
Introduction

Aurora-A is a centrosomal protein kinase that is involved in
 centrosome maturation and spindle formation. The protein, mRNA

expression levels and kinase activity of Aurora-A increased at the
G2-M transition and completely disappear at the G1 phase [1].
Overexpression of Aurora-A may lead to genomic instability and
neoplastic transformation, suggesting that Aurora-A is a bona fide
oncogene [2]. In addition, overexpression of Aurora-A is also
associated with a poor prognosis in cancer patients, such as
breast, colon, pancreatic, ovarian and stomach cancers [3, 4].

The epidermal growth factor receptor (EGFR) is a type of
receptor tyrosine kinase that regulates cell proliferation, growth,
migration, invasion and inhibition of apoptosis. Aberrant EGFR
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Abstract

Abnormal expression of Aurora-A and epidermal growth factor receptor (EGFR) is observed in different kinds of cancer and associated
with poor prognosis in cancer patients. However, the relationship between Aurora-A and EGFR in tumour development was not clear. In
previous reports, we found that EGFR translocates to nucleus to activate Aurora-A expression after EGF treatment in EGFR-overex-
pressed cells. However, we also observed that not all the EGFR-overexpressed cells have the nuclear EGFR pathway to mediate the
Aurora-A expression. In this study, we demonstrated that EGF signalling increased the Aurora-A protein expression in EGFR-overex-
pressed colorectal cancer cell lines via increasing the translational efficiency. In addition, the overexpression of EGFR was also associ-
ated with higher expression of Aurora-A in clinical colorectal samples. Activation of the PI3K/Akt/mTOR and MEK/ERK pathways medi-
ated the effect of EGF-induced translational up-regulation. Besides, only the splicing variants containing exon 2 of Aurora-A mRNA
showed increased interaction with the translational complex to synthesize Aurora-A protein under EGF stimulus. Besides, the exon 2
containing splicing variants were the major Aurora-A splicing forms expressed in human colorectal cancers. Taken together, our results
propose a novel regulatory mechanism for the abnormal expression of Aurora-A in EGFR-overexpressed cancers, and highlight the
importance of alternative 5�-UTR splicing variants in regulating Aurora-A expression. Furthermore, the specific expression of exon 2
containing splicing variants in cancer tissues may serve as a potential target for cancer therapy in the future.
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signalling has been associated with many cancers, and the
development of new therapeutic agents targeting EGFR has
attracted attention [5, 6]. In colorectal cancer, EGFR overex-
pressed in 65–70% of tumours, and the extent of EGFR expres-
sion showed a positive correlation with poor prognosis [7].
Interestingly, it was reported that the Aurora-A protein occurred
in approximately 50–70% of patients with colorectal cancer.
There was also a trend that patients with negative expression of
Aurora-A protein showed slightly better survival rates than those
with positive protein expression in stage III colorectal cancer [8,
9]. Because EGFR and Aurora-A are all important prognosis indi-
cators in cancer development, it would be interesting to analyse
the relationship between EGF signalling and the activation of
Aurora-A expression in cancers.

Controlling the translation of mRNA is a fundamental event in
many aspects of cell metabolism. It organizes a critical step for the
control of gene expression, and hence cell growth, proliferation
and differentiation [10]. It was reported that the PI3K/Akt/mTOR
(mammalian target of rapamycin [mTOR]) signalling pathway
deeply affects mRNA translation through the phosphorylation of
downstream targets such as eukaryotic initiation factor 4E
(eIF4E)-binding protein (4E-BP) and ribosomal protein S6 kinase
(S6K) [11]. Because the activation of mTOR can mediate the
translation of mRNAs which are related to cell cycle progression,
cell survival, metastasis and angiogenesis, the deregulation of
PI3K/Akt/mTOR may result in tumorigenesis and metastasis [12].

Two kinds of EGFR signalling pathways were proposed to
mediate the EGF effects. One is the traditional EGFR signalling
pathway and the other is the nuclear EGFR signalling pathway. In
our previous report, the treatment of EGF can increase Aurora-A
gene expression through the nuclear EGFR signalling pathway,
where the EGFR translocated into the nucleus to act as a transcrip-
tional activator [13]. However, it is still interesting to check
whether the activation of traditional EGFR signalling pathway pos-
sesses the ability to transactivate the Aurora-A gene. In the pres-
ent study, we demonstrate that traditional EGFR signalling path-
way increased the protein expression level of Aurora-A through
activation of the translational machinery by the ERK and Akt path-
ways. A specific splicing variant of Aurora-A mRNA is responsible
for increasing translational efficiency under EGF stimulation.
Overall, our studies provide new insights into the regulation of
Aurora-A overexpression in cancers.

Materials and methods

Cell culture and drug treatment

LS174T cells were cultured in minimum essential medium � (MEM-�,
GIBCO, Invitrogen, Carlsbad, CA, USA). SW480 and SW620 cells were cul-
tured in Leibovitz’s L-15 medium (L-15, GIBCO). HT29 and HCT116 cells
were cultured in RPMI medium 1640. All media were supplemented with
10% foetal bovine serum (FBS), 100 �g/ml streptomycin and 100 U/ml

penicillin. In this series of experiments, cells were treated with 60 ng/ml
(10 nM) EGF in optimal serum-free conditions.

Quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) and RT-PCR

The qRT-PCR and RT-PCR reactions were performed as described previ-
ously [13]. The sequences of primers used for the PCR are described as
follows: Aurora-A forward, 5�-ATGGACCGATCTAAAGAAAAC-3�, and
reverse, 5�-CGATTCCTAAGACTGTTTGC-3�; and GAPDH forward, 5�-CCAT-
CACCATCTTCCAGGAG-3� and reverse, 5�-CCTGCTTCACCACCTTCTTG-3�;
Aurora-A 5�UTR forward F1, 5�-GTCAACCAATCACAAGGCAGC-3�, forward
F2, 5�-GCTGAGCTCTTGGAAGAC-3�, and reverse R1, 5�-CAGTTTTCTTTA-
GATCGGTCC-3�, reverse R2, 5�-GAAAATGCTGGGATTACGGG-3�. For the
qRT-PCR, first-strand cDNA was synthesized at 50�C for 60 min., followed
by a 10 min. denaturation at 95�C. PCRs were then perfumed in the same
tubes using the following conditions for 35 cycles: 95�C for 15 sec., 60�C for
15 sec. and 68�C for 30 sec. The sequences of primers used for the qRT-
PCR were as follows: human Aurora-A forward, 5�-AATGCCCTGTCTTACT-
GTCATTC-3� and reverse, 5�-TCCAGAGATCCACCTTCTCATC-3�; and human
RPL13A forward, 5�-CCTGGAGGAGAAGAGGAAAGAGA-3� and reverse, 5�-
TTGAGGACCTCTGTGTATTTGTCAA-3�. Real-time fluorescence monitoring
and a melting curve analysis were performed with LightCycler according to
the manufacturer’s recommendations (Roche Molecular Diagnostics,
Lewes, East Sussex, UK). Data were analysed by LightCycler software ver-
sion 3.5 (Roche Molecular Diagnostics) to determine the threshold cycle
(Cp) above the background for each reaction. The relative transcript
amount of the target gene, calculated using standard curves of serial RNA
dilutions, was normalized to that of RPL13A of the same RNA.

Reporter assay

Cells were transfected with the human Aurora-A promoter (–968 to �124 nt)
luciferase construct (pGL2-Aurora-A promoter) by LipofectAMINE 2000
(Invitrogen) according to the manufacturer’s instructions. Promoter activ-
ities of the Aurora-A gene under EGF treatment at various time-points were
calculated as described previously [13]. Briefly, 24 hrs following transfec-
tion, cells were serum-starved for another 24 hrs, then stimulated with 
60 ng/ml (10 nM) EGF under serum-free condition for various times, har-
vested and subjected to the luciferase assay using a dual-luciferase
reporter assay kit (Promega, Madison, WI, USA). After normalization with
Renilla luciferase activity, mean luciferase activities and standard devia-
tions were derived from three independent experiments.

Preparation of cell lysates 
and immunoblot analysis

For total cell lysates, cells from 10 cm plastic dishes were washed twice
with PBS and lysed with RIPA buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 0.1% NP-40, 0.5% sodium deoxycholate, 1 mM ethylenediaminete-
traacetic acid (EDTA) and 2 mM EGTA) containing 1 mM sodium ortho-
vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin and 
10 �g/ml aprotinin. The lysates were centrifuged at 12,000 � g for 5 min.
at 4�C. The supernatants were collected and stored at �70�C until used.
The immunoprecipitation complexes were resolved by SDS-PAGE and
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subjected to immunoblotting analysis as indicated in the figure legends.
Anti-EGFR (sc-03) and anti-phospho-ERK (sc-7383) antibodies were pur-
chased from Santa Cruz (Santa Cruz, CA, USA), anti-ERK1/2 (06–182) was
purchased from Upstate (Charlottesville, VA, USA), anti-Aurora-A
(ab13824) was purchased from Abcam (Cambridge, UK) and anti-�-tubulin
(DM1A) was purchased from Sigma (St. Louis, MO, USA), whereas 
anti-Akt (#9272), anti-phospho-Akt/Ser473 (#9271), anti-phospho-4E-
BP/Thr70 (#9455), anti-phospho-S6K/Thr389 (#9206) and anti-phospho-
mTOR/Ser2448 (#2971) were all from Cell Signaling (Beverly, MA, USA).

Pulse-chase assay

Serum-depleted cells were cultured in methionine-free medium for 2 hrs,
and then treated with 10 nM EGF for 1.5 hrs, followed by addition of 
300 �Ci 35S-methionine for 30 min. Cells were then harvested and lysed in
immunoprecipitation buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
5 mM EDTA, 0.5% Triton X-100, 0.1% NP-40 and 2 mM EGTA) containing
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
leupeptin and 10 �g/ml aprotinin. Non-specific binding was pre-cleared by
incubating with protein A agarose beads at 4�C for 1 hr, and then the clear
supernatant was collected for the immunoprecipitation assay using anti-
Aurora-A polyclonal antibodies (ab1287, Abcam) or normal rabbit
immunoglobulin G (IgG) (Santa Cruz). The immunoprecipitated protein
was analysed by 10% SDS-PAGE and autoradiography.

S6 immunoprecipitation assay

After serum-starvation, cells were treated with 10 nM EGF for 2 hrs, and
then cells were harvested and lysed in RNA-IP buffer (100 mM KCl, 10 mM
HEPES, 5 mM MgCl2, 1% Triton X-100, 0.5% Na-deoxycholate and 
100 unit/ml RNaseOUT (Invitrogen) and 100 �g/ml cycloheximide). One
milligram of total lysate was pre-cleaned, and then the immunoprecipita-
tion assay was performed by anti-ribosomal protein S6 polyclonal 
antibodies (sc-20085, Santa Cruz). The RNA in the immunoprecipitated
complex was purified with the Trizol reagent as the manufacturer’s instruc-
tions. The amounts of Aurora-A and GAPDH mRNA were evaluated by 
RT-PCR using the primers described above.

In vivo and in vitro translation assay

The in vivo translation assay was performed as described previously [14].
The Aurora-A mRNA 5�UTR isoforms were cloned into the pGL3 promoter
vector, which contains a SV40 promoter and a luciferase reporter. These
constructs were transient transfected into cells by LipofectAMINE 2000
(Invitrogen) according to the manufacturer’s instructions. Promoter activ-
ities of the pGL3 promoter carrying the different Aurora-A 5�UTR isoforms
under EGF treatment at various time-points were calculated as described
previously [14].

The in vitro translation assay was performed as described previously
[14]. Briefly, the fragments contained Aurora-A mRNA 5�UTR and luciferase
gene were subcloned into pGEM-7Z vector. After linearizing, these con-
structs were used to perform the in vitro transcription assay using the SP6
polymerase according to the manufacturer’s instructions (Promega). Equal
amount of RNA was incubated with 10 �g EGF-treated or untreated LS174T
lysate, respectively. Then in vitro translation assay in rabbit reticulocyte
lysates (Promega) was performed as described previously [14].

Immunohistochemistry

An immunohistochemical assay was performed as previously described
[15]. After dewaxing and rehydration, formalin-fixed and paraffin-embed-
ded sections were boiled in 0.01 M sodium citrated buffer (pH 6.0) to
retrieve the antigen. Expressions of the EGFR and Aurora-A were detected
by the ABC method. Briefly, after blocking endogenous peroxidase and
biotin, sections were incubated with anti-EGFR (sc-03, Santa Cruz) or anti-
Aurora-A antibodies (ab1287, Abcam). Sections were counterstained with
haematoxylin. The human colorectal samples were obtained according to
the guidelines and were approved by the Human Experiment & Ethics
Committee in National Cheng Kung University Hospital.

Results

Traditional EGF signalling pathway increases
Aurora-A expression in EGFR-overexpressed 
cells through ERK and Akt signalling pathways

In our previous report, the EGF signaling enhanced the transcrip-
tional activity of Aurora-A gene through the nuclear EGFR signal-
ing pathway in EGFR-overexpressed A431 cell was demonstrated
[13]. In that study, we observed that the Aurora-A mRNA increased
after long-term EGF stimulus in A431 cells (at least 18 hrs) [13];
 however, the protein expression of Aurora-A was induced in a  bi-
phase manner, which increased after 2 and 24 hrs EGF treatment
(Fig. 1A). Therefore, we concluded that the nuclear EGFR sig-
nalling pathway, where the nuclear EGFR serves as a transcrip-
tional coactivator, contributed to the increase expression of
Aurora-A after EGF treatment for 24 hrs but not 2 hrs. This result
prompts us to speculate whether traditional EGFR signalling path-
way regulates the protein expression of Aurora-A in the early stage
of EGF stimulus in EGFR-overexpressed cells.

To address it, Western blot analysis was performed to exam-
ine the expression levels of five cultured human colorectal cell
lines, which are all mediating the EGF signal through the tradi-
tional EGFR signalling pathway (Fig. 1B). The Aurora-A expres-
sion was observed in all of these colorectal cell lines, and the
EGFR was overexpressed in four of these cell lines (Fig. 1B).
Interestingly, the expression level of Aurora-A was enhanced by
EGF stimulation only in those EGFR-overexpressed cell lines
(Fig. 1B). To further characterize this phenomenon, LS174T
cells were treated with EGF, and the cell lysate was collected for
Western blot analysis. It showed that the expression of Aurora-
A appears to increase via time- and dose-dependent manners
(Fig. 1C). This phenomenon was abolished by pre-treating cells
with an EGFR inhibitor, AG1478, to block the EGF signalling
pathway (Fig. 1D). Moreover, it is interesting to examine which
signalling pathways mediated the EGF-enhanced Aurora-A
expression. As shown in Fig. 1E, the Akt and ERK signalling
pathways were activated after 30 min. of EGF treatment, and
then returned to an inactivation state after 1 hr of stimulation.



J. Cell. Mol. Med. Vol 14, No 6B, 2010

1523© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

In the same circumstance, the protein expression level of
Aurora-A reached a peak after 2 hrs of EGF treatment. When
cells were pre-treated with U0126, a MEK inhibitor, or wortman-
nin, a PI3K inhibitor, the expression level of Aurora-A was
blocked under EGF treatment, but not the control with DMSO
treatment (Fig. 1F). Furthermore, pre-treating the U0126 to
inhibit the ERK signalling pathway in A431 cells, the expression

of Aurora-A only decreased in the early stage (2 hrs), not in the
late stage (24 hrs), of EGF treatment (Fig. 1G). This result
strengthens our previous hypothesis that the traditional EGF
signalling pathway is also involved in the regulation of Aurora-
A expression under EGF treatment in EGFR-overexpressed cells,
and that the Akt and ERK signalling pathways play important
roles in mediating this signal.

30 min., followed by treatment with EGF for 2 hrs. The expressions of Aurora-A and EGFR were analysed as in (B). (E) EGF-stimulated cells were
 harvested at the indicated times, and the expressions of EGFR, Aurora-A, p-Akt, Akt, p-ERK, ERK and �-tubulin were analysed. (F) Cells were pre-treated
with U0126 or wortmannin for 30 min., followed by EGF treatment for 2 hrs (DMSO, vehicle control). �-Tubulin was used as the loading control. 
(G) The induction of Aurora-A by short-term (2 hrs) EGF treatment was inhibited by U0126. Serum-starved A431 cells were pre-treated without 
(lanes 2, 5) or with (lanes 3, 6) U0126 (10 �M) for 30 min. and then treated without (lanes 1, 4) or with EGF (10 nM) for 2 (lanes 2–3) or 24 hrs (lanes
5–6). Total lysates were harvested for performing the Western blotting analysis by using the indicated antibodies.

Fig. 1 EGF increases the expression level of Aurora-A through the activa-
tion of ERK and Akt signalling pathways in human colorectal cancer cell
lines. (A) The expression of Aurora-A was enhanced by EGF treatment in
a bi-phase manner. Total lysates from EGF treated A431 cells were
 harvested for performing the Western blot analysis to demonstrate the
expression of Aurora-A. The time-points indicated the duration of EGF
treatment. �-Tubulin was used as a loading control. (B) Five colorectal
cancer cell lines were treated with EGF for 2 (LS174T) or 3 hrs (SW480,
SW620, HT29 and HCT116), and then Western Blot analysis was
 performed. (C) LS174T cells were treated with EGF for various times as
indicated (left) or treated with 0, 30 or 60 ng/ml EGF for 2 hrs (right). The
lysates were analysed as in (B). The quantitative results are shown below.
Statistic results from three independent experiments. *, P 	 0.05; **, 
P 	 0.01; ***, P 	 0.001. (D) Cells were pre-treated with AG1478 for 
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Co-expression of the EGFR and 
Aurora-A in colorectal cancers

The result above indicates that the expression of EGFR is highly
important for the Aurora-A expression under EGF signal.

Therefore, it would be interesting to study the expression patterns
of Aurora-A and EGFR in clinical samples. To address it, the
expression levels of EGFR and Aurora-A were detected in 13 col-
orectal cancer specimens. From Fig. 2A, the co-expression of
EGFR and Aurora-A was found in 61.54% (8/13) of colorectal

Fig. 2 Co-expression of EGFR and
Aurroa-A, and activation of Akt and
ERK pathways in human colorectal
tissues. (A) The expression of the
EGFR and Aurora-A in normal colon
tissue (a and c) and colorectal can-
cer (b and d). Representative data
are shown. The statistical result of
the immunohistochemical staining of
13 human colorectal specimens is
shown below. (B) The expression
levels of the EGFR and Aurora-A and
the activation statuses of Akt
(Akt/pS473) and ERK (pERK) in
human normal colon tissues (N) and
colorectal cancers (Ca) were
analysed by Western Blot. The statis-
tical result is shown in right panel.
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cancer samples. And only 15.38% (2/13) exhibited a high expres-
sion level of Aurora-A, but no EGFR expression. Furthermore, the
activated statuses of PI3K/AKT and MEK/ERK signal pathways
were also verified. As shown in Fig. 2B, the Akt signal pathway
activation was noted in 87.5% (7/8) of colorectal cancers with
EGFR and Aurora-A co-expression; the ERK pathway was activated
in 50% (4/8) of samples and both the activated Akt and ERK were
detected in four samples (50%). Among them, 23.08% (3/13) of
colorectal cancers with elevated phosph-AKT activity did not
express the EGFR and the Aurora-A protein. It indicates that other
signaling pathways may contribute to the activation of Akt, but not
through the EGFR signal in those clinical samples. These results
showed a strong correlation between EGFR and Aurora-A expres-
sion in colorectal cancer. It also implied that the mechanism,
which EGF signaling enhances the expression of Aurora-A, under-
lies the development of colorectal cancer, and the Akt and ERK
pathways may also be involved in this regulation. 

Traditional EGF signalling pathway did not
 activate the Aurora-A mRNA expression in
 colorectal cancer cells

Transcriptional regulation of Aurora-A was reported in non-EGFR-
overexpressed H-1299 cells via Akt signal pathway [16]. To further
demonstrate whether the same mechanism is functional in EGFR-
overexpressed colorectal cancer cells, the expression level of
Aurora-A mRNA was examined after EGF stimulation. The result
showed that the expression of Aurora-A mRNA was maintained at
a constant level regardless of whether EGF was stimulated or not
(Fig. 3A). Blocking the ERK and Akt signal pathways, which regu-
lated the Aurora-A protein expression upon EGF treatment (Fig. 1F),
showed no effects on Aurora-A mRNA expression (Fig. 3B). In
addition, the promoter activity of the Aurora-A gene was also not
activated in response to EGF stimulus (Fig. 3C). Furthermore, cells
were pre-treated with actinomycin D to block the transcriptional
activity, and the protein expression level of Aurora-A under EGF
treatment was further increased (Fig. 3D). Overall, these results
indicated that transcriptional regulation was not involved in the
increase of Aurora-A protein in EGFR-overexpressed cells.

Traditional EGF signalling pathway activates
Aurora-A expression through the translational  
up-regulatory mechanism

Enhanced protein stability or protein synthesis rate are two major
regulatory mechanisms to increase protein expression. It was
reported that Aurora-A may be degraded by APC/CCdh1 complex
during mitotic exit [17]. To address whether elevated Aurora-A is
associated with increased protein stability, cells were treated with
EGF for 2 hrs prior to addition of cyclohexamide to block subse-
quent protein synthesis, and then the Aurora-A protein degrada-
tion rate with or without EGF treatment was measured. From 

Fig. 4A, the protein stability did not change under EGF stimula-
tion. In addition, the expression of the Cdh1, an E3 ubiquitin 
ligase, was also kept at a constant level during EGF stimulus 
(Fig. 4B). It indicated that the increased expression of Aurora-A
was not because of the decrease of protein degradation rate.
Therefore, whether the EGF signal enhances the translation effi-
ciency of Aurora-A mRNA was examined. First, the pulse-chase
assay was performed to examine the de novo protein synthesis of
Aurora-A mRNA upon EGF treatment. From Fig. 4C, the newly
synthesized Aurora-A protein increased under EGF treatment.
Furthermore, using the S6 immunoprecipitation assay, we
demonstrated that the association of Aurora-A mRNA with the
ribosomal S6 subunit increased under EGF treatment, indicating
that Aurora-A mRNA engaged in an active translation status 
(Fig. 4D). This phenomenon was also observed in other colorectal
cancer cell lines, such as HT29, HCT116 and SW480, and found
in the EGFR-overexpressed cervical cancer cell line, A431 (Fig. 4E).
Overall, these results suggested that a translational regulatory
mechanism might play an important role in controlling Aurora-A
expression under EGF signalling.

The PI3K/Akt/mTOR and MEK/ERK pathways 
regulate the EGF-induced Aurora-A 
protein translation

It was well established that the activated mTOR pathway regulates
the mRNA translation through the phosphorylation of its down-
stream targets such as eukaryotic initiation factor 4E-binding pro-
tein 1 (4E-BP1) and the ribosomal protein S6 kinase (S6K) [11]. To
further demonstrate that the EGF signal increases the Aurora-A
expression via translational regulation, the mTOR signal pathway
was analysed under EGF stimulus. From Fig. 5A, EGF signal aug-
mented the expression of Aurora-A and the phosphorylation forms
of Akt, mTOR, p70S6K and 4E-BP1 were increased (compare lanes
1 and 2). It indicated that the addition of EGF might turn on the
mTOR pathway to activate the translational machine. To address it,
the EGF-mediated activation of mTOR pathway was blocked by
rapamycin treatment. The result showed that the EGF-induced
Aurora-A protein increase was abolished (Fig. 5A, compare lanes 
5 and 6). On the other hand, we had demonstrated that the Akt and
ERK signalling pathways were involved in the expression of Aurora-
A under EGF treatment (Fig. 1F). By treating cells with U0126 and
wortmannin to inhibit the Akt and ERK pathways respectively, the
recruitment of Aurora-A mRNA to ribosome complex was abolished
(Fig. 5B). This result indicated that both Akt and ERK pathways 
regulate Aurora-A mRNA translation under EGF stimulus. In addi-
tion, it would be interesting to check whether these two pathways
are interfering the phosphorylation status of mTOR to increase the
Aurora-A mRNA translation. Addition of wortmannin inhibited the
Akt pathway to block the mTOR phosphorylation (Fig. 5C, compare
lanes 7 and 8) and then stopped the translation as expected (Fig. 5B).
Interestingly, the ERK inhibitor, U0126, showed no effects on 
mTOR pathway (Fig. 5C, lanes 3 and 4). This result implied that the
activated ERK might work on different targets, which are not
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through the mTOR signalling pathway, to regulate the Aurora-A 
protein synthesis.

A specific 5�-UTR splicing variant of Aurora-A
mRNA is recruited to ribosome complex after 
EGF treatment

The Akt/mTOR pathway targets the 4E-BP1 and S6K to regulate a
common translation mechanism. However, the ribosome complex
recruits a particular group of mRNAs, but not all, to translate their
proteins under EGF stimulation. In order to further demonstrate
whether the EGF-induced translational up-regulation is specific on

Aurora-A mRNA but not the other Aurora kinases family, the levels
of Aurora-B protein and Aurora-B mRNA that interacted with ribo-
some complex were examined (Fig. 5D). The data showed that the
expression level of Aurora-B is maintained constant after EGF treat-
ment. This result indicated that other factors might control the
selection function to make sure the translational machine synthe-
sizes the ‘right’ mRNA. In addition, our previous result also indi-
cated that blocking the ERK pathway to inhibit the Aurora-A protein
expression was not mediated by mTOR pathway (Fig. 5C, compare
lanes 3 and 4). Therefore, it is interesting to study what kind of cis-
or trans- factors determine the selective function. By searching the
NCBI database, the 5�UTR of Aurora-A mRNA is shown to contain
six types of alternative splicing variants (Fig. 6A). By using the 

Fig. 3 EGF does not alter the Aurora-A mRNA level in human colorectal cancer cell lines. (A) Serum-starved LS174T cells were treated with EGF for 3 hrs,
and total RNA was harvested. The expression levels of Aurora-A and GAPDH mRNA were detected by RT-PCR. The lower panel, serum-starved cells were
treated with EGF for different time-points, and the expression level of Aurora-A mRNA was quantified by real-time RT-PCR and normalized with RPL13A
(ribosomal protein L 13A). The mean 
 S.D. (error bars) was obtained from three independent experiments. (B) Neither U0126 nor wortmannin changed
the expression level of Aurora A mRNA under EGF treatment. The expression of Aurora-A mRNA was analysed as in (A). (C) Cells were transiently trans-
fected with the Aurora-A promoter-luciferase construct. After starvation, cells were treated with EGF for 0, 4, 18 and 24 hrs, and the reporter assay was
performed with a dual luciferase assay kit. The mean 
 S.D. was obtained from three independent experiments. (D) Serum-starved cells were pre-treated
with actinomycin D for 30 min., followed by EGF for another 2 hrs. The expressions of Aurora-A and �-tubulin were analysed by Western Blot.



J. Cell. Mol. Med. Vol 14, No 6B, 2010

1527© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

specific primers to amplify the 5�UTR of Aurora-A mRNA, we
observed that four splicing variants (133/147 and 243/257 bps)
dominantly expressed in LS174T cells, and the expression level
remained constant with or without EGF treatment (Fig. 6B).
However, only the splicing variants – 243/257 bps (contained the

exon 2) – were enhanced to bind with the translational complex
after EGF treatment (Fig. 6C). To further demonstrate the exon 2
fragment is responsible for EGF-induced translational activation,
the in vivo and in vitro translation assay were performed. From 
Fig. 6D, the specific exon 2-contained fragments increased the

Fig. 4 EGF increases the translational efficiency of Aurora-A mRNA. (A) LS174T cells were treated with EGF (10 nM) for 2 hrs and then further incu-
bated with the translational inhibitor, cyclohexamide (CHX, 0.2 �g/ml), for additional 0, 0.5, 1, 2 and 3 hrs. The protein level of Aurora-A was measured
by Western blot analysis. Relative protein levels of Aurora-A were normalized to GAPDH. And the quantitative results from three independent experi-
ments was shown below. (B) The expression level of Cdh1 under EGF treated (�) or not (–) was examined by Western blot analysis. (C) 35S-methion-
ine labelled Aurora-A was immunoprecipitated from LS174T cell lysates by anti-Aurora-A antibodies. The immunoprecipitated product was separated
by 10% SDS-PAGE and analysed by radiography. (D) Equal amounts of EGF-stimulated cell lysates were used for the ribosomal protein S6-immuno-
precipitation assay. The amount of Aurora-A mRNA in the S6-IP complex was analysed by RT-PCR. Quantitative results are shown in the right panel.
The mean 
 S.D. was obtained from three independent experiments. (w, water control; ***, P 	 0.001). (E) Amounts of Aurora A mRNA in the S6-IP
complexes of SW480, HT29, HCT116 and A431 cells were analysed as described in (C). (w, water control).



1528 © 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

translation efficiency under EGF stimulation. Moreover, EGF
enhanced the report gene expression only in the construct contain-
ing exon 2 splicing form in LS174T cells (Fig. 6E). The S6-IP assay
further showed the increased association of the exon 2 containing
construct with ribosomal complex after EGF stimulation (Fig. 6E).
Besides, by examining the Aurora-A mRNA splicing variants that
existed in human colorectal cancers, the exon 2 containing variants
(243/257 bps) were dominantly expressed in these samples 
(Fig. 6F). Combining these results, they imply that the exon 2
region of Aurora-A mRNA may play a crucial role in modulating the
translational efficiency under EGF treatment. Moreover, the unique
expression pattern of exon 2 containing 5�UTR in cancer tissues
may provide it a role as a potential target for future pharmaceutical
purposes.

Discussion

Deregulation of Aurora-A is highly correlated with tumour progres-
sion and the poor prognosis [3, 4]. Known instances of Aurora-A
overexpression in cancers are through gene amplification, RNA

transcriptional up-regulation and prolonged protein stability 
[18, 19]. No literature has reported whether translational regulation
exists for increased expression of Aurora-A in cancer cells. This
study is the first report to demonstrate that translational activation
may up-regulate the expression of Aurora-A in cancers. In addition,
two pathways, MEK/ERK and the PI3K/Akt/mTOR, were identified
which regulate the translation of the Aurora-A protein (Fig. 1).

The constitutive activation of EGFR is proposed to play a role in
chromosome instability [20, 21]. This phenomenon was also
observed in cancers in which the Aurora-A protein was overex-
pressed [22]. Our study was designed to investigate the relation-
ship between the overexpression of EGFR and Aurora-A in tumour
cells. There are two routes for the EGF/EGFR signalling pathway:
the traditional/cytoplasmic signalling pathway and a novel nuclear
translocation pathway [23]. Previously, we demonstrated that EGF
increased the expression of Aurora-A mRNA through the nuclear
EGFR pathway. When cells were treated with EGF, the activated
EGFR is translocated into the nucleus and acts as a transcription
activator to interact with STAT5 to increase the expression of the
Aurora-A gene in EGFR-overexpressing tumours or cells [13].
Besides, we observed a bi-phase increase in Aurora-A protein
expression in A431 cells after treatment with EGF for 2 and 24 hrs,

Fig. 5 Activation of the ERK and Akt signalling pathways is important for EGF-increased Aurora-A overexpression. (A) In LS174T cells, the expression
of Aurora-A, the activation of mTOR (p-mTOR/S2448) and its substrates, 70S6K (p-p70S6K/T389) and 4E-BP1 (p-4E-BP1/T70), were activated by EGF
treatment (lanes 1–2). The addition of the mTOR inhibitor, rapamycin, blocked EGF effect on Aurora-A protein expression (lanes 3–6). (B) The amount
of Aurora-A mRNA in the S6-IP complexes of U0126- or wortmannin pre-treated cells was analysed by RT-PCR as described in Fig. 4D. (C) Serum-
starved cells were pre-treated with U0126 or wortmannin, followed by EGF treatment as described above. The phosphorylation status of mTOR (p-
mTOR), ERK (pERK) and Akt (pAkt) was analysed. (D) The expression levels of Aurora-A and Aurora-B were analysed by the Western blot analysis in
cells which are EGF-treated (�) or not (–) (lanes 1–2). And the amount of Aurora-A or Aurora-B mRNA in the S6-IP complexes were examined (lanes
3–6). w: H2O negative control.
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respectively (Fig. 1A). Using U0126 to inhibit the ERK signalling
pathway, the expression of Aurora-A only decreased in the early
stage, not the late stage, of EGF treatment (Fig. 1G). This indicates
that another mechanism may exist, in addition to the nuclear EGFR
pathway, which regulates Aurora-A expression under EGF treat-
ment. To address this hypothesis, LS174T cells, which overexpress
the EGFR but not exhibit the nuclear EGFR pathway (Fig. 1B, the
expression of EGFR decreased after EGF treatment), were used to
dissect the regulatory mechanism under the cytoplas-
mic/traditional EGF/EGFR signalling pathway. The result indicated

that EGF increased Aurora-A protein translation (Fig. 1), but not the
amount of Aurora-A mRNA (Fig. 3). Furthermore, the ribosomal S6
protein immunoprecipitation assay showed increased binding of
Aurora-A mRNA with the ribosome complex which activates its
translation under EGF treatment (Fig. 4D). Combining these results,
we concluded that the short-term treatment of EGF might result in
the translational up-regulation of Aurora-A mRNA, whereas the
transcriptional regulation of Aurora-A might involve in the long-
term EGF treatment. How cells determine the fate of EGFR routes,
to translocate into nucleus or to undergo the cytoplasmic sig-

Fig. 6 The exon 2 containing Aurora-A mRNA plays an important role in response to EGF treatment. (A) Schematic of Aurora-A mRNA 5�-UTR isoforms,
and the location of primer pairs used for identifying the expression pattern of Aurora-A 5�UTR (F1 and R1) and S6-IP followed PCR (F2 and R2) are
indicated. (B) The 133/147 bps and 243/257 bps 5�UTRs were dominantly expressed in LS174T cells, and the expression levels of Aurora-A mRNA and
its 5�UTR isoforms were not changed under EGF stimulus. (C) The S6 ribosomal protein-associated Aurora-A mRNA was detected by primer pair F2/R2
located on the 5�UTR as indicated in (A). (D) Equal amount of RNA from different splicing variant, 133 bps and 243 bps, were incubated with EGF-
treated or untreated lysates and then performed the in vitro translation assay. (E) The constructs of pGL3-promoter contained different Aurora-A 5�UTR
splicing forms (243 bps and 133 bps) were transient transfected into cells, and then the reporter assays were performed. The expression level of
luciferase mRNA was used for indicating the similar amount of mRNA. In the lower panel, the S6-IP assays were also conducted to exam the associa-
tion of splicing form 243 bps with translational complex under EGF stimulation. (***, P 	 0.001) (F) The expression pattern of Aurora-A 5�UTRs in
human normal colon tissues (N) and colorectal cancers (Ca). GAPDH as an internal control.
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nalling, remain unclear. In this report, the novel control mechanism
of Aurora-A expression via translational regulation was identified.
This mechanism provides evidence that cells can regulate impor-
tant cell cycle-related genes, such as Aurora-A, through multiple
pathways to ensure their proper expression. It also provides strong
evidence to support the idea that the Aurora-A protein is involved
in cancer development in EGFR-overexpressing cancer cells.

Activation of Akt and Ras pathways was reported that can coop-
erative control translation in cancer cells [24]. The PI3K/Akt sig-
nalling pathway occurs at an early stage of cancer formation [11],
and it is activated by stimulation of extracellular signals, including
the EGFR, insulin-like growth factor-1 receptor, integrin and the G-
protein-coupled receptor [25]. One of the well-known pathways
promoted the survival of cancer cells by activating mTOR/S6K is
through the increasing protein translation, and then lead to the
effects on the cell cycle progression [11, 25, 26]. This study pro-
vides a linkage between the activated EGF/EGFR-PI3K/Akt/mTOR
pathways with the overexpressed Aurora-A in cancer cells, and
therefore confirms that complex multiple factors are involved in
cancer formation. In addition, another effort of this study was to
characterize the activated MEK/ERK pathway that may also partici-
pate in the overexpression of Aurora-A in cancer cells. ERK is
another notable downstream target of the activated EGFR, and
aberrant activation of the ERK pathway may lead cells to tumorige-
nesis [27]. Interestingly, it was reported that the activated MAPK
pathway may directly up-regulate the Aurora-A gene in pancreatic
cancer [28]. However, we demonstrated that EGF-induced activa-
tion of the ERK pathway did not activate the Aurora-A promoter, but
indeed participated in increasing the protein expression of Aurora-
A in colorectal cancers and cervical cancer cells (Figs 3, 4C and D).
The discrepancy between these results may have been because of
the different microenvironments among the different cell types
(pancreatic cancer cells vs. colorectal and cervical cancer cells).

Although both the PI3K/Akt and MEK/ERK pathways are critical
in regulating Aurora-A protein translation, the regulatory mecha-
nism may different. The PI3K/Akt pathway increases the phospho-
rylation mTOR and enhances the translation efficiency.
Nevertheless, the treatment with the MEK inhibitor, U0126, did not
inhibit the phosphorylation status of mTOR (Fig. 5C), indicating that
the activated ERK pathway might not work through the activation of
mTOR to increase the translational efficiency. Furthermore, it was
reported that the EGF-induced activation of the PI3K/Akt/mTOR
pathway can inhibit lactogenic differentiation in HC11 cells [29].
This implies that cells can selectively activate the translation of cer-

tain proteins and inhibit others. This regulation may occur through
an interaction between selective protein(s) with its target mRNA,
and then the translational complex was recruited to the target mRNA
via this selective protein. Therefore, we postulate that the ERK path-
way may regulate a selective protein to enhance the formation of
translational initiation complex on the Aurora-A mRNA.

The 5�-untranslated region (5�UTR) of mRNA may be the target
site where the selective proteins interact and thus plays an impor-
tant role in its translational regulation [30]. Alternative pre-mRNA
splicing plays a crucial role in the production of proteome complex-
ity and influences development and disease. Numerous genome-
wide analyses estimated that 35–94% of all human genes appear to
undergo alterative splicing, and lots of cancer-specific transcript
variants were identified [31, 32]. Currently, the analyses of splice
variants that are found predominantly in tumour have clear diagnos-
tic value and may provide potential drug targets [33]. Interestingly,
Aurora-A mRNA has six kinds of 5�-UTR variants (according to the
NCBI databank). The expression of different 5�UTR alterative splic-
ing variants of Aurora-A in breast cancer cell lines and primary
tumours had been reported [34]. However, the functional role of
these variants was unclear. Here we found the exon 2 variant con-
tributes to the protein expression of Aurora-A under EGF treatment.
Moreover, the exon 2 containing variants – 243/257 bps is domi-
nantly expressed in tested human cancer tissues (Fig. 6F). It would
be interesting to study the correlation between exon 2 variant and
colorectal cancer development in the future.

In summary, this report provides a novel regulatory mecha-
nism for Aurora-A protein expression, and highlights the relation-
ship between EGF signalling and Aurora-A expression. Most
importantly, the recruitment of specific splicing variants of
Aurora-A mRNA in regulating Aurora-A protein expression pro-
vides a new approach in studying the gene expression under
tumour development.
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