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Aurora-A, a mitotic serine/threonine kinase with oncogene characteristics, has recently drawn intense
attention because of its association with the development of human cancers and its relationship with mitotic
progression. Using the gene expression profiles of Aurora-A as a template to search for and compare tran-
scriptome expression profiles in publicly accessible microarray data sets, we identified HURP (encodes hep-
atoma upregulated protein) as one of the best Aurora-A-correlated genes. Empirical validation indicates that
HURP has several characteristics in common with Aurora-A. These two genes have similar expression patterns
in hepatocellular carcinoma, liver regeneration after partial hepatectomy, and cell cycle progression and across
a variety of tissues and cell lines. Moreover, Aurora-A phosphorylated HURP in vitro and in vivo. Ectopic
expression of either the catalytically inactive form of Aurora-A or the HURP-4P mutant, in which the Aurora-A
phosphorylation sites were replaced with Ala, resulted in HURP instability and complex disassembly. In
addition, HURP-wild-type stable transfectants were capable of growing in low-serum environments whereas
HURP-4P grew poorly under low-serum conditions and failed to proliferate. These studies together support the
view that the ability to integrate evidence derived from microarray studies into biochemical analyses may
ultimately augment our predictive power when analyzing the potential role of poorly characterized proteins.
While this combined approach was simply an initial attempt to answer a range of complex biological questions,
our findings do suggest that HURP is a potential oncogenic target of Aurora-A.

Human Aurora kinases have three gene family members,
Aurora-A, Aurora-B, and Aurora-C (30). The Aurora kinases
have a conserved catalytic domain at the C terminus and are
distinguished by a noncatalytic region at the N terminus (re-
viewed in references 4, 7, and 12). Aurora-A is highly ex-
pressed in mitosis and localized to the centrosome in prophase;
subsequently it spreads to the mitotic spindles/centrosomes,
where it stays until the end of mitosis (4). Aurora-B, on the
other hand, is at the centromere during G2 and completely
relocalizes to the midzone at anaphase (13, 36). Finally, Au-
rora-C is localized to centrosomes from anaphase to cytokine-
sis (22). Aurora-A has recently drawn intense attention be-
cause of its association with the development of human cancers
and its relationship with mitotic progression (reviewed in ref-
erences 4 and 12). Aurora-A maps to chromosome region
20q13.2 (37), in which DNA amplification is frequently ob-
served in various human cancers (34, 43, 44). Ectopic expres-
sion of wild-type but not catalytically inactive Aurora-A trans-
forms Rat-1 and NIH 3T3 cells, and the transformants can
grow into tumors in nude mice, suggesting that the kinase
possesses oncogenic potential (5, 54). In human tumors, gene
amplification and/or elevated expression of Aurora-A has been

detected in a significant proportion of pancreatic (26), breast
(29, 42), prostate (3), gastric (33), bladder (35), ovarian (15),
and colorectal (41) cancers; hepatocellular carcinoma (38);
and non-Hodgkin’s lymphoma (53). In short, Aurora-A has
been implicated as involved in a range of cell cycle regulation
processes and cell transformation processes; however, it is not
yet established what signals are relayed by its activity.

To fully understand how a protein kinase regulates biologi-
cal processes, it is imperative to first identify its substrate(s) or
interacting protein(s). However, using the traditional biochem-
ical approaches, this still remains a significant challenge. Re-
cently, the development of microarray technology, which per-
mits us to monitor transcriptomes on a genome-wide scale, has
dramatically expedited a more comprehensive understanding
of the gene expression profiles, for example, how the transcrip-
tion profiles of genes vary across the cell cycle (for an example,
see reference 51). There are a growing number of cases where
cell cycle-regulated genes are typically involved in cell cycle-
specific processes and are expressed at peak levels at the time
that they are needed for their particular function(s). To illus-
trate this point, we have used the gene expression profiles of
Aurora-A, which is highly expressed in various cancer cells and
during mitosis, as a template to search for and compare tran-
scriptome expression profiles in publicly accessible microarray
data sets through clustering analysis. This resulted in the iden-
tification of HURP (encodes hepatoma upregulated protein) as
one of the best Aurora-A-correlated genes. This data-mining
approach may be one of the easiest available means of gaining
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insight into the functional concordance of coexpressed genes,
particularly when studying novel, poorly characterized genes.

Initially identified through bioinformatic analysis performed
to identify potentially important regulatory genes involved in
growth control of human hepatocellular carcinoma (HCC)
(50), HURP is a cell cycle-regulated gene characterized by the
fact that it is highly expressed during the G2/M phase in HeLa
cells and this is followed by a sharp decline in early to middle
G1 phase. Immunolocalization studies indicate that HURP
localizes to the spindle fibers during mitosis (50). Elevated
HURP gene expression is highly associated with HCC (50),
colon and breast cancers, and urinary bladder transitional-cell
carcinoma (8, 18), suggesting that HURP may play a role in
carcinogenesis. In fact, HURP overexpression in 293T cells
results in enhanced cell growth at low serum levels and under
polyhema-based, anchorage-independent growth conditions,
implying that HURP, when abnormally upregulated, possesses
transforming activity. In addition to transcriptional regulation,
HURP quantity is also controlled by Cdk1/cyclin B at the
posttranslational level. Cdk1/cyclin B-mediated multiple-site
(Ser67, Thr329, Thr401, Thr402, Ser618, Thr639, Ser642, Thr759,
and Ser839) phosphorylation of HURP promotes its association
with SCFFbx7 ubiquitin ligase, leading to HURP ubiquitination
and subsequent proteolysis by the proteasome (17). Accord-
ingly, it appears very likely that the function and regulation of
the quantity of HURP in cells are important to normal cell
physiology, but the exact mechanisms involved remain to be
determined.

The purpose of this study was to evaluate data-mining meth-
ods by investigating the functional correlation between Auro-
ra-A and HURP in terms of common expression-profiling clus-
ters in various tissues and cell lines and in a panel of
synchronized cell cycles, with the aim of determining whether
HURP may act in concert with Aurora-A in silico. Subsequent
examination by quantitative reverse transcription-PCR (Q-RT-
PCR) confirms that Aurora-A and HURP have similar expres-
sion patterns in HCC tissues and in regenerating mouse liver
after partial hepatectomy. Partial colocalization of the proteins
they encode to spindles has fueled further studies and identi-
fied HURP as a substrate of Aurora-A in vitro. Phosphoryla-
tion of HURP by Aurora-A may modulate HURP function at
the level of HURP stability, complex assembly, and cell sur-
vival in low-serum environments. We propose that Aurora-A
may be involved in the regulation of HURP function, possibly
by altering its stability or its ability to interact with other
associated molecules.

MATERIALS AND METHODS

Liver regeneration procedures. Male BALB/c mice, 6 to 8 weeks old and
weighing 20 to 25 g, were purchased from the animal center of the National
Science Council, Taiwan, Republic of China. They were fed a standard diet and
water ad libitum, and treatment followed the regulations in the Guide for the Care
and Use of Laboratory Animals (National Academy Press, Washington, D.C.,
1996). These studies were approved by the Institutional Animal Care and Use
Committee of the National Yang-Ming University. Under ketamine anesthesia
(50 mg/kg given intraperitoneally), a midline incision was made and a 70%
partial hepatectomy was performed as described by Higgins and Anderson (16).
Resected livers were weighed and frozen in liquid nitrogen before storage at
�80°C. Mice were allowed to recover with free access to food and water until
they were sacrificed at 0.25, 4, 24, 36, 48, 72, 96, 120, 168, and 240 h after partial
hepatectomy (six or more in each group at each time point). Liver samples were
immediately frozen in liquid nitrogen and stored at �80°C.

RNA preparation and Q-RT-PCR. Total RNA was isolated from the five pairs
of HCC tissues and regenerated mouse livers as described earlier (50). RNA was
quantified by spectrophotometry at 260 nm. cDNA was prepared from the total
RNA of the HCC samples and regenerated mouse livers using SuperScript
RNase H reverse transcriptase (BRL). Expression of Aurora-A and HURP in
tissue samples was analyzed by the SYBR Green quantitative PCR according to
the manufacture’s protocol (PE Applied Biosystems). The primers for HURP
were as follows: forward, 5�-AAAGTTGTGCAGCCTGTAATGC-3�; reverse,
5�-CTGTTCTGGGAACCTGCTTTG-3�. Those for Aurora-A were as follows:
forward, 5�-TTCCAGGAGGACCACTCTCTGT-3�; reverse, 5�-TGCATCCGA
CCTTCAATCATT-3�. All of the primers were tested for nonspecific amplicons
and primer dimers by visualizing the PCR products on 2% agarose gels before
performing Q-RT-PCR. The primers used did not generate any nonspecific or
primer dimer products. The cDNA product from each sample was diluted 200-
fold and then used to perform a quantitative PCR. Each 10 �l of the quantitative
PCR mixture for the SYBR Green system contained 5 �l of 2x SYBR Green
Master Mixture, 4 �l of 200-fold-diluted cDNA product mixture, and 0.5 �l each
of the 6 �M PCR forward and reverse primers (with a final reaction concentra-
tion of 300 nM). The values from the Q-RT-PCR were normalized to the
housekeeping genes for glyceraldehyde-3-phosphate dehydrogenase and �2-mi-
croglobulin. A 2delta-CT (where CT is the threshold cycle) method was used.
Briefly, the CT value of the internal control gene was used to calculate normal-
ized target gene expression, referred to as 2delta-CT, in order to correct for
differences between samples. Assays were performed in triplicate using an Ap-
plied Biosystems model 7700 instrument.

Construction of expression vectors and site-directed mutagenesis. All restric-
tion enzymes were purchased from New England BioLabs. Human full-length
Aurora-A (23), Aurora-B (46), Aurora-C (22), and HURP (50) cDNAs (or their
mutant variants) were subcloned into pGEX4T, pET32a, FLAG-CMV2
(Kodak), or a modified version of pcDNA3.0 (Invitrogen), with an HA epitope
tag for mammalian expression and a T7 promoter for an in vitro coupled tran-
scription-translation reaction. Various HURP phosphorylation site and deletion
mutants and a catalytically inactive (kinase-dead [KD]) mutant form of Aurora-A
were generated by PCR-based mutagenesis (QuikChange site-directed mutagen-
esis kit; Stratagene) employing HURP or Aurora-A as the template.

Preparation of recombinant protein, in vitro kinase reactions, and phosphor-
ylation site determination. Human HURP cDNA was subcloned into expression
vector pET32a (Novagen), expressed as a His-tagged fusion protein, and purified
by nickel-agarose chromatography (QIAGEN) as described earlier (50). Human
Aurora-A and -B cDNAs were subcloned into the expression vector pGEX4T,
expressed in Escherichia coli strain BL21(DE3) as a glutathione S-transferase
(GST) fusion protein, and purified as described previously (49). The purified
recombinant HURPs, histone H1, histone H2A, and myelin basic protein were
incubated, respectively, with E. coli-expressed, GST-tagged Aurora-A/B or bac-
ulovirus-expressed His-tagged Aurora-C (49) in kinase buffer A (25 mM Tris
HCl, pH 7.4, 10 mM MgCl2, 10 �M ATP, 2 mM EGTA, 1 mM dithiothreitol, 1
mM Na3VO4, 0.5 mM phenylmethylsulfonyl fluoride, 10% glycerol) coupled with
2.5 �Ci [�-32P]ATP (Perkin-Elmer Life and Analytical Sciences) at 30°C for 30
min. Cell lysates of TM4 were isolated from the Sertoli cell line containing an
uncharacterized p16 protein as the substrate of Aurora-C (49). The kinase
reaction volumes were 40 �l and were terminated by adding sodium dodecyl
sulfate (SDS) sample buffer; they were then analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE), followed by autoradiography. Alternatively, various
hemagglutinin (HA)-tagged HURP constructs were used as templates for in vitro
transcription and translation (TNT Quick Coupled Transcription/Translation
Systems from Promega) in the presence of [35S]methionine. The procedures
were done according to the manufacture’s instructions. [35S]methionine-labeled
HURP was incubated with recombinant GST–Aurora-A-WT or -KD in kinase
reaction buffer B (25 mM Tris HCl, pH 7.4, 10 mM MgCl2, 100 �M ATP, 2 mM
EGTA, 1 mM dithiothreitol, 1 mM Na3VO4, 0.5 mM phenylmethylsulfonyl
fluoride, 10% glycerol) at 30°C for 30 min. In general, the reaction volumes were
40 to 50 �l. For phosphorylation site determination, E. coli-expressed recombi-
nant His-tagged HURPs were incubated with GST-tagged recombinant Auro-
ra-A in kinase buffer B. After reaction at 30°C for 30 min, samples were sub-
jected to SDS-PAGE and stained with Coomassie blue. HURPs were carefully
sliced from the gel, and the phosphorylation sites were determined by liquid
chromatography-tandem mass spectrometry (LC MS/MS) analysis as previously
described (48).

Cell culture, cell cycle synchronization, and transient transfection. All cell
lines were purchased from the American Type Culture Collection, and all cell
culture-related reagents were purchased from Invitrogen. Cells were maintained
in a humidified incubator at 37°C in the presence of 5% CO2 and grown in
Dulbecco modified Eagle medium containing 10% heat-inactivated fetal bovine
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serum (FBS), 2 mM glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin.
Transient transfection of the cells was performed with Lipofectamine (Invitro-
gen) according to the manufacturer’s instructions. Mixed stable transfectants of
HURP were generated by transfecting 293T cells with HA-tagged HURP-WT or
HURP-4P plus a plasmid containing a puromycin resistance marker and then
isolating and culturing them in selective culture medium with puromycin (1
�g/ml; Sigma). To synchronize 293T cells in mitosis, exponentially growing cells
were incubated with 50 ng/ml nocodazole (Sigma) or 100 �M monastrol (Sigma)
for 14 h. Cells were released into cell cycle progression by removing the nocoda-
zole or monastrol, followed by incubation with fresh medium containing cyclo-
heximide (50 �g/ml; Sigma), which blocks de novo protein synthesis. Continuous
time point samples were collected for the various assays.

Preparation of cell extracts, dephosphorylation assay, and Western blot anal-
ysis. Cell-free lysates were prepared as described earlier (17). Briefly, cells were
harvested, washed with phosphate-buffer saline, and lysed in extraction buffer,
which was composed of (i) 50% lysate buffer, consisting of 20 mM piperazine-
N,N�-bis(2-ethanesulfonic acid) (PIPES; pH 7.2), 100 mM NaCl, 1 mM EDTA,
0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
10% sucrose, 1 mM dithiothreitol, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, and 10 �g/ml each of leupeptin, aprotinin, chymostatin, and pepstatin,
and (ii) 50% immunoprecipitation washing buffer (50 mM HEPES, pH 7.6, 2
mM MgCl2, 50 mM NaCl, 5 mM EGTA, 0.1% Triton X-100, 40 mM �-glycerol-
phosphate). After incubation at 4°C for 30 min, cellular debris was removed by
centrifugation at 13,000 rpm for 10 min in an Eppendorf centrifuge. Protein
concentrations were determined using the Bradford assay (Bio-Rad). To per-
form the protein dephosphorylation experiment, lysates (50 �g) were incubated
with 400 U of � phosphatase (New England Biolabs) in � phosphatase reaction
buffer (50 mM Tris, pH 7.8, 2 mM MnCl2, 5 mM dithiothreitol) at 30°C for 30
min. To increase the separation of the phosphorylated and unphosphorylated
forms of the protein, equal amounts of treated and untreated total lysates were
loaded side by side on a 20-cm SDS-PAGE gel, and the acrylamide-to bisacryl-
amide ratio was adjusted from 29:1 to 100:1. Proteins were transferred to poly-
vinylidene difluoride (PVDF) membrane (Millipore) and detected with antibod-
ies by Western blotting analysis. The antibodies used were anti-FLAG
monoclonal antibody (M2; 1:2,000) and antiactin monoclonal antibody (1:5,000)
purchased from Sigma, anti-HA monoclonal antibody (3F10; 1:2,000) purchased
from Roche Diagnostics, anti-Aurora-A polyclonal antibody (ARK-1 [H130];
1:1,000) purchased from Santa Cruz Biotechnology, anti-HURP monoclonal
antibody raised against whole molecular recombinant HURP, and anti-cyclin B1
monoclonal antibody purchased from BD Transduction (1:2,000). The PVDF
membrane was blocked with 5% bovine serum albumin–phosphate-buffered sa-
line–0.1% Tween 20. The appropriate antibody was incubated with the mem-
brane at 4°C overnight. The membrane was then washed with phosphate-buff-
ered saline–Triton X-100 at room temperature for 30 min, and this process was
repeated three times. The primary antibodies were detected using alkaline phos-
phatase-conjugated or horseradish peroxidase-conjugated anti-mouse or anti-
rabbit antibody, as appropriate (1:2,000 to 1:5,000; Perkin-Elmer Life Sciences),
and Nitro Blue Tetrazolium–5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(BCIP; Promega) or Western Lighting (Perkin-Elmer Life Sciences) detection
reagents.

Small interfering RNA (siRNA). To generate functional siRNA, we designed
a gene-specific insert that was specific for a 19-nucleotide stretch of the Auro-
ra-A sequence (ATGCCCTGTCTTACTGTCA) (24) or the HURP sequence
(CGAGAGTGATGTTCGAGCA), and each was separated by a 9-nucleotide
noncomplementary spacer (TTCAAGAGA) from the reverse complement of
the same 19-nucleotide sequence. This insert was then subcloned into the pSU-
PER vector system described previously (6) to direct the synthesis of siRNA in
mammalian cells. Briefly, pSUPER vector was digested with BglII and HindIII,
and annealed oligonucleotides (pSUPER-Aurora-A, 5�gatccccATGCCCTGTC
TTACTGTCAttcaagagaTGACAGTAAGACAGGGCATtttttggaaa3�; pSUPER-
HURP, 5�gatccccCGAGAGTGATGTTCGAGCAttcaagagaTGCTCGAACATCA
CTCTCGtttttggaaa3� [where uppercase letters indicate siRNA sequences]) ligated
into the vector.

Gel filtration chromatography. Cell lysates were clarified by centrifugation at
14,000 rpm for 1 h in a Beckman F2402H rotor at 4°C, followed by filtration
through a 0.45-�m-pore-size membrane. Samples (100 �l containing roughly 2.5
mg of total protein) were subjected to gel filtration chromatography at a flow rate
of 0.2 ml/min on a Superdex 200 column (HR 10/30; Pharmacia) equilibrated in
buffer (50 mM Na2HPO4, 0.15 M NaCl, pH 7.0). The size of the fractions
collected was 250 �l. The molecular size standards (Pharmacia) were blue dex-
tran (2,000 kDa), thyroglobulin (670 kDa), ferritin (440 kDa), aldolase (158
kDa), and ovalbumin (44 kDa).

MTT assay for low-serum growth. Various 293T cell pooled stable clones (5 �
103) were seeded into 96-well plates with either 10% or 0.5% FBS for 1 to 4 days,
and this was followed by an MTT assay (optical density at 570 nm [OD570]) to
quantify cell growth. Briefly, 100 �l of 2-mg/ml MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide; Sigma) solution was added and incubated
with the cells at 37°C for 3 h to allow the color to develop. Subsequently, the
medium was removed and 100 �l of dimethyl sulfoxide was added for 5 min at
room temperature to extract the colored product produced by living cells. The
purple end product was quantified using a spectrophotometer (OD570). Data
were normalized against the OD570 value on day 1 of each pooled stable clone.

RESULTS

HURP and Aurora-A have similar expression patterns. Ge-
nome-wide microarray analysis has been increasingly em-
ployed to monitor global gene expression and provide insights
into the molecular mechanisms of gene function. We used the
unique expression profile of Aurora-A, which is highly ex-
pressed in cancer cell lines and during mitosis, as a template to
search for and compare the transcriptome expression profiles
stored in publicly accessible microarray data sets. Using this
approach, we have identified a number of potential Aurora-A-
related genes. The aim was to identify genes that share their
expression profiles with Aurora-A and thus are classified in the
same cluster as Aurora-A. No matter which clustering algo-
rithm is used, HURP is one of the candidate genes. The HURP
expression profile exhibits a correlation with that of Aurora-A
in the Normal Tissue Atlas database (http://expression.gnf.org;
Fig. 1B) (39) and in the HeLa cell cycle profile database (http:
//genome-www.stanford.edu/Human-CellCycle/HeLa; Fig. 1A)
(51). Expression of the two genes oscillates during the cell
cycle, and upregulation and downregulation occur at the same
times (Fig. 1A). Additionally, both Aurora-A (7) and HURP
(17) protein expression levels also undergo periodic change
corresponding to cell cycle progression, where both protein
expression levels are low in exponentially growing cells but
accumulate in G2/M-arrested cells. Moreover, a resemblance
between the expression profiles of Aurora-A and HURP was
also observed across a variety of tissues and cell lines (Fig. 1B).
Taken together, these findings raise the possibility that these
two genes are functionally linked.

To gather further functional correlations for Aurora-A and
HURP, we first explored the expression profiles of these two
genes in HCC tissues and in regenerating mouse liver after
partial hepatectomy using real-time Q-RT-PCR. In agreement
with previous observations (38, 50), both Aurora-A and HURP
were co-upregulated in five pairs of HCC tissues relative to
their adjacent nontumor analogs (Fig. 1C). Moreover, BALB/c
mice were subjected to partial hepatectomy and total RNA was
subsequently extracted from regenerating liver tissues at vari-
ous time points, where 36 and 48 to 72 h represent the S and
G2/M phases, respectively, of the regenerating mouse liver
(50). The expression patterns of the genes for p21, cyclin B2,
and PCNA were determined by real-time Q-RT-PCR as a
reference to separate the distinct cell cycle phases. This RT-
PCR analysis indicated a significant induction of both Auro-
ra-A and HURP in the regenerating mouse livers at S phase (36
h), and this reached a maximum level at G2/M phase, 48 h after
partial hepatectomy (Fig. 1D). This is in agreement with pre-
vious reports that the expression of Aurora-A (7) and HURP
(50) is cell cycle regulated. Together, analysis of the data sug-
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gests that the expression of these two genes is linked to cell
proliferation or related to hepatocyte growth control.

HURP serves as a substrate of Aurora-A. As HURP is a
mitotic phosphoprotein (17), the similarities between the gene
expression profiles (Fig. 1) and subcellular localization in mi-
tosis (4, 50) suggest that Aurora-A is a HURP kinase. To
investigate the ability of Aurora-A to phosphorylate HURP,
bacterially expressed and purified HURP was incubated in
kinase reaction buffer containing [�-32P]ATP with recombi-
nant Aurora-A. Analysis of the resulting time course by SDS-
PAGE (Fig. 2A) was able to detect at 5 min the presence of a
small amount of HURP with slower migration relative to the
control HURP (lower part) by the presence of weak phospho-
HURP radioactivity (upper part). This suggests that HURP

phosphorylation may cause an electrophoretic upshift on SDS-
PAGE (see later). The phosphorylation signal and electro-
phoretic upshift became more apparent at 20 min after com-
mencement of incubation (Fig. 2A). In addition, in order to
explore the issue of whether any or all of the three Aurora
kinases possess specificity toward HURP, recombinant HURP
was incubated in kinase buffer containing [�-32P]ATP with
each of the three respective human Aurora members in turn.
Autoradiography revealed that HURP serves as a substrate for
Aurora-A but not for Aurora-B or Aurora-C under the con-
ditions used (Fig. 2B). The levels of histone H1 and histone 2A
kinase activity of the Aurora-A and Aurora-B used in the assay
were comparable, and in addition, Aurora-C activity was de-
tected and monitored using p16 protein as a substrate (46).

FIG. 1. Similar expression patterns for Aurora-A and HURP from analysis of various data sets and regenerating mouse livers. The expression
profiles for Aurora-A and HURP in a HeLa cell cycle panel (A) and in different cell lines and tissues (B) were downloaded from publicly accessible
databases (two and one specific primers, respectively). The data were plotted according to the relative expression levels of the two genes.
(C) Upregulation of Aurora-A expression parallels that of HURP in HCC. Q-RT-PCR was conducted with specific primers for either Aurora-A or
HURP in tumor tissue or adjacent nontumorous analogs obtained from five HCC patients. The data were then normalized with the internal control,
glyceraldehyde-3-phosphate dehydrogenase. TT, primary liver tumor tissue; NT, corresponding adjacent nontumorous liver tissue. (D) Expression
of mouse Aurora-A and HURP during mouse liver regeneration was detected by Q-RT-PCR. �2-Microglobulin served as an internal control. Time
indicates intervals after partial hepatectomy (h, hours; d, days). The left ordinate represents the n-fold change in mouse cyclin B2 mRNA. The right
ordinate represents the n-fold change in mouse HURP and Aurora-A transcripts. The data were normalized with the expression value at time zero.
The cell cycle stages, as determined by Q-RT-PCR of several markers (p21, PCNA, and cyclin B2) of each cell cycle stage, are shown at the bottom.
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Only Aurora-A was able to catalyze HURP phosphorylation,
suggesting that, despite sharing considerable sequence homol-
ogy in their kinase domains at the C terminus, the Aurora
family kinases have distinct substrate specificities involved in
the propagation of various signaling pathways. These results,
however, do not rule out the possibility that Aurora-B and
Aurora-C need accessory proteins to enhance their kinase ac-
tivity with HURP and to allow efficient phosphorylation of the
protein substrate.

HURP exhibited various degrees of electrophoretic mobility
shift on SDS-PAGE when cells underwent mitotic synchroni-
zation (Fig. 2C; see Fig. 4D). These mobility upshifts were
abolished when � phosphatase was added to the lysates, which
is a characteristic of protein phosphorylation (17; data not
shown). To further characterize HURP phosphorylation by
Aurora-A in cells, we used plasmid-based (pSUPER) RNA
interference (6) to deplete 293T cells of endogenous Auro-
ra-A, followed by examination of HURP phosphorylation sta-
tus during mitosis, based on the protein’s electrophoretic mo-
bility shift on SDS-PAGE as described earlier (17). The 293T
cells were transiently transfected with pSUPER vector (vehi-
cle) or pSUPER-Aurora-A and then treated with nocodazole
to determine the phosphorylation status of HURP in the mi-
totic cells. As shown in Fig. 2C, ectopic expression of
pSUPER-Aurora-A, which reduced the endogenous Aurora-A

protein level, also abolished the mobility shift of HURP on
SDS-PAGE. It appears that hypophosphorylation of HURP
did not cause a disturbance of cell cycle progression in the cells
with reduced Aurora-A due to the partial endogenous Auro-
ra-A knockdown, because there was not a failure to enter
mitosis. This was supported by approximately equal protein
levels of cyclin B1, which reaches a plateau when the cell cycle
progresses to mitosis (Fig. 2C). Taken together, these data
indicate that mitotic phosphorylation of HURP is dependent,
at least in part, on the presence of Aurora-A.

Aurora-A regulates protein complex formation of HURP. It
is known that changes in protein phosphorylation sometimes
bring about, or are brought about by, changes in protein-
protein interactions. Therefore, we set out to determine
whether overexpression of the dominant negative form of Au-
rora-A (FLAG–Aurora-A-KD) in 293T cells would be accom-
panied by a change in the association of HURP with other
proteins. Lysates were prepared from transfectants that con-
tained the vector control (vehicle), FLAG–Aurora-A-WT, or
FLAG–Aurora-A-KD, and these were subjected to gel filtra-
tion chromatography on a Superdex 200 column. Fractions
were analyzed by Western blotting with anti-HURP antibody.
The endogenous HURP exhibited a broad size distribution,
roughly corresponding to 2,000 to 150 kDa (tubes 32 to 48; Fig.
3, top panel), with a range of electrophoretic mobility shifts on
SDS-PAGE (Fig. 3). Treatment with � phosphatase abolished
the slowly migrating mobility shift bands on SDS-PAGE, indi-
cating that the electrophoretic mobility shifts were caused by
protein phosphorylation (data not shown). Overexpression of
FLAG–Aurora-A-WT resulted in two HURP populations
which differed markedly from each other. Typically, about half
of the HURP was found at a molecular mass of 	670 kDa and
the other half was centered at 	200 kDa (Fig. 3, middle panel).
Interestingly, the gel filtration profile for the ectopic expres-
sion of FLAG–Aurora-A-KD was different from either of the
previous profiles for HURP. In this case, the high-molecular-
weight HURP peak disappeared and only the low-molecular-
weight form was found at 	200 kDa. This was not caused by a
variation in the amount of protein loaded because the gel
filtration profiles of c-jun and actin were about the same in
three different samples (data not shown). The reason for the
disappearance of the high-molecular-weight HURP or its con-
version to a low-molecular-weight version is not clear. How-
ever, one plausible explanation is HURP instability and an-
other is degradation of the high-molecular-weight fraction (see
Fig. 5). Taken together, these observations indicate that Au-
rora-A-elicited HURP phosphorylation may cause complex
formation or oligomerization of HURP into the high-molecu-
lar-weight fractions, suggesting that an alteration of HURP
phosphorylation may, at least in part, be accompanied by
changes in the association and/or stabilization state.

Aurora-A phosphorylates HURP at four residues as deter-
mined by LC MS/MS. To investigate the kinase relay signals, it
is essential to identify the phosphorylation site(s) for a given
substrate to allow studies that use phosphorylation site mu-
tants. A combination of two approaches was adopted to further
characterize HURP phosphorylation by Aurora-A. First, we
had previously set up a sensitive in vitro kinase assay using in
vitro transcribed and translated [35S]methionine-labeled pro-
tein substrates (52). Figure 4A shows that the [35S]methionine-

FIG. 1—Continued.
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labeled HURP exhibited an electrophoretic mobility upshift on
SDS-PAGE when incubated with recombinant Aurora-A-WT,
but not Aurora-A-KD. Using this assay, we were able to gen-
erate a series of HURP deletion mutants to narrow down the
possible Aurora-A phosphorylation region in HURP. A total
of six deletion constructs were generated, and these constructs
were then transcribed in vitro and translated in the presence of
[35S]methionine. Their relative extent of phosphorylation was
determined by incubation with recombinant Aurora-A-WT
and Aurora-A-KD. Of these constructs, HURP(324-846) ex-
hibited electrophoretic mobility shifts on SDS-PAGE when
incubated with Aurora-A-WT, but not Aurora-A-KD, whereas
HURP(1-575) did not have an analogous mobility upshift
when incubated with Aurora-A-WT (Fig. 4A). The results in-
dicate that Aurora-A may phosphorylate HURP in the C-
terminal region (positions 576 to 846). It should be noted that
phosphorylation does not always lead to an electrophoretic
mobility shift. Therefore the assay may only detect a subset of
the potential phosphorylation sites in HURP, and some may
have been missed.

Second, recombinant HURP was incubated with Aurora-A
in an in vitro kinase reaction and subjected to SDS-PAGE
analysis. The carefully excised band containing HURP was
subjected to LC MS/MS analysis as previously described (48).
Results of the various analyses are shown in Fig. 4B. Four
phosphorylated residues were identified, namely, HURP-S627,
-S725, -S757, and -S830, with 65% amino acid sequence cov-
erage (Fig. 4B, lower part). This result is in agreement with the
mobility shift assay described in Fig. 4A and indicates that
Aurora-A may phosphorylate HURP at its C terminus (posi-
tions 576 to 846).

To provide additional support for the assignment of the four
phosphorylated residues, each phosphorylation site was ini-
tially replaced individually with alanine and various combina-
tions of two phosphorylation site mutations on HURP were
also created. These mutants were assayed for the ability to
serve as the Aurora-A substrate. However, none of these
tested mutants showed a significant reduction in 32P incorpo-
ration compared to HURP-WT on incubation with Aurora-A
(data not shown). Therefore, we constructed a HURP mutant
in which all four phosphorylation sites had been replaced with
alanine (designated HURP-4P). Indirect immunofluorescence

FIG. 2. HURP is a potential substrate of Aurora-A. (A) Recom-
binant Aurora-A was incubated with recombinant His-tagged HURP
in kinase reaction buffer in the presence of [�-32P]ATP for different
time intervals. The samples were separated by SDS-PAGE and trans-
ferred to a PVDF membrane, and this was followed by autoradiogra-
phy (top) or membrane staining with Coomassie blue (bottom). An
asterisk indicates multiple phosphorylation forms of HURP. (B) Re-
combinant Aurora-A, Aurora-B, and Aurora-C were incubated with
recombinant His-tagged HURP in the presence of [�-32P]ATP. Anal-
ysis of the autoradiography data demonstrates that Aurora-A effi-
ciently phosphorylated the recombinant HURP; however, no such
phosphorylation was observed when Aurora-B or Aurora-C was
present. Histone H1, histone H2A, myelin basic protein (MBP), and
p16 were also incubated with the Aurora kinases to serve as substrate
controls and ensure that the input of Aurora-A kinase activity was
similar to that of Aurora-B and that the Aurora-C used was active.
(C) 293T cells were transfected with pSUPER vector (vehicle) or
pSUPER-Aurora-A for 48 h and then synchronized in mitosis using
nocodazole treatment for 16 h. Equal amounts of extracts were pre-
pared and analyzed by Western blotting (WB) with anti-Aurora-A,
anti-HURP, anti-cyclin B1, or anti-actin antibodies. Actin was used as
a loading control. The similar cyclin B1 expression level indicates a
comparable synchronization effect for pSUPER-Aurora-A transfec-
tants during mitosis. The asterisk indicates the phosphorylation form
of HURP.

FIG. 3. Aurora-A regulates protein complex formation of HURP. 293T cells were transiently transfected with the pCMV2 vector (vehicle),
FLAG–Aurora-A-WT, or FLAG–Aurora-A-KD. The cells were harvested and lysed. Equal amounts of lysates were subjected to protein liquid
chromatography (FPLC). Fractions (tubes 32 to 56) were analyzed by SDS-PAGE, followed by Western blotting (WB) with anti-HURP antibody.
Higher- and lower-molecular-weight fractions were also analyzed, and they contained essentially no HURP (data not shown). The lack of HURP
signal in Aurora-A-KD-transfected cell lysates from tubes 32 to 44 was not due to differences in protein loading. The relative loading of each
sample in the corresponding tubes was similar, as determined by visualization with Coomassie blue. The migration of the molecular size (MW)
standards is shown at the top. Similar results were obtained for two independent transfections.
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analysis indicated that the subcellular localization of the
HURP-4P mutant was the same as for HURP-WT in the
various cell types assayed (data not shown). The retained spin-
dle-binding ability of the HURP-4P mutant not only suggests
that serine-to-alanine mutations did not cause any dramatic
conformational changes in HURP, but it also reveals that Au-
rora-A does not seem to be involved in the regulation of
HURP spindle binding. Subsequently, 293T cells were tran-
siently transfected with HA–HURP-WT or HA–HURP-4P.
The cells were then lysed and immunoprecipitated with an-
ti-HA antibody, and the immunocomplexes were incubated
with recombinant Aurora-A in the presence of [�-32P]ATP.
Reaction mixtures were resolved by SDS-PAGE and analyzed
using Western blotting with anti-HA antibody or autoradiog-
raphy. HURP-WT, but not HURP-4P, expressed in 293T cells,
was Aurora-A phosphorylated, as detected by [�-32P]ATP in-
corporation (Fig. 4C, right) and mobility upshift (Fig. 4C, left),
both representing phosphorylation of HURP (17).

Next, 293T cells overexpressing either HA–HURP-WT or
HA–HURP-4P were arrested in mitosis by nocodazole or left
untreated. The cell lysates were separated by SDS-PAGE, fol-
lowed by Western blotting with anti-HA antibody to determine
the phosphorylation status of HURP in mitotic and asynchro-
nized cells. The results were consistent with previous observa-
tions that HURP-WT exhibited a mobility upshift in mitotic
cells compared with asynchronized cells (Fig. 4D, top part)
(17). By contrast, the HURP-4P mutant displayed essentially
no mobility upshift in either mitotic or asynchronized cells
(Fig. 4D, bottom part). The failure of HURP-4P to exhibit a
mobility upshift (or phosphorylation) in mitosis was not due to
the efficacy of mitotic arrest since the percentage of mitotic
cells, expressing either HURP-WT or HURP-4P, was almost
the same (data not shown). Taken together, these findings,
even though not able to rigorously exclude the possibility that
additional mitotic or Aurora-A-dependent phosphorylation
sites are present in HURP, support the view that Aurora-A
phosphorylates HURP at the four residues described, as well
as at sites that are phosphorylated in mitosis.

Aurora-A regulates HURP stability. Previous analysis has
shown that HURP undergoes proteasome-mediated proteoly-
sis as arrested mitotic cells are released into cell cycle progres-
sion (17). This irreversible proteolysis is often intricately con-
nected to protein phosphorylation. To delineate this interplay
and the regulation of HURP phosphorylation and degradation,
293T cells were transfected with either HURP-WT or
HURP-4P and arrested in mitosis by nocodazole treatment for
16 h. Cells were then released into cell cycle progression at the
indicated times by removing the nocodazole, followed by in-
cubation with fresh medium containing cycloheximide to ana-
lyze HURP stability, as described earlier (17). Western blot-
ting analysis indicated that while the HURP-WT level
diminished steadily after the cells were released from mitotic
synchronization, the overall turnover rate was higher for the
HURP-4P mutant (half-life [t1/2], 	2 h) compared to
HURP-WT (t1/2, 	7 h) (Fig. 5A). This raises the possibility
that Aurora-A-elicited HURP phosphorylation is essential to
the maintenance of HURP stability. To explore this possibility,
293T cells were transfected with vehicle, FLAG–Aurora-A-
WT, or FLAG–Aurora-A-KD, synchronized in mitosis, and
finally released from mitotic arrest to evaluate turnover rates

of endogenous HURP (Fig. 5B). Overexpression of either con-
struct did not alter the degradation rate of cyclin B1, which is
known to be subjected to proteolytic downregulation when
cells exit from mitosis (Fig. 5B). The levels of FLAG–Aurora-
A-WT and FLAG–Aurora-A-KD expressed in the 293T cells
were comparable, but overexpression of the former resulted in
a longer HURP half-life relative to the FLAG–Aurora-A-KD-
transfected cells (t1/2 of 	7 versus 3 h) (Fig. 5B). Similar results
were observed when the cells were synchronized and released
from mitosis by treatment with monastrol (Fig. 5C), which acts
to arrest cells through a mechanism that is different from
nocodazole (19). These results suggest that Aurora-A kinase
activity affects HURP stability.

A HURP-4P pooled clone loses its growth advantage in
low-serum media. To further characterize the biological effects
of Aurora-A-mediated HURP phosphorylation, we compared
cells overexpressing HURP-WT or HURP-4P and determined
whether either was able to confer any growth advantage on the
cells. 293T cells were transfected with vehicle, HA–HURP-
WT, or HA–HURP-4P. Mixed stable cell lines were selected
for resistance to puromycin and analyzed for HA-tagged
HURP expression by Western blotting (Fig. 6A). These cells,
which retained a morphology similar to the parental 293T cells
(data not shown), were cultured with either 10% or 0.5%
serum for 1 to 4 days. Their relative growth was determined by
MTT assay. All stable transfectants grew normally in 10%
serum, but HA–HURP-WT had a slightly higher proliferation
rate than those with vehicle or HA–HURP-4P (Fig. 6B). More
importantly, in agreement with previous observations,
HURP-WT stable transfectants were capable of growing in a
low-serum environment (0.5%) (Fig. 6C). In contrast, HURP-
4P, despite having slightly higher protein expression relative to
the HURP-WT clone, grew poorly under low-serum conditions
and failed to proliferate. Together, these results suggest that
HURP overexpression promotes cell survival under low-serum
conditions and HURP phosphorylation may confer the poten-
tial to exhibit serum-independent growth.

DISCUSSION

Overexpression of Aurora-A has been found in many tumors
and has also been shown to be oncogenic in murine NIH 3T3
or Rat1 cells (5, 54), although no oncogenic potential has been
demonstrated in mouse embryonic fibroblasts (2). This study
aimed to correlate Aurora-A with proteins as yet unlinked to
malignant transformation processes. However, to do this using
traditional biochemical approaches remains difficult. In this
study, therefore, we first employed bioinformatics to analyze
microarray data sets, aiming to identify novel targets of Auro-
ra-A. Using the concept of synexpression, genes belonging to
the same pathway or similar function often show the same
regulatory profiles under a variety of biological situations.
Hence, as a hypothesis, genes of unknown function, for exam-
ple, HURP, showing regulatory behavior similar to that of a
gene of known function, for example, Aurora-A, may have a
similar function.

In this study, we first took advantage of a range of well-
organized and publicly accessible microarray data sets (e.g.,
SOURCE [http://source.stanford.edu]) (9) to search for genes
related to Aurora-A by comparing their gene expression pro-
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files in microarray data sets using cluster analysis (11). Such
genes, even though similar in terms of expression pattern, do
not reveal their biological significance without further empir-
ical exploration and validation. To prove the concept, we were
able to identify in the search several known Aurora-A sub-
strates, such as TPX2 (24), centromere protein A (CENP-A)
(25), and TACC3 (46), by the fact that they also have a gene
expression pattern similar to that of Aurora-A in various mi-
croarray data sets. For example, both Aurora-A and TPX2 are
in the same cluster in NCI60 (32), the HeLa cell cycle (51), and
carcinoma classification (40). Similar expression patterns for
Aurora-A and CENP-A can also be found in the Normal Tissue
Atlas (39) and Lymphoma (1). Together, this data-mining
method may ultimately allow the use of available biochemical
methods to study such identified targets and this will facilitate
a greater understanding of downstream target prioritization
and delineation of the cellular pathways governing Aurora-A
carcinogenesis. While the current approach is just an initial
attempt to answer various complex biological questions, the
extent to which the coexpressed genes can be functionally
correlated with each other and methods to achieve such inte-
gration have yet to be determined.

Several cellular components have been documented as Au-
rora-A substrates; however, the molecular significance of such
phosphorylation has only been delineated for some of these.
For instance, phosphorylation of protein phosphatase 1 by
Aurora-A leads to its inactivation (20). Cytoplasmic polyade-
nylation element binding factor (CPEB), which induces trans-
lation of many maternal mRNAs by triggering polyadenyla-
tion, is phosphorylated by Aurora-A. The phosphorylation
elicits the binding of cleavage and polyadenylation specificity
factor (CPSF) and thereby recruits it into an active cytoplasmic
polyadenylation complex (28). Phosphorylation of the Dro-
sophila transforming acidic coiled coil (D-TACC) leads to its
spindle targeting (14). Localization of CDC25B to the centro-
some is dependent on phosphorylation by Aurora-A (10). As a
substrate of Aurora-A, phosphorylation of CENP-A is essen-
tial for the concentration of Aurora-B, an important mitosis
regulator, at the inner kinetochore (25). In summary, Auro-
ra-A regulates substrates by modulating activity, downregulat-
ing stability, determining localization, and promoting protein-
protein interaction. Therefore, the finding that Aurora-A is

able to protect HURP from protein degradation suggests that
Aurora-A not only negatively controls substrate stability but
also positively regulates substrate half-life, further expanding
the versatile range of functions linked to Aurora-A.

In this study, we further characterized HURP, which
grouped into the same cluster as Aurora-A in the HeLa cell
cycle (51) and the Normal Tissue Atlas database (39), as a
downstream substrate for Aurora-A. We also investigated
whether HURP might have some of the characteristics of
TPX2, a substrate for Aurora-A essential for its localization to
the spindle (24). However, the HURP-4P mutant still associ-
ated with the spindle (data not shown), indicating that any
abnormal behavior of HURP-4P may not be due to a global
conformational change caused by the serine-to-alanine muta-
tions and that Aurora-A phosphorylation at these sites is not
relevant to HURP spindle targeting. This result is in line with
the observation that expression of pSUPER-Aurora-A does
not alter the subcellular localization of HURP (data not
shown). In addition, HURP knockdown by pSUPER-HURP
also has no effect on the association of Aurora-A with spindles
(data not shown), reflecting the fact that HURP does not seem
to be involved in guiding Aurora-A to its location. All together,
these findings suggest that although HURP is a downstream
target of Aurora-A, it does not seem to participate in targeting
of Aurora-A.

Both Aurora-A and cdk1/cyclin B (17) phosphorylate
HURP, but at distinct phosphorylation sites. The two phos-
phorylation events differ in certain aspects. Thus, HURP sta-
bility is likely to be under positive and negative regulation in
cells, depending on the various states of phosphorylation of
HURP. On the one hand, HURP may be phosphorylated by
cdk1, leading to ubiquitination and subsequent degradation
when cells progress from M to G1 phase (17). On the other
hand, we propose here that Aurora-A may phosphorylate
HURP and this probably attenuates the negative impact of
cdk1 phosphorylation and by inhibiting subsequent protea-
some activity and this will generate a longer HURP half-life.
For instance, the HURP-4P mutant undergoes a more rapid
degradation than its wild type version when cells are released
from nocodazole blockage. It is worth pointing out that the
HURP-4P mutant protein suddenly disappears at 8 h. Inter-
estingly, HURP translocates to the nucleus when nocodazole is

FIG. 4. Aurora-A phosphorylates HURP at four residues in vitro. (A) HURP-WT and various deletion constructs were subjected to in vitro
transcription and translation in the presence of [35S]methionine, followed by incubation with Aurora-A-WT or -KD, respectively. The phosphor-
ylation status of HURPs was judged by mobility shift revealed by SDS-PAGE and autoradiography. (B) Recombinant HURPs were incubated with
Aurora-A in kinase reaction buffer. After reaction at 30°C for 30 min, the samples were subjected to SDS-PAGE and stained with Coomassie blue.
HURP bands were carefully sliced from the gel, and phosphorylation sites were determined by LC MS/MS analysis. Four residues were determined
to be Aurora-A-dependent phosphorylation sites (the residues with asterisks above them in the upper four graphs) with 65% amino acid sequence
coverage (the lower sequence; underlined amino acids represent those residues resolved by LC MS/MS). An asterisk indicates a phosphorylation
site. (C) The four Aurora-A in vitro phosphorylation sites on HURP, which had been determined by LC MS/MS, were replaced with alanine
(designated HURP-4P). 293T cells were transiently transfected with HA–HURP-WT or HA–HURP-4P. Twenty-four hours after transfection, the
cells were lysed and immunoprecipitated (IP) with anti-HA antibody. Immunocomplexes were incubated with Aurora-A in the kinase reaction
buffer in the presence of [�-32P]ATP at 30°C for 30 min. Reaction mixtures were separated by SDS-PAGE and analyzed using Western blotting
(WB) with anti-HA antibody (left) or autoradiography (right). The asterisk indicates the phosphorylation form of HURP. The HURP-4P mutant
showed no [�-32P]ATP incorporation. (D) 293T cells were transiently transfected with HA–HURP-WT or HA–HURP-4P. Twenty-four hours after
transfection, the 293T cells were either left untreated (referred to as asynchronized) or synchronized in mitosis by nocodazole treatment for 16 h.
Equal amounts of extracts were prepared and analyzed by Western blotting with anti-HA antibody. A mobility upshift band (indicated by the
asterisk) was found for HA–HURP-WT, but not HA–HURP-4P, suggesting differences in protein phosphorylation. Similar results were obtained
in two independent experiments.
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removed, and the nuclear targeting of HURP reaches a peak at
8.5 h (data not shown). In contrast, HURP-4P fails to move to
the nucleus in cells recovered from nocodazole arrest (data not
shown). It can therefore be speculated that a HURP-4P mu-
tant is subjected to protein degradation in the cytoplasm; how-
ever, some population of HURP-WT is transferred to the
nucleus, thereby escaping from such degradation. What factors
are important to the kinetics of degradation is still not under-
stood. Our speculation is that more HURP remains in G1

when Aurora-A expression is elevated, and this is observed in
many human cancers. It is thus reasonable to speculate that an
excess of deregulated HURP in G1 phase is somehow crucial
for cell transformation, and this also explains the considerable
cellular energy that is expended to regulate HURP stability via
both the negative cdk1 pathway and the positive Aurora-A
pathway.

It appears likely that Aurora-A phosphorylation of HURP is
an important determinant of cell growth promotion under low-
serum conditions for the following reasons. First, Aurora-A
stabilizes HURP, leading to the accumulation of intracellular

FIG. 5. Aurora-A protects HURP from protein degradation. 293T
cells were transiently transfected with HA–HURP-WT or HA–HURP-
4P. Twenty-four hours after transfection, the 293T cells were synchro-
nized in mitosis by nocodazole (A) or monastrol (C) treatment for
16 h. Cells were released into cell cycle progression by removing these
mitosis-synchronizing agents and subsequently incubated with fresh
medium containing cycloheximide, which blocks de novo protein syn-
thesis. At the indicated time points, cells were harvested and analyzed
by Western blotting (WB) with anti-HA antibody. (B) 293T cells were
transiently transfected with the pCMV2 vector (vehicle), FLAG–Au-
rora-A-WT, or FLAG–Aurora-A-KD; synchronized in mitosis by no-
codazole treatment; and released from nocodazole blockage as de-
scribed for panel A. At the indicated time points, the cells were
harvested and analyzed by Western blotting with antibodies against
HURP, FLAG, cyclin B1, and actin. Cyclin B1 is well known to be
degraded at the M/G1 transition, and the rapid decrease in cyclin B1
serves as a positive control showing that protein degradation under
these conditions is working normally. Actin was used as a loading
control. The results shown are representative of three independent
experiments.

FIG. 6. HURP-4P stable transfectant cannot proliferate in a low-
serum environment. (A) 293T cell pooled stable clones expressing the
vehicle, HA–HURP-WT, or HA–HURP-4P were established, and the
protein expression levels of these clones were determined by Western
blotting using anti-HA antibody. These stable transfectants (5 � 103)
were seeded into 96-well plates with either 10% (B) or 0.5% (C) FBS
for 1 to 4 days, followed by MTT assay (OD570) to quantify cell growth.
Data were normalized against the OD570 value on day 1 for each
pooled stable clone. The results are the averages of three independent
assays.
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HURP, which is beneficial for cell transformation because cell
lines with overexpressed HURP can grow in a serum-indepen-
dent manner (50). Second, cells with the HURP-4P mutant
lose the ability to grow in media containing low serum concen-
trations, suggesting that Aurora-A-elicited HURP phosphory-
lation is crucial to HURP cell transformation activity. Finally,
HURP and Aurora-A are coexpressed in many cancers (Fig. 1),
raising the possibility that a cancerous outcome, at least serum-
and anchorage-independent growth, is potentiated by a syner-
gistic effect of these two genes.

Aurora-A is reported to phosphorylate tumor suppressors
like p53 (21, 27), BRCA1 (31), and Lats2 (47) and therefore is
able to regulate their activities. For instance, Aurora-A phos-
phorylates p53, leading to destruction and loss of p53’s DNA-
binding activity (21, 27). Alternatively, Aurora-A is also capa-
ble of regulating some tumor-promoting pathways or
molecules. For example, overexpression of Aurora-A potenti-
ates HRAS-mediated cell transformation (45). Some of our
recent work has pointed out that RalA, a tumor-promoting
molecule, can serve as a substrate of Aurora-A and that this is
essential for Aurora-A-triggered cell motility and anchorage-
independent growth (52). Together, these findings suggest that
Aurora-A may elicit tumor formation through multiple path-
ways by interacting with tumor suppressors and tumor promot-
ers, adding even more complexity to this system and increasing
the difficulty of uncovering the complete underlined mecha-
nism of Aurora-A-induced tumorigenesis.
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