Cell migration is a crucial step for a variety of
morphogenetic events and pathogenetic processes such as
cancer invasion [19]. a-catenin is localized in adherens
junctions and is activated during cell migration by
activating RhoA to increase actomyosin contractility at
cell-cell junctions [20]. It has been reported that catenins
steer cell migration via stabilization of front-rear polarity
[21]. Therefore, loss of a-catenin can result in loss of cell-
cell adhesion, a common characteristic of cancer cells.
a-E-catenin (CTNNAT1) has been well studied, however,
neural-specific a-N-catenin has not been investigated
yet. Thus, we examined the role of a-N-catenin on
migration, invasion, and angiogenesis in neuroblastoma
cells. Our results showed that both migration and invasion
were decreased to 43% and 24%, respectively, by
overexpression of a-N-catenin in SK-N-AS cells (Figure
3A and 3B), but no significant difference was observed
in BE(2)-C cells, which further highlighted the MYCN
independent tumor suppressor role of o-N-catenin in
neuroblastoma cells.

We also evaluated the potential effect of a-N-
catenin on tumor angiogenesis. We performed a tubule
formation assay using Human umbilical vein endothelial
cells (HUVECs), which is a rapid and quantitative in
vitro method used for determining genes and pathways
involved in angiogenesis. Our results indicated a
significant difference in tubule formation. The tubule
formed with conditioned media from o-N-catenin-
overexpressed cells down to 19.5% of control cells
without a-N-catenin expression (Figure 3C), suggesting
CTNNAZ2 overexpressing cells decreased the secretion of
angiogenic factors into their culture media in comparison
to the control cells. We also collected the media from
control cells and a-N-catenin overexpressed cells and
measured secreted IL-8 using ELISA, and found that
a-N-catenin inhibited the secretion of IL-8 down to
29.7% of control cells in SK-N-AS cell line (Figure
3D). Similarly, the tubule formation with HUVECs was
decreased with conditional media from BE(2)-C cells
with enhanced a-N-catenin expression down to 34.1%

of control cells (Figure 3E). These results indicated that
the level of a-N-catenin is inversely proportional to
migration, invasion, and angiogenesis as well, further
demonstrating the tumor suppressor role of a-N-catenin
in neuroblastoma.

a-N-catenin functions as a tumor suppressor and
it inhibited tumor growth in animal xenografts

We next sought to confirm whether CTNNA2 acts
as a tumor suppressor in in vivo. To explore the function
of a-N-catenin in vivo, we subcutaneously injected cells
with CTNNA2 overexpression and their controls into
athymic nude mice for tumor growth analysis. Strikingly,
CTNNAZ2-overexpressed SK-N-AS cells had delayed
tumor formation and smaller tumor volumes throughout
the experiments than mice implanted with control cells
(Figure 4A, tumor volume, left; tumor mass, right).
The expressions of CTNNA2 and NSE, a neuronal
marker, were confirmed in dissected tissues using
immunohistochemical staining (Figure 4B). To confirm
CTNNAZ2 mediated angiogenesis inhibition in vivo, we
performed CD31/PECAM-1 (Platelet Endothelial Cell
Adhesion Molecule-1) immunohistochemical staining
on tumor sections from mice and counted the blood
vessels. The results demonstrated an approximately
33% reduction of the number of CD31-stained vessels in
CTNNA2 tumors in comparison to tumors from control
mice (Figure 4C). Also, we evaluated cell proliferation
in tumors by staining tumor sections with the anti-
human phospho-Histone H3 (ser10) antibody, followed
by Alexa Flour 568 Dye. Phospho-Histone H3 (Ser10)
is a cell mitosis marker that is tightly correlated with
chromosome condensation during both mitosis and
meiosis. As shown in Figure 4D, there were 50% less
mitotic cells in the CTNNA2 tumors than in the control
tumors. It was evident that a-N-catenin significantly
reduced tumor cell proliferation and thus inhibited
tumor growth and angiogenesis in SK-N-AS xenograft
tumors. Same experiments performed using BE(2)-C
xenograft tumors, tumor suppression of a-N-catenin was
not significant (Figure 4E, tumor volume, left; tumor
mass, right), even though increased a-N-catenin was
detected in tumor tissue with overexpressed CTNNA2,
and no difference on NSE expression between control
and CTNNA2 tumor tissues (Figure 4F). However,
the number of mitosis cell in CTNNA2 tumor tissue
was decreased significantly, approximately 73% of
control tumors (Figure 4G). Together, these results
demonstrate that restoration of CTNNA2 expression
is an advantageous strategy for in vivo neuroblastoma
growth inhibition and tumor angiogenesis suppression
in non-MYCN-amplified tumors, but less effective in
MY CN-amplified tumors. Our data was consistent with
the analyzed data from patient gene profiling datasets in
the R2 platform (Figure 1H, and 1J).
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NF-kB signaling as the key mechanism involved kB binding sites in the promoter region. As anticipated,

in the tumor suppressor role of a-N-catenin in overexpression of a-N-catenin markedly suppressed the
neuroblastoma NF-«B luciferase activity in both SK-N-AS and BE(2)-C
cells (Figure 5A and 5D). In contrast, knockdown of
To better understand the molecular mechanism a-N-catenin increased the NF-kB luciferase activity in
and potential signaling pathway affected by a-N-catenin BE(2)-C cells (Figure 5D, right graph). Moreover, we
in neuroblastoma, we performed R2 KEGG Pathway performed qPCR analysis of NF-kB target genes: TNFA,
Analysis using KEGG PathwayFinder by Gene correlation IL8, PTGS2, and vascular cell adhesion molecule 1. Our
with CTNNA2 (http://r2.amc.nl). Our results indicated results showed that all NF-kB target gene expressions
that a-N-catenin is functionally linked to the NF-xB were downregulated by overexpressed a-N-catenin in
pathway (Supplementary Table 1). To confirm this finding, cells (Figure 5B and 5E). Furthermore, the reduction of
we used an IL-8 luciferase reporter with specific NF- COX2, a product of gene PTGS2, was confirmed with
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Figure 3: a-N-catenin inhibits migration, invasion, and angiogenesis in vitro. (A) SK-N-AS cells were plated in collagen type
I-coated upper chamber of transwell (1x10° cells/well) in serum-free media with the bottom well containing 10% FBS RIPM medium.
After 6 h incubation, cells were fixed with 4% paraformaldehyde, stained with DAPI, and migrated cells were counted. Alpha-N-catenin
overexpression resulted in a significant reduction in cell migration to 43% of CON cells (" = p < 0.05 vs CON). (B) Cells (1.5x10°/well)
in serum-free media were added to the upper well coated with Matrigel on the transwell filters and 10% FBS containing RPMI media
added into the bottom well. After 48 h incubation, cells were fixed with 4% paraformaldehyde, stained with DAPI, and invaded cells
were counted. Alpha-N-catenin overexpression resulted in a significant reduction in cell migration to 24% of CON cells (" = p < 0.05 vs
CON). (C) HUVECs were cultured in conditioned media collected from SK-N-AS cells transfected with a control vector and CTNNA2
overexpression vectors on Matrigel-coated 24-well plates for 6 h. Tubule staining was performed in triplicate and quantified. The number
of tubules formed with HUVECs in conditioned media from o-N-catenin overexpressed cells was decreased to 19.5% of control. (Mean +
SEM; * = p <0.005 vs. CON). (D) IL-8 secretion was measured in conditioned media from cells. Cells (3 x 10° cells/ well) were plated in
6-well plate and cultured for 24 h, then the supernatants were collected for measuring IL-8 secretion by ELISA. a-N-catenin overexpression
significantly inhibited IL-8 secretion down to 29.7% of control cells in conditioned media. Data represent mean + SEM; “ = p < 0.05 vs.
CON. (E) HUVECs were cultured in conditioned media collected from BE(2)-C cells transfected with a control vector and CTNNA2
overexpression vectors on Matrigel-coated 24-well plates for 6 h. Tubule staining was performed in triplicate and quantified. The number
of tubules formed with HUVECs in conditioned media from o-N-catenin overexpressed cells was decreased to 34.2% of control. (Mean +
SEM; “= p <0.005 vs. CON).
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immunohistochemical staining in both xenograft tumor CTNNAZ2 and the targets of NF-kB signaling. a-N-catenin

tissue sections (Figure 5C and 5F). Here, we revealed suppressed tumor growth by inactivating NF-«xB signaling
a robust negative correlation between expression of pathway.
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Figure 4: o-N-catenin inhibits tumor growth in tumor xenograft mouse model. (A) Mouse subcutanecous xenografts were
established with SK-N-AS cells stably transfected with a control vector (CON) and CTNNA?2 overexpression vectors in each flank side
of the mouse (n = 10, Left). Tumor volume was measured biweekly. Tumor explant weights were obtained at the time of sacrifice at day
30 (Right). (B) Expression of a-N-catenin and NSE were detected by immunohistochemistry in tumor tissues from SK-N-AS xenografts.
(C) Representative microphotographs of CD31 expression in SK-N-AS xenografts from control or CTNNA2 overexpressed mice. CD31
was immunohistochemically stained with anti-human CD31 antibody (brown); magnification 100 X. Intratumoral microvessel density
was assessed by quantifying endothelial cells, using CD31-stained sections. (D) Mitotic cells were quantified by counting positive
immunohistochemical stained phospho-Histone H3 (red) cells in paraffin-embedded sections from SK-N-AS xenografts. (E) Mouse
subcutaneous xenografts were established with BE(2)-C cells stably transfected with a control vector (CON) and CTNNA?2 overexpression
vectors in each flank side of the mouse (n = 10, Left). Tumor volume was measured biweekly. Tumor explant weights were obtained at the
time of sacrifice at day 26 (Right). (F) Expression of a-N-catenin and NSE were detected by immunohistochemical staining in tumor tissues
from BE(2)-C xenografts. (G) Mitotic cells were quantified by counting positive immunohistochemical stained phospho-Histone H3 (red)
cells in paraffin-embedded sections from BE(2)-C xenografts. Data represent mean + SEM; * = p < 0.05 vs. CON.
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DISCUSSION

Cell adhesion molecules play important roles in
cancer by regulating intercellular and extracellular matrix
interactions in the development of recurrent invasive and
distant metastasis in the progression of cancer. Alterations
of adhesion properties change the malignancy of tumor
cells and allow cells to escape from the primary site
and metastasize to secondary sites. In human o-catenin
family, CTNNAT1 (a-E-catenin) is expressed ubiquitously
in normal tissues [22], and it has been shown to regulate
tumor initiation and have a suppressive role in tumor
progression of intestinal tumorigenesis [23]. Our
analyzed results also showed that there was a trend of
correlation between CTNNAT1 expression and survival in
neuroblastoma within the datasets in R2 platform (Figure
1C and 1I), suggesting a potential suppressive role of
CTNNAI in neuroblastoma. The exact mechanism of
how CTNNAI confers survivability in neuroblastoma
will be investigated in the future study. CTNNA3 (o-T-
catenin) expression is mainly in the heart and testis and
is necessary for the formation of stretch-resistant cell-
cell adhesion complexes in muscle cells [24]. CTNNA2
expression is neurally restricted [4] and o-N-catenin
governs the stability of synaptic contact [5].

In this study, we found that the expression of a-N-
catenin was lost in two of eight human neuroblastoma
cell lines. By analyzing mRNA expression levels of
CTNNAs in Wolf’s dataset in which 498 patient samples
were analyzed in R2 platform, we determined that lost or

lower expression of a-N-catenin negatively correlates to
relapse-free survival probability in human neuroblastomas
subgroup of lacking MYNC amplification. We also
showed that a-N-catenin inhibits the cell proliferation,
anchorage-independent growth, migration/invasion, and
the secretion of angiogenic factors IL-8 and HUVEC
tubule formation in both non-MYCN-amplified SK-N-
AS cells and MYCN amplified BE(2)-C cells in vitro.
We also demonstrated that a-N-catenin suppressed tumor
growth significantly in SK-N-AS cell-xenografted tumors
only, not BE(2)-C cell-xenograft tumors by performing
animal tumor growth study. Probably BE(2)-C cells have
a fully saturated level of endogenous expression of a-N-
catenin, therefore, further overexpression of a-N-catenin
could not play a tumor suppressive role. However, we
demonstrated that a-N-catenin conversely regulated NF-
kB transcriptional activity by luciferase activity assay with
overexpression and knockdown of CTNNA2 in BE(2)-C
cells (Figure 5D). In addition, we are interested in future
knockdown or knockout studies of CTNNA2 from
BE(2)-C cells in vivo.

The striking heterogeneity of neuroblastoma has
been demonstrated by many studies [25]. In order to
reproduce the same tumor growth study, we chose other
two cell lines in addition to SK-N-AS cells: SK-N-SH and
SHEP, both of which do not express a-N-catenin. Forced
overexpression of a-N-catenin led to remarkable growth
inhibition of SK-N-SH cells, even though we could not
successfully establish stably transfected cells. However,
we could build a stable transfected a-N-catenin expression
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Figure 5: a-N-catenin inhibits NF-kB signaling in neuroblastoma cells. (A) Luciferase assays of NF-kB activity were carried
out in SK-N-AS cells transfected with plasmid NF-kB luciferase report with wild type (WT) binding site or mutant site (MUT) on the
promoter of IL8. (B) The expression of CTNNA2 and NF-«B responsive genes were measured with qPCR in control and CTNNA2
overexpressed SK-N-AS cells. (C) Expression of COX2, the product of PTGS2, was detected by immunohistochemistry in tumor tissues
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cell line in SHEP, but it has not been possible to perform
animal tumor growth studies with SHEP cells.

The progression of several human cancers correlates
with the loss of the cytoplasmic protein a-catenin from
E-cadherin-rich intercellular junctions and subsequent
loss of adhesion [26]. However, the potential direct role
of a-catenin in modulating the adhesive function of
individual E-cadherin or N-cadherin molecules in human
cancer is unknown. In breast cancer cells, loss of a-catenin
alone drastically reduces the adhesive force between
individual cadherin pairs on adjoining cells, explains the
global decline of cell adhesion in human breast cancer
cells, and shows that the forced expression of a-N-catenin
in cancer cells can restore both higher intercellular avidity
and intercellular E-cadherin bond strength [26].

In addition to mediating cell-cell interactions,
o-catenin regulates intracellular signaling transduction.
In this study, we found that a-N-catenin inhibits NF-kB
activity. Studies have found aberrant activation of NF-kB
signaling in various cancers including neuroblastoma [27,
28, 29]. The activation of NF-kB induces the expression
of multiple molecules, including cyclooxygenase-2, matrix
metallopeptidase-9 and adhesion molecule intracellular
adhesion molecule 1, vascular cell adhesion molecule 1
and endothelial-leukocyte adhesion molecule 1, all of which
are linked to cancer cell invasion and metastasis [30]. Our
results showed that a-N-catenin reduced the expression of
NF-kB downstream targets, such as IL-8, PTGS2, vascular
cell adhesion molecule 1, and TNF-0, an activator, and
target of NF-kB signaling [31]. Although the mechanism
of a-N-catenin lost in neuroblastoma was not determined,
it could be related to these epigenetic modifications or
other silencing mechanisms. Other groups have found
that CTNNA2-promoter hypermethylation is associated
with human papillomavirus infection in pharyngeal
cancer [32]. Rescue the expression of a-N-catenin is a
potential therapeutic strategy for treating patients with
neuroblastoma. In conclusion, our study indicated that loss
of a-N-catenin exists in a subgroup of neuroblastoma and
correlates with relapse-free survival in patients lacking
MYCN amplification. We believe that our study could
improve the understanding of the molecular mechanisms
about o-N-catenin in neuroblastoma, and will lead to a
potential novel and personalized therapy in neuroblastomas.

MATERIALS AND METHODS

Antibodies and reagents

Primary antibodies a-N-catenin, and p-H3 antibo-
dies were from Cell Signaling Technology (Danvers,
MA). Primary antibodies NSE (Neuron-Specific Enolase)
and CD31/PECAM-1 were obtained from Abcam
(Cambridge, MA). Secondary goat anti-mouse and
anti-rabbit antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Secondary goat

anti-Human antibody tagged with Alexa Fluor 568 was
from Life Technologies (Grand Island, NY). Primary
B-actin antibody and all other reagents were obtained from
Sigma (St. Louis, MO).

Cells and cell culture

All neuroblastoma cell lines BE(2)-C, SK-N-AS,
BE-M17, SK-N-SH, and SH-SY5Y were purchased from
the American Type Culture Collection (ATCC, Manassas,
VA). Cells were maintained in RPMI 1640 with 10% Fetal
Bovine Serum (FBS) at 37°C in a humidified atmosphere
consisting of 5% CO, and 95% air. HUVECs obtained from
Dr. M Freeman (Vanderbilt University Medical Center,
Nashville, TN) were cultured in EMM-2 supplemented
with growth factors (EGM-2 Single- Quot kit, Lonza,
Walkersville, MD, USA) at 37°C and humidified 5% CO,,.

Plasmids, siRNA and transfections

Plasmid pCMV3-CON (untagged) and pCMV3-
CTNNA2 (human NM _004389.3) were ordered from
Sino Biological Inc (Beijing, China). Plasmid pLKO.1-
shCTNNAZ2 and its control vector SHC002 (shCON) were
purchased from Sigma. siRNA pools targeting CTNNA2
(siCTNNAZ2) and nontargeting control siRNA (siNTC)
were from Dharmacon, Inc (Lafayette, CO). Human
neuroblastoma cells were transfected with plasmids or
siRNA using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions. Stably-
transfected SK-N-AS/CTNNA2 and BE(2)-C/CTNNA2
cells were selected with hygromycin (Sigma) at 300 pg/
ml for two weeks. IL-8 promoter luciferase plasmid with
specific NF-kB binding sites was kindly provided by
Dr. Krach Michael (Institute of Pharmacology, Medical
School Hannover, Hanover, Germany).

Clonogenesis assay

Cells were plated at clonal density (1,000-5,000
cells/well of 6-well plate) in triplicate, permitted to attach
and grow for 7-10 days period. Colonies were stained
with 0.05% crystal violet, photographed, and counted.

Soft agar colony formation assay

Cells were trypsinized and resuspended in RPMI
medium 1640 containing 0.4% agarose and 5% FBS.
BE(2)-C cells were overlaid onto a bottom layer of
solidified 0.8% agarose in RPMI medium 1640 containing
5% FBS and incubated for 2 weeks. Colonies were stained
with 0.05% crystal violet, photographed, and quantified.

Migration and invasion assays

For transwell migration, transwell filters (8 pm;
Corning, Lowell, MA) were coated on the lower chamber
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with 5 pg/ml collagen type I (BD Biosciences) overnight
and then blocked with 2.5% BSA/PBS for 1 h. 1x10° cells
in serum-free media were added to the upper chamber
and 10% FBS containing RPMI media into the bottom
well and incubated for 6 h. Cells were fixed with 4%
paraformaldehyde, stained with DAPI, and counted. For
invasion assay, the transwell filters were coated with 1/30
diluted Matrigel (BD Biosciences). Cells (1.5x10%) in
serum-free media were added to the upper well and 10%
FBS containing RPMI media was added to the bottom
well. After 48 h incubation, cells were fixed with 4%
paraformaldehyde, stained with DAPI, and counted. The
assay was performed in duplicate, and cells were counted
from five randomly selected microscopic fields.

Endothelial cell tubule formation assay

HUVECs grown to ~70% confluence were
trypsinized, counted, and seeded with 48,000 cells per
well in 24-well plates coated with 300 pl of Matrigel (BD
Biosciences). These cells were periodically observed by
a microscope as they differentiated into capillary-like
tubule structures. After 6 h, the cells were stained with
hematoxylin and eosin and photographs were taken by a
microscope, and representative pictures obtained. Tubules
were developed from clear elongated cell bodies that
connect to form a polygon network. The average number
of tubules was quantified by randomly selecting three
separate 200 fields and counting the number of tubules
per field.

RNA isolation and qPCR with reverse
transcription

Total RNA was isolated and purified using a RNeasy
isolation kit (Qiagen, Germantown, MD) with DNase
digestion. cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Carlsbad, CA). Real-time PCR and data collection were
performed on a CFX96 instrument (Bio-Rad). Data
were normalized to an endogenous control, GAPDH.
Specific target primers are listed in Supplementary Table
2. Amplification was performed for 40 cycles of 30 s at
95°C, 30 s at 55°C, and 40 s at 72°C.

Immunoblotting

Cells were collected using cell lysis buffer, and
denatured samples were prepared for immunoblotting.
Equal amounts of protein were loaded and separated
by NuPAGE 4-12% Bis-Tris gel, followed by transfer
onto PVDF membranes (Bio-Rad, Hercules, CA,
USA). Membranes were blocked with 5% nonfat milk
in TBS-T for 1 h at room temperature. The blots were
then incubated with antibodies against the human target
proteins by using rabbit or mouse anti-human antibodies

(1:500— 2000 dilution) overnight at 4°C. Anti-rabbit or
anti-mouse secondary antibodies conjugated with HRP
was incubated for 1 h and visualized using an enhanced
chemiluminescence detection system (PerkinElmer,
Waltham, MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

Cells were plated at (3x10° cells/ well) were plated
in 6-well plate and cultured in 10% FBS-containing
medium for 24 h, washed with PBS and then incubated
with serum-free medium. After a 24-h or 48-h incubation,
conditioned medium was collected for ELISA using
the DuoSet ELISA Development System (IL8: DY208,
R&D Systems, Minneapolis, MN) according to the
manufacturer's protocol.

Luciferase reporter assay

Cells of 70% confluence in 24-well plates were
transfected using Lipofectamine 2000 (LifeTechnology).
The firefly luciferase reporter gene construct (0.2 pug) and
the pRL-SV40 Renilla luciferase construct (20 ng, for
normalization) were used for co-transfection. Cell extracts
were prepared 24-48 h after transfection and the luciferase
activity was measured using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI).

Immunohistochemistry and immunofluorescence
staining

Immunohistochemical staining was performed
using DAKO EnVision+ System-HRP from Dako North
America, Inc. (Carpinteria, CA). Mouse neuroblastoma
xenografts were fixed in formalin overnight and embedded
in paraffin wax. Tumor sections (5 mm) were mounted on
glass slides. Samples were deparaffinized and rehydrated.
The antigen was retrieved using 0.01 M sodium-citrate
buffer (pH 6.0) at a sub-boiling temperature for 10 min
after boiling in a microwave oven. To block endogenous
peroxidase activity, the sections were incubated with 3%
hydrogen peroxide for 5 min. After 1 h of pre-incubation
in 5% normal goat serum to prevent nonspecific staining,
the samples were incubated with the antibody against
a-N-catenin, NSE, or CD31 at 4°C overnight. They were
then washed with buffer three times for 5 min each and
incubated with secondary antibody for 30 min at room
temperature. Sections were developed with the DAB
reagent. The reaction was terminated by immersing
slides in dH,O and sections were counterstained with
hematoxylin. Slides were then dehydrated with ethanol
and xylene. Coverslips were mounted and slides were left
to dry. The IHC images were taken under a microscope
(Leica DMI6000 B). For mitosis detection, paraffin-
embedded sections were stained with anti-human
phospho-Histone H3 (Ser10) antibody followed by Alexa
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Fluor 568 Dye (Life Technologies, Grand Island, NY).
DAPI was used for staining nuclei. Images were captured
using a fluorescence microscope (Nikon Eclipse E600).

Murine xenograft models

Male athymic nude mice (4-6 weeks old) were
maintained as described [33]. All studies were approved
by the Institutional Animal Care and Use Committee
at Vanderbilt University. SK-N-AS and BE(2)-C cells
xenografts were established as previously described
[33]. Briefly, 1 x 10° cells/100 pL of HBSS were injected
subcutaneously into flanks using a 26-gauge needle (n =
10 per group). Mice were monitored daily for xenograft
formation and assessed by measuring the two greatest
perpendicular tumor diameter with vernier calipers
(Mitutoyo, Aurora, IL). Xenograft volumes were estimated
using the following formula [(length x width?)/2]. Weight
and tumor volume were recorded biweekly. At four weeks
of post-injection, mice were euthanized when they met the
institutional euthanasia criteria for tumor size and overall
health condition. The tumors were excised, weighed,
and fixed in 10% buffered formalin. Tumor tissues were
further processed for embedding in paraffin, sectioned
and stained with hematoxylin and eosin at Translational
Pathology Shared Resource Laboratory in Vanderbilt
University Medical Center.

Statistical analysis and gene expression and
signaling pathway analysis

The scoring index was expressed as means + SEM;
statistical analyses were performed using student t-test
for comparisons between the groups. A p value of < 0.05
was considered significant. R2 is a genomics analysis and
visualization platform developed in the Department of
Oncogenomics at the Academic Medical Center University
of Amsterdam (http:/r2.amc.nl). We performed the
analysis correlation of the expression levels of CTNNAs
to relapse-free survival probability using the Kaplan-Meier
scan (cutoff value was decided on an equally split number
of patients into two groups from two different datasets:
Wolf’s dataset (498 samples) and Seeger’s dataset (102
samples lacking MYCN amplification). For mRNA gene
expression levels and associated potential pathways
were analyzed using bioinformatic platform R2 which
connected with the KEGG pathway database (http://www.
genome.jp/kegg/pathway.html).
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