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ABSTRACT

The Aurora-A gene encodes a serine/threonine protein kinase that is frequently overex-
pressed in several types of human tumors. The overexpression of Aurora-A has been
observed to associate with the grades of differentiation, invasive capability and distant
lymph node metastasis of esophageal squamous cell carcinoma (ESCC). However, the mo-
lecular mechanism by which Aurora-A promotes malignant development of ESCC is still
largely unknown. In this study, we show that Aurora-A overexpression enhances tumor
cell invasion and metastatic potential in vitro and in vivo. Furthermore, Aurora-A overex-
pression inhibits the degradation of B-catenin, promotes its dissociation from cell—cell
contacts and increases its nuclear translocation. We also demonstrate for the first time
that Aurora-A directly interacts with B-catenin and phosphorylates B-catenin at Ser552
and Ser675. Substitutions of serine residue with alanine at single or both positions substan-
tially attenuate Aurora-A-mediated stabilization of B-catenin, abolish its cytosolic and nu-
clear localization as well as transcriptional activity. In addition, Aurora-A overexpression is
significantly correlated with increased cytoplasmic p-catenin expression in ESCC tissues. In
view of our results, we propose that Aurora-A-mediated phosphorylation of B-catenin is a
novel mechanism of malignancy development of tumor.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the
most common malignant tumors. Despite remarkable ad-
vances in diagnostic and therapeutic techniques, the invasive
and metastatic stage of ESCC progression still represents the
most formidable barrier to successful treatment. The develop-
ment of ESCC is a multistep, progressive process, and the
acquisition of genetic alterations in tumor cells is a hallmark
of cancer progression (Lin et al., 2009; Qi et al., 2012). Thus, bet-
ter understanding of the molecular alterations during ESCC
occurrence and progression should greatly improve tumor
control and prevention, and may also lead to better clinical
treatment.

Aurora-A, a centrosome- and microtubule-associated pro-
tein, is a serine/threonine protein kinase (Katayama and
Sen, 2010). The increased attention has now been focused on
Aurora-A kinase because of its interesting role in tumorigen-
esis. It has been shown that amplification and overexpression
of the Aurora-A occur in several types of human tumors
(Bischoff et al., 1998; Jeng et al., 2004; Sen et al., 2002; Zhou
et al., 1998). Ectopic expression of Aurora-A in murine fibro-
blasts as well as mammary epithelia induces centrosome
amplification, aneuploidy, and oncogenic phenotype
(Bischoff et al., 1998; Jeng et al., 2004). Further, Aurora-A over-
expression is more frequently associated with higher grade,
higher stage, and identified as an independent prognostic fac-
tor for overall survival in a variety of human cancers (Hamada
etal., 2003; Jeng et al., 2004; Neben et al., 2004; Sen et al., 2002).
Recently, we have reported that expression of Aurora-A pro-
tein is highly increased in ESCC. Moreover, overexpression
of Aurora-A is shown to associate with the grades of tumor
differentiation and invasive capability (Tong et al., 2004).
Tanaka et al. (Tanaka et al., 2005) further demonstrate that
upregulation of Aurora-A expression is correlated with distant
lymph node metastasis of ESCC. These clinical studies suggest
that Aurora-A overexpression is closely associated with the
development of ESCC. However, direct evidence for a role of
Aurora-A in tumor development and metastasis is lacking
and the molecular mechanism for the promotion of ESCC
development by Aurora-A is currently poorly understood.

B-catenin is an ubiquitously distributed protein with multi-
ple functions, which plays a critical role in tumorigenesis and
development through its effects on E-cadherin-mediated
intercellular adhesion and Wnt/wingless pathway (Nelson
and Nusse, 2004). In response to Wnt signals, GSK-3B
(glycogen synthase kinase 3p) is inhibited and phosphoryla-
tion of B-catenin at Ser-33/Ser-37 sites is decreased, leading
to its stabilization, accumulation. B-catenin then translocates
to the nucleus as an activator of T-cell factor (TCF)/lymphoid
enhancer factor (LEF) transcription factors to stimulate tran-
scription of a variety of growth-related genes (Bienz, 2005;
Bienz and Clevers, 2000; Saito-Diaz et al., 2013). Increased B-
catenin-TCF/LEF-1 transactivation by enhanced B-catenin sta-
bility is found in a wide variety of human cancers (Morin, 1999;
Zhou et al., 2005). However, no data are available to indicate
whether Aurora-A regulates B-catenin in ESCC.

In the present study, we illustrated that Aurora-A overex-
pression promoted tumor cell invasion and metastatic

potential in vitro and in vivo. We also elucidated that Aurora-
A inhibited the degradation of B-catenin and promoted its
dissociation from cell—cell contacts, nuclear translocation,
and transcriptional activity upregulation by direct phosphory-
lating B-catenin at Ser552 and Ser675. Overall, these studies
reveal critical role of Aurora-A which contributes to the malig-
nancy development of ESCC.

2. Material and methods
2.1. Reagents and plasmids

The antibodies were from the following sources: anti-Aurora-
A, anti-B-catenin, anti-GSK-3p, anti-Gadd45, anti-P-B-catenin,
anti-PS33-B-catenin and anti-PS37-catenin antibodies were
from Cell Signaling Technology; other antibodies were from
Santa Cruz Biotechnology. pEGFP-Aurora-A and pEGFP-B-cate-
nin were constructed by inserting their open reading frames
into pEGFP-C1 vectors, respectively. Aurora-A shRNA vector
was generated by inserting target sequence of Aurora-A into
pGCsi-U6/neo/GFP vector. Myc-tagged B-catenin was made
by inserting the open reading frame of B-catenin into pCS2-
MT vector. GST-Gadd45, GST-GSK-3pB, GST-Aurora-A, GST-B-
catenin and GST-B-actin were constructed by inserting their
open reading frames into pGEX-5X-1 plasmids, respectively.
The B-catenin mutants were generated by site-directed muta-
genesis and confirmed by sequencing.

2.2. Cell culture and transfection

The KYSE150 cell line was generously provided by Dr Shimada
of Kyoto University (Shimada et al., 1992). KYSE180, Colo680
and EC9706 cell lines were stored in our laboratory. The
ESCC cells were maintained in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS). Transient transfection
was performed using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions, and the cells were
analyzed 2 days after the transfection. In the stable transfec-
tion, Aurora-A overexpression clones in KYSE150 cells or
knockdown clones in EC9706 cells were selected by G-418 sul-
fate (Invitrogen) for 10—14 days.

2.3. In vitro migration and invasion assays

Invasion and migration assays were carried out by using
Transwell motility chambers and performed as previously
described (Tong et al., 2004).

2.4. Xenograft assays

All animal experiments were performed in accordance with
relevant institutional and national guidelines and regulations.
The cells were injected subcutaneously in the axillary region
of four-week-old immune-deficient mice (BALBC/C-nu/nu, Vi-
tal River Co.). Tumor volumes were calculated using the for-
mula (length) x (width)%/2. The mice were euthanized at the
end of 12 weeks after injection and examined for subcutane-
ous tumor growth and metastasis development. Specimens
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for histological examination were fixed in 10% formaldehyde
for 24 h, embedded in paraffin. 4-um sections were then cut
and stained with hematoxylin and eosin (H&E) and observed
under a microscope.

2.5. Protein preparation and Western blot analysis

For whole cell protein extraction, cells were lysed with ice-
cold lysis buffer supplemented with protease inhibitors, as
described previously (Tong et al., 2004). The nuclear, cyto-
plasmic and membrane protein were prepared and Western
blot analysis was performed as previously described (Ji et al.,
2007).

2.6.  Protein stability experiments

The cells were transfected with or without GFP-tagged wild-
type (WT) or mutants of pB-catenin plasmids for 48 h, 100 pg/
ml cycloheximide (CHX) (Sigma) was added to the cell culture
and then cells were harvested at the indicated time points. To
determine the effects of proteasome inhibitors on B-catenin
protein stability, the cells were pre-incubated with 20 uM
MG132 (benzyloxy-carbonyl-Leu-Leu-Leu-aldehyde) before
the addition of CHX.

2.7. Semiquantitative reverse transcription (RT)-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) in accor-
dance with the manufacturer’s protocol. RT-PCR was performed
as previously described (Zhou et al., 2005). The primers for the
PCR were as follows: B-catenin: 5-ATGGAGTTGGACATGGC
CAT-3' (forward) and 5-CGAGCTGTCTCTACAT CATT-3
(reverse), Cyclin D1: 5-CCGTCCATGCGGAAGATC-3' (forward)
and 5-ATGGCCAGCGGGAAGAC-3' (reverse), MMP7: 5-AGAT
GTGGAGTGCCAG ATGT-3' (forward) and 5-TAGACTGCTAC
CATCCGTCC-3'(reverse), GAPDH: 5-GCTGAGAACGGGAAGCT
TGT-3 (forward) and 5-GCCAGGGGTGCTAA GCAGTT-3
(reverse). GAPDH was used as an internal standard.

2.8. Immunoprecipitation and GST pull-down assays

Immunoprecipitation and GST pull-down assays were per-
formed as previously described (Ji et al., 2007).

2.9. Immunofluorescence analysis

Cells were grown on glass chamber slides and transfected
with or without GFP-tagged WT or mutants of B-catenin plas-
mids for 48 h, fixed with methanol, and incubated with mono-
clonal anti-B-catenin antibody overnight at 4 °C, followed by
incubation with TRITC-conjugated goat anti-mouse IgG for
1 h. The nuclei were labeled with 0.1 ug/ml DAPI (4’,6’-diami-
dino-2-phenylindole) for 15 min. The images were taken un-
der a confocal fluorescent microscope.

2.10. Expression profiling array analysis

Expression profiling array analysis was performed by Capital-
bio Corp (Beijing, China).

2.11. Quantitative real-time RT-PCR

Real-time quantitative RT-PCR analysis was performed using
the ABI Prism 7300 sequence detection system (Applied Bio-
systems). The specific gene expression was detected by using
SYBR Premix EX Tagqll (TaKaRa). Primer sequences for CD44,
IL6, NFKBIA, CCND1, TYMS, LCN2, ALDH1A3, MMP2, SER-
PINA1, BAMBI and TCF7 will be provided upon request.

2.12. In vitro Aurora-A kinase assay

Purified Aurora-A protein was incubated for 30 min with puri-
fied GST fusion proteins of WT B-catenin or various B-catenin
mutants and [y->?P]ATP in reaction buffer (8 mM MOPS/NaOH
pH 7.0, 0.2 mM EDTA). Reaction mixtures were resolved by
SDS—PAGE and phosphorylated proteins were detected by
autoradiography.

2.13.  TCF/LEF-luciferase reporter assay

Cells grown on 24-well plates were transfected with WT or
mutants of B-catenin for TCF-luciferase reporter (TOPflash)
or its mutated control reporter (FOPflash). 48 h after transfec-
tion, the cells were lysed and the luciferase activity was
measured and normalized to the corresponding Renilla activ-
ity using the dual luciferase assay kit (Promega). The normal-
ized FOPflash values were subtracted from the corresponding
TOPflash values.

2.14. Tissue specimens and immunohistochemistry

Fresh tissue specimens from pathologically confirmed ESCCs
and adjacent histologically normal tissues were taken from
patients presented at the Cancer Institute & Hospital, Chinese
Academy of Medical Sciences (Beijing, China) after surgery
and immediately stored at —80 °C until use. None of the pa-
tients had received radio- or chemotherapy before surgery.
The samples were obtained following written informed con-
sent from patients and the study was approved by the Institu-
tional Review Board of Cancer Institute & Hospital of Chinese
Academy of Medical Sciences. Immunohistochemical analysis
was done as described previously (Tong et al., 2004).

2.15. Statistical analyses

All statistical analyses were done using SPSS13.0 software and
all data were expressed as the mean + SD. The differences in
results between groups were compared using Student’s t test.
Association between Aurora-A and B-catenin was examined
using the Chi-square test. Statistical significance was defined
at P < 0.05.

3. Results

3.1.  Aurora-A overexpression promotes tumor cell
invasion and metastasis in vitro and in vivo

To investigate the effect of Aurora-A on the invasion potential
of esophageal cancer cells, clones of stable Aurora-A
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overexpression (Aur-land Aur-2) or the empty vector (control)
derived from KYSE150 cells were used and analyzed by in vitro
migration and invasion assay. As shown in Figure 1A, Aur cells
significantly increased cell migration and invasion potential
(P < 0.01) compared with control cells. To further elucidate
whether tumor cells with Aurora-A-overexpressing can
potentiate tumor development and metastasis in vivo, the
nude mice xenograft model was used. Our data showed that
the tumors from Aur cells in nude mice grew more quickly
than that from control cells (Figure 1B). Further, the more
invasive tumors from Aur cells frequently invaded muscles
(Figure 1C) compared with control tumors. Small tumor
masses were found surrounding the associated blood vessels
in the tumor tissue from mice injected with Aur cells
(Figure 1D). Local lymph node metastasis was detected from
mice injected with Aur cells, and approximately 70% of the
lymph node was replaced by malignant cells (Figure 1E). More-
over, H&E staining demonstrated the presence of microscopic
metastasis in the lungs of mice receiving injections of Aur
cells (Figure 1F), whereas no lymph node and lung metastasis
was found in the group of mice injected with control cells
(Table 1). To further investigate the function of Aurora-A
gene, clone of Aurora-A stable knockdown was established
in EC9706 cells. Western blot showed that Aurora-A expres-
sion markedly decreased in Aurora-A knockdown (Aurora-A
siRNA) cells compared with control (Control siRNA) cells
(Supplementary Figure S1A). Furthermore, the ability of
migration and invasion in vitro was inhibited dramatically by
Aurora-A knockdown (Supplementary Figure S1B). We then
examined the effects of Aurora-A knockdown on malignant
phenotypes of tumor cells in vivo. As shown in
Supplementary Figure S1C, tumor cell growth was suppressed
by Aurora-A knockdown. Moreover, Aurora-A knockdown
inhibited the ability of cells to invade surrounding muscle tis-
sues (Supplementary Figure S1D), and resulted in a significant
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decrease of lymph node (Supplementary Figure S1E) and lung
metastases (Supplementary Figure S1F) in vivo (Table S1).
These results were consistent with above-mentioned effects
of Aurora-A overexpression. These observations suggest that
Aurora-A overexpression possesses potentials of promoting
ESCC cell invasion and metastasis in vitro and in vivo.

3.2 Aurora-A overexpression upregulates 3-catenin by
increasing its stability

To explore the underlying mechanism by which Aurora-A pro-
motes tumor malignancy, we examined the expression pat-
terns of different oncogenes and tumor suppressor genes
following overexpression of Aurora-A. It was found that ex-
pressions of B-catenin and Cyclin D1 in Aur cells were higher
than that in control cells. Conversely, the level of Caveolin-1
appeared to decrease, and FAK, VHL and E-cadherin levels
remained unchanged (Figure 2A). The results demonstrate
that the altered expression of these genes might contribute
to Aurora-A-induced malignant development of ESCC.

To explore how Aurora-A upregulates B-catenin expres-
sion, we examined B-catenin mRNA level using semiquantita-
tive RT-PCR and found that mRNA expression of B-catenin
was not altered (Figure 2A Bottom), indicating that posttran-
scriptional regulation might be responsible for the upregula-
tion of B-catenin protein level. We next investigated whether
upregulation of B-catenin protein occurs as a result of reduced
protein degradation. As shown in Figure 2B, in control cells,
1h and 2 h treatment of cells with CHX (protein synthesis in-
hibitor) resulted in 40% and 80% decrease of endogenous B-
catenin but not of B-actin. However, in Aurora-A overexpress-
ing cells, the level of B-catenin was not altered after treatment
with CHX, suggesting that Aurora-A overexpression might
maintain B-catenin stability. To further test whether the stabi-
lization of B-catenin is due to disruption of ubiquitin mediated

Tumor volume (cm?)

2 3 4 5 6 7 8 9
Weeks after inoculation

10 11 12

Figure 1 — Overexpression of Aurora-A promotes ESCC tumor invasion and metastasis. A) The effect of Aurora-A overexpression on cell

migration and invasion ability in vitro. The results were from three separate experiments; bars, SD.*, P < 0.01. B) Aurora-A overexpression

promoted tumor growth in vivo. The xenograft tumor volume was measured at the indicated time points during the period of 12 weeks. C—F)

Aurora-A overexpression promoted tumor cell invasion and metastasis in vivo. Representative images were shown. The mice baring tumor

xenografts derived from KYSE150 cells overexpressing Aurora-A exhibited tumor invasion to the adjacent muscle tissues (C), small tumor masses

in blood vessels (D), lymph node metastasis (E), and lung metastasis (F). Arrows indicate the presence of tumor invasion to the adjacent muscle

tissues or metastatic tumor in tumor or lung slice.
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Table 1 — The metastasis in nude mice comparison between Aurora-

A overexpression and control cell lines.

Cell line Nude Lung Lymph node
mice (n) metastasis (n) metastasis (n)

Aur-1 6 3 2

Aur-2 6 6 2

Control 6 0 0

proteasomal degradation, we treated cells with CHX in the
presence of proteasomal inhibitor MG132. As shown in
Figure 2C, the decreased expression of B-catenin could be
rescued by MG132 in both Aurora-A-overexpressing and con-
trol cells. Furthermore, the level of B-catenin ubiquitination
was greatly increased upon Aurora-A overexpression, B-cate-
nin ubiquitination was undetectable in control cells
(Figure 2D). Taken together, these results indicate that
Aurora-A overexpression upregulates B-catenin by inhibiting
its proteasomal degradation mediated by ubiquitin pathway.

It is well documented that Axin binds to GSK-3B, B-catenin,
and adenomatous polyposis coli gene product (APC) to
degrade B-catenin (Ikeda et al., 1998). We examined whether
this could explain the effect of Aurora-A overexpression on
upregulating B-catenin. Nevertheless, the total levels of GSK-

3B, Axin and APC were not significantly affected by Aurora-A
overexpression, as assessed by Western blot (Figure 2E).
When Axin was immunoprecipitated with the anti-Axin anti-
body, it formed a complex with GSK-3B, B-catenin, and APC at
the endogenous levels, but Aurora-A overexpression did not
affect the binding of Axin to GSK-3B, B-catenin and APC
(Figure 2F). The results indicate that Aurora-A overexpression
does not affect the formation of a complex between Axin,
GSK-3B, B-catenin, and APC. Therefore, Aurora-A overexpres-
sion may upregulate p-catenin by other means.

3.3.  Overexpression of Aurora-A alters subcellular
localization of B-catenin

B-catenin localized in different cellular compartments forms
distinct complexes and executes differential cellular function
(Bienz, 2005), so we examined whether Aurora-A overexpres-
sion affects B-catenin subcellular distribution. As shown in
Figure 3A, immunoblotting experiments detected an increase
in cytosolic and nuclear B-catenin, whereas the plasma mem-
brane accumulation of B-catenin was reduced in Aurora-A
overexpression cells compared with control cells. Consis-
tently, immunofluorescence analysis showed that Aurora-A
overexpression resulted in translocation of a portion of B-
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Figure 2 — Aurora-A stabilizes B-catenin protein. A) The upregulated expression of B-catenin protein in Aurora-A overexpressing cells. B-catenin,

FAK, VHL, Caveolin-1, E-cadherin or Cyclin B1 protein and B-catenin mRNA (Bottom) levels were examined using immunoblotting and RT-

PCR assay in control, Aur-1 and Aur-2 cells. B) The stabilization of B-catenin in Aurora-A overexpressing cells. The cells were treated with CHX

and collected at the indicated times for immunoblotting analysis. C) The cells were treated with CHX in the presence of MG132, and subjected to

immunoblotting analysis. D) The cell protein extracts from control, Aur-1 and Aur-2 cells were immunoprecipitated with B-catenin antibody,
followed by immunoblotting assay with ubiquitin antibody. E) The cell lysates were analyzed with antibodies to GSK-3B, Axin and APC. F) The
cellular protein were immunoprecipitated with anti-Axin antibody, inmunocomplexes were analyzed with antibodies against B-catenin, APC and

GSK-38.


http://dx.doi.org/10.1016/j.molonc.2014.08.002
http://dx.doi.org/10.1016/j.molonc.2014.08.002
http://dx.doi.org/10.1016/j.molonc.2014.08.002

254 MOLECULAR ONCOLOGY 9 (2015) 249-259

N
& N (P B
A Go(\ ?’\) P&(
g .
® | [== s sw| B-catenin
8 3
= o
(8]
S[ [— -catenin
o
[2]
2
L [W-— | PCNA o
5
or . <
ﬁ ~— r: B-catenin
S
£
o N-catenin
E—E
c .
@ gRT-PCR H microarray
6.00
5.00
© 4.00
£ 300
\]
2 200
-
1.00
0.00
U R P ST IR S LRI SR
&V @O ¥ FFET F NV
9 \\Q’l‘ K &8 vé) XN &Qg & X

B-catenin DAPI

Merge

= 5.00
g
g
g 4.00
£
= 3.00
L
B
= 2.00
>
o
-
1.00
0-00- E 3
-1.00 1.00 3.00 5.00 7.00

Log2(ratio by qRT-PCR)

Figure 3 — Overexpression of Aurora-A alters subcellular localization of B-catenin. A) The membranous, cytosol and nuclear proteins were

isolated from the cells and analyzed with anti-B-catenin antibody. o-tubulin, PCNA and N-Cadherin were also examined respectively as the

controls of different fractions. B) The subcellular distribution of B-catenin was examined by immunofluorescence in control and Aur-2 cells. The
cells were fixed and stained with an anti-B-catenin antibody (red) and DAPI (blue). Pink color indicates overlap of red and blue colors. C) The
upregulation of B-catenin-regulated genes by Aurora-A. The levels of mRNA for B-catenin-regulated genes were analyzed using microarray and

quantitative RT-PCR in control and Aur-2 cells. Fold inductions were obtained by normalizing mRNA levels of B-catenin-regulated genes in

control cell line to that in Aur-2 cells, and were shown by log2 ratio. D) Comparison of genes expression measurement by microarray and

quantitative RT-PCR. The expression changes in the selected 11-B-catenin-regulated genes exhibited good agreement between the two

experimental approaches.

catenin from cell—cell contacts into the cytosol and nucleus
(Figure 3B). It is known that stabilized B-catenin translocates
to the nucleus, where it interacts with transcription factors
of the TCF/LEF-1 family, leading to the increased expression
of genes, such as MMP2 and Cyclin D1. To prove this, the ex-
pressions of B-catenin target genes were measured by expres-
sion profiling arrays and quantitative RT-PCR. The results of
expression profiling arrays showed that 11 B-catenin-regu-
lated genes were upregulated. Quantitative RT-PCR analysis
gave results consistent with microarray findings (Figure 3C),
and both methods showed high correlation (R = 0.967)
(Figure 3D). These data indicate that Aurora-A overexpression
promotes B-catenin dissociation from cell—cell contacts, nu-
clear translocation, and activates transcription of its targeted
genes.

3.4.  Aurora-A interacts with and phosphorylates 3-
catenin at ser552 and ser675

Itis known that GSK-3p phosphorylates the cytoplasmic p-cat-
enin and facilitates its proteasomal degradation (Ikeda et al.,
1998). To test whether the increase of pB-catenin protein level

is due to decreased GSK-3p—induced phosphorylation, B-cate-
nin phosphorylation was assessed by Western blot with anti-
bodies against phospho-(pS33 or pS37)-specific B-catenin. As
shown in Figure 4A, Aurora-A overexpression did not affect
the GSK-3B-dependent phosphorylation of B-catenin, but total
phosphorylation level of B-catenin was increased in Aurora-A
overexpression cells. These data indicate that Aurora-A over-
expression increasing B-catenin stability and transactivation
is not mediated by GSK-3p dependent regulation and other
phosphorylation sites could exist on B-catenin.

To address the mechanism by which Aurora-A regulates B-
catenin, we examined whether Aurora-A could phosphorylate
B-catenin. We first investigated physical association between
Aurora-A and B-catenin in vitro. In Figure 4B (Left),
KYSE150 cells were transfected with Myc-tagged B-catenin
vector, and cellular lysates were incubated with a group of
GST fusion proteins. Clearly Myc-tagged B-catenin was pulled
down by GST-Aurora-A as well as by GST-GSK-3p which was
reported previously to interact with B-catenin. In contrast,
GST-B-actin and GST alone did not pull-down Myc-tagged B-
catenin fusion protein. Next, GST-B-catenin protein was incu-
bated with cell lysates from untreated KYSE150 cells and
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immunoblotting with anti-Myc antibody (B, Left). GST, GST-B-catenin and GST-Gadd45 were incubated with cell lysates isolated from
KYSE150 cells. The GST pull-down complexes were examined by SDS-PAGE and immunoblotting with anti-Aurora-A antibody (B, Right). The

cell lysates were immunoprecipitated with antibodies to B-catenin, Aurora-A, mouse or rabbit IgG. The immunocomplexes were analyzed with

anti-B-catenin or anti-Aurora-A antibody (C).

followed by pull-down assay. As shown in Figure 4B (Right),
endogenous Aurora-A protein was detected in GST-B-catenin
pull-down complexes. As a positive control, endogenous
Aurora-A protein was pulled down by GST-Gadd45. GST alone
did not associate with cellular Aurora-A. In addition, B-catenin
protein was detected in Aurora-A-immunoprecipitated com-
plex, and also Aurora-A protein was detected in B-catenin-
immunoprecipitated complex in KYSE150 cells (Figure 4C).
Similarly, as shown in Figure 4C, Aurora-A could interact
with B-catenin in KYSE180 and Colo680 cells which had rela-
tively rich levels of endogenous Aurora-A (Tong et al., 2004).
Next, we performed the in vitro kinase assay using purified
Aurora-A protein and recombinant B-catenin to determine
whether Aurora-A phosphorylates B-catenin. The results of
autoradiography showed that full length GST-B-catenin was
phosphorylated by Aurora-A, whereas GST alone was not in
this assay (Figure 5A), indicating the specificity of the in vitro
reaction. To identify the sites required for phosphorylation
of B-catenin by Aurora-A, a series of GST-tagged B-catenin
protein which covered the different regions of B-catenin
were purified as substrates. Figure 5A (Top) showed that the
three phosphorylated bands were seen in the GST-B-catenin
lane correspond to B-catenin-(376—781), B-catenin-(481—636)
and B-catenin-(616—781), but B-catenin fragments including
B-catenin-(1—405) and B-catenin-(376—500) were not phos-
phorylated by Aurora-A kinase. To further examine the p-cat-
enin site involved in phosphorylation, we narrowed down the
phosphorylation locations and the B-catenin protein sequence
was divided into a series of peptides with some residues over-
lap between each contiguous peptide. Figure 5A (Bottom)
showed that the three phosphorylated bands were seen in
the GST-B-catenin lane correspond to B-catenin-(511-572), B-
catenin-(664—713) and B-catenin-(616—678), but B-catenin
fragments  including B-catenin-(481-546), B-catenin-

(557—636), B-catenin-(616—674) and B-catenin-(694—781) were
not phosphorylated by Aurora-A kinase. By bioinformatics
analysis, Ser552 and Ser675 on B-catenin were suggested to
be candidate phosphorylation sites of Aurora-A (Figure 5B).
To assess if Aurora-A phosphorylates B-catenin at Ser552
and Ser567 sites, single (S552A or S567A) and double (S552/
567A) phosphorylation site mutants of p-catenin were used.
The kinase assay showed a lack of phosphorylation of the
S552A, S675A and S552/567A mutants, implying that Aurora-
A-induced the phosphorylation of B-catenin at both the
Ser552 and Ser567 residues (Figure 5C). Together, these data
convincingly demonstrate that B-catenin is a novel substrate
for Aurora-A, and can be phosphorylated by Aurora-A at Ser-
552 and Ser-675 sites.

3.5.  Phosphorylation of 3-catenin by Aurora-A increases
its stability and transcriptional activity

To understand the functional significance, we first examined
that whether B-catenin phosphorylation at Ser-552 and Ser-
675 sites by Aurora-A affects its stability. GFP-tagged WT
and Mutations of B-catenin at S552A, S675A and S552A/
S675A were transfected into Aur-2 cells treated with CHX.
Figure 6A showed that mutants of B-catenin protein had a
short half-life compare with WT B-catenin. This result sug-
gests that Aurora-A inhibit the degradation of B-catenin prob-
ably by its phosphorylation at Ser-552 and Ser-675 sites. We
further examined whether p-catenin phosphorylation at Ser-
552 and Ser-675 sites by Aurora-A affects its subcellular distri-
bution and TCF/LEF-1 transcriptional activity. GFP-tagged WT
and Mutations of B-catenin were transfected into
KYSE150 cells. Figure 6B showed that mutants of B-catenin
were primarily localized in cell—cell contacts in contrast to
WT B-catenin that was primarily localized in cytosol and
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used as substrates for purified Aurora-A, and subjected to a kinase reaction with [y-3*P]ATP. Whole kinase reactions were then subjected to

electrophoresis followed by autoradiography (A and C). Sequence analysis of B-catenin for candidate phosphorylation sites of Aurora-A (B).

nucleus. Next, the TCF/LEF-1 luciferase reporter TOP-FLASH or
a control vector FOP-FLASH was co-transfected with GFP-
tagged WT B-catenin or B-catenin S552A, S675A and S552A/
S675A mutants in KYSE150 cells. Expression of WT B-catenin
significantly increased TCF/LEF-1 transcriptional activity. In
contrast to WT B-catenin, B-catenin S552A and S675A mutants
had reduced transcriptional activity. Double S552A/S675A
mutant completely abolished this effect (Figure 6C). Similarly,
we confirmed that WT B-catenin transfection increased
expression of B-catenin target genes including Cyclin D1 and
MMP7, whereas the double mutation (S552A/S675A) abolished
this effect (Figure 6D). The data indicate that B-catenin phos-
phorylation at Ser-552 and Ser-675 by Aurora-A promotes its
dissociation from cell—cell contacts, nuclear translocation,
and TCF/LEF-1 transcriptional activity upregulation.

3.6. Expression relevance of Aurora-A and cytoplasmic
B-catenin in clinical ESCC

To assess whether overexpression of Aurora-A is really
responsible for the subcellular localization of B-catenin
in vivo, we used immunohistochemical assays to examine
the expressions and the subcellular localizations of Aurora-
A and B-catenin in clinical tumor specimens from 129 ESCC
patients (Supplementary Table S2). In normal tissues, B-cate-
nin was located on the membrane (Figure 7A), but enhanced
cytoplasmic (94/129, 73%) B-catenin expression was observed
in ESCC (Figure 7C). Meanwhile, normal adjacent tissues pre-
sented weak or negative staining of Aurora-A protein
(Figure 7B), however, increased levels of cytoplasmic Aurora-
A expression were widely detected in 94 out of 129 tumor tis-
sues (73%) (Figure 7D), which was consistent with previous
report (Tong et al., 2004). More importantly, Table 2 showed

that enhanced expression of Aurora-A was positively corre-
lated with increased cytoplasmic B-catenin expression
(P < 0.0001). These results indicate that overexpression of
Aurora-A leads to accumulation of cytoplasmic B-catenin in
ESCC.

4. Discussion

In this study, we found that Aurora-A overexpression signifi-
cantly promoted growth of ESCC xenografts. A greater inva-
sive capability of Aurora-A overexpressers was not only
revealed by our in vitro assay but also by our in vivo data, which
showed a dramatic increase in infiltration of these cells to
their adjacent muscle tissues. In addition, the formation of tu-
mor masses surrounding the associated blood vessels in the
tumor tissue by Aurora-A overexpression may favor metas-
tasis of the tumor cells, and in turn contributed to develop-
ment of ESCC malignancy. More importantly, our results
demonstrated clearly that Aurora-A overexpression in ESCC
cells significantly promoted the lung and lymph node meta-
static potential. Consistent with these findings, we found
that Aurora-A knockdown inhibited invasion and metastasis
of ESCC cells in vitro and in vivo. These results strongly support
the notion that increased Aurora-A expression is critical for
facilitating invasion and metastatic of ESCC.

Earlier studies have reported that Aurora-A participates in
multiple cellular functions by means of the phosphorylation
of different substrates. Aurora-A kinase can phosphorylate
p53 at Ser315, leading to increased degradation of p53 and
facilitating oncogenic transformation of cells (Katayama
2004). The phosphorylation of p53 at Ser-215 by
Aurora-A abrogates p53 DNA binding and transactivation

et al,
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48 h post-transfection, the cells were treated with CHX and collected at the indicated times for immunoblotting analysis with anti-GFP antibody.
B) KYSE150 cells expressing GFP-tagged WT B-catenin, B-catenin S552A, B-catenin S675A or B-catenin S552/675A were stained with DAPI. C)
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mutant B-catenin to that in the cells transfected by vector along (GFP). D) Analysis of Cyclin D1 and MMP7 mRNA levels in KYSE150 cells

expressing GFP, GFP-tagged B-catenin, or B-catenin S552/675A.

activity (Liu et al., 2004). Aurora-A also can activate nuclear
factor-kB (NF-«B) via inducing IkBa phosphorylation at both
the Ser32 and Ser36 residues, leading to carcinogenesis and
drug resistance (Briassouli et al., 2007). Therefore, identifica-
tion of “downstream” targets is crucial for understanding mo-
lecular mechanism associated with Aurora-A in ESCC
development. We found that Aurora-A overexpression was
involved in upregulating the expression of B-catenin. Mean-
while, we found that Aurora-A regulated B-catenin at the post-
transcriptional level and resulted in increased B-catenin
stability by inhibiting its ubiquitin mediated proteasomal
degradation. Furthermore, stabilized B-catenin translocated
to the nucleus from cell—cell contacts, activated transcription
of target genes. Therefore, Aurora-A contributes to the malig-
nant development of ESCC through regulating B-catenin sta-
bility and transcriptional activity.

B-catenin, functioning as a major component of Wnt
signaling, is involved in tumor formation and development
(Morin, 1999; Zhou et al., 2005). The canonical mechanism of
the regulation of B-catenin expression includes the Axin/
APC/B-catenin/GSK-38 complex conformation and its

phosphorylation by GSK-3B at the Ser-37, and Ser-33 sites,
leading to its degradation. The Wnt stimuli leads to inhibition
of GSK-3B, resulting in a decreased phosphorylation of B-cate-
nin, accumulation and subsequent translocation to the nu-
cleus (Bienz, 2005; Bienz and Clevers, 2000; Saito-Diaz et al.,
2013). In addition, it has been suggested that Wnt-dependent
downregulation of Axin is one of the mechanisms to stabilize
B-catenin (Yamamoto et al., 1999). However, our results
showed that Aurora-A overexpression did not change expres-
sion levels of Axin, GSK-3B, B-catenin, and did also not affect
their mutual binding. Further, in this study we found that
Aurora-A overexpression increasing total phosphorylation
levels of B—catenin was not because of a increase in relative
phosphorylation of Ser33 or Ser37 of B-catenin. These results
indicate that Aurora-A overexpression may regulate B-catenin
through Wnt-independent signaling.

It has been reported that Wnt-independent signaling is
involved in regulation of B-catenin activation and tumorigen-
esis, including G-protein, hepatocyte growth factor and AKT
(Fang et al., 2007; Kawasaki et al., 2000; Papkoff and Aikawa,
1998). In this study, we demonstrated that Aurora-A
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Figure 7 — Aurora-A overexpression is correlated with cytoplasmic B-
catenin expression in human ESCC tissues. ESCC samples and
normal adjacent tissues were collected and subjected to
immunohistochemical staining with antibodies to either Aurora-A or
B-catenin. In normal adjacent esophageal tissues, B-catenin was
located on the membrane (A), Aurora-A showed no or weak positive
staining (B). In esophageal tumor samples, B-catenin (C) and Aurora-
A (D) exhibited strong cytoplasmic staining.

interacted with B-catenin by GST pull-down and Co-IP assays
in ESCC cells. Our present results indicated that Aurora-A
appeared to phosphorylate B-catenin at Ser-552 and Ser-675
site, and a single substitution of Ser-552 to Ala, Ser-675 to
Ala or similar substitution of both residues creating a double
mutant (S552A/S675A) which mimicked unphosphorylated
form, completely abolished Aurora-A-mediated B-catenin
phosphorylation. Moreover, the inhibition of degradation
and accumulation of the cytosol and nucleus by Aurora-A
were not observed in B-catenin S552A, S675A or S552A/
S675A. Mutation of Ser552 or Ser675 of the Aurora-A phos-
phorylation site significantly reduced total transcriptional ac-
tivity of TCF/LEF-1. Whereas the double mutation (S552A/
S675A) nearly completely abolished transcriptional activity
of TCF/LEF-1 and expression upregulation of p-catenin target
gene (Cyclin D1 and MMP7) induced by Aurora-A. Taken
together, we show for the first time that B-catenin can be

Table 2 — The expression correlation of Aurora-A and cytoplasmic

B-catenin in ESCC.

Cytoplasmic B-catenin expression P value
-) ) (++)
Aurora-A <0.0001
expression
) 26 3 4
) 6 22 15
(++) 7 14 22

inhibited for its degradation, translocate to the nucleus, where
it interacts with transcription factors of the TCF/LEF-1 family,
leading to the increased its transcriptional activity through B-
catenin phosphorylation by Aurora-A at Ser552 and Ser675
sites, as precedents for multiple distinct kinases targeting
the same phosphorylation site of pB-catenin (AKT and AMP-
activated protein kinase (AMPK) for Ser552; PKA (protein ki-
nase A) and PAK1(P21-activated kinase 1) for Ser675) have
been reported (Taurin et al.,, 2006; Zhao et al., 2010; Zhu
et al,, 2012). Furthermore, the results herein are the first to
show the association between pattern of Aurora-A expression
and pattern of B-catenin localization in ESCC, further indi-
cating that Aurora-A may modulate the B-catenin pathway
in esophageal cancer. Our data provide new insight into the
role of Aurora-A in tumor promotion via activity of the p-cat-
enin pathway.

5. Conclusion

Our studies reveal that the effects of Aurora-A, promoting in-
vasion and metastasis of ESCC, inhibiting the degradation of
B-catenin and promoting its dissociation from cell—cell con-
tacts, nuclear translocation, and transcriptional activity upre-
gulation are mediated through phosphorylating B-catenin at
Ser552 and Ser675, which represents a novel and important
mechanism underlying the effects of Aurora-A during tumor
development. The demonstration of a cross-talk between
Aurora-A and B-catenin provides considerable insight into
the further understanding tumor cell invasion and metastasis.
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