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ABSTRACT  

 
Background: Aurora A (AURKA) is an oncogenic serine/treonine kinase 
that play a critical role during mitosis, governing the correct distribution of 
genetic material to the daughter cells. AURKA is overexpressed in many 
types of human tumors including breast cancer and its deregulated 
expression, inducing alteration of mitotic spindle, chromosomal segregation 
and aneuploidy can lead to malignant transformation of cells. 
Aims: Since hypoxia is a typical tumoral condition which influences the 
expression of various proteins involved in proliferation and cell cycle 
progression, aim of our study was to obtain new insights into AURKA 
regulation in breast cancer cell lines cultured under normoxic and hypoxic 
conditions. 
Materials and Methods: Microarray analysis, using Affymetrix platform, 
was performed in MCF7, MDA-MB-231 and SKBr3 cells, in order to 
compare the differential gene expression profile in response to hypoxia. This 
analysis showed AURKA downregulation in all breast cancer cell lines 
analyzed and the reduction of both mRNA levels and related protein were 
confirmed by Real-Time RT-PCR and Western Blotting. The HIF-α 
involvement in transcriptional control of AURKA were assess by  ChiP assay 
and siRNA against HIF-1α was used to inhibit the HIF-1α induction during 
hypoxia.  
Results: Our data showed that hypoxic condition induces a reduction of 
AURKA expression suggesting a possible direct involvement of HIF-1α in 
this downregulation.  
Conclusions: These results suggest a new mechanism of AURKA regulation 
that might be able to suppress the proliferation, lead to the apoptosis of breast 
cancer cell lines and play a key role in the realization of new possible 
therapeutic approaches. 
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INTRODUCTION  

 
Breast cancer is the most common malignancy affecting women worldwide, 
second only to lung malignancies in cancer mortality .  
Recent epidemiological studies showed that breast cancer  is one of the most 
frequent tumor in the Western World, with more than 1.000.000 cases/year, 
while in Europe, 115/100.000 cases of this tumor are diagnosed annually1.  
In the last decade, the mortality rate for breast cancer has decreased, probably 
as a result of a more intensive program of mammographic screening that  
leading to earlier diagnosis and consequently a higher probability of survival 
for patients.  
 
Breast Cancer Types  
 
Each breast contain 15 to 20 sections of glandular tissue called lobes that are 
further divided into smaller lobules that produce milk during pregnancy and 
breast-feeding. The lobes and lobules are connected by thin tubes, called 
ducts (Figure 1). 

             
 

Figure 1: Anatomy of breast 

 
The most common type of breast cancer is ductal cancer that is found in the 
cells of the ducts. Breast cancer that starts in lobes or lobules is called lobular 
cancer. Ductal and lobular breast cancer are classified as non- invasive (in 
situ) and invasive (infiltrating).  
Ductal carcinoma in situ (DCIS) is the main type of non-invasive breast 
cancer while lobular carcinoma in situ (LCIS) have higher ability to spread 
invading either breast. However invasive lobular carcinoma makes up a small 
portion of all breast cancers. Other rare types of breast cancer are medullary, 
mucinous and tubular carcinoma. 
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Breast Cancer Risk Factors 
 
Every woman is at risk for developing breast cancer. The “established” risk 
factors for breast cancer are female gender, age, previous breast cancer, 
benign breast disease, hereditary factors (family history of breast cancer), 
early age at menarche, late age at menopause, late age at first full-term 
pregnancy, postmenopausal obesity, low physical activity, race/ethnicity and 
high-dose exposure to ionizing radiation early in life. 
The “speculated” risk factors for breast cancer include never having been 
pregnant, having only one pregnancy rather than many, not breast feeding 
after pregnancy, use of postmenopausal estrogen replacement therapy or 
postmenopausal hormone (estrogen/progestin) replacement therapy, use of 
oral contraceptives, alcohol consumption, tobacco smoking, and abortion. 
Epidemiological studies have shown that in women with a family history of 
breast cancer, the risk of breast tumor is increased two- to threefold. Studies 
have also shown that there are families in which breast cancer risk is 
inherited in an autosomal-dominant fashion (‘hereditary breast cancer’).  
In particular, it has been shown that germline mutations in the BRCA1 and 
BRCA2 genes account for a large proportion of cases of hereditary breast 
cancer 2.   
 
Microarray analysis in Breast Cancer 
 
Breast cancer is a heterogeneous group of different tumor that vary in 
prognosis and response to therapy. This heterogeneity has spawned an era of 
molecular assays striving to classify and thus predict outcome to guiding the 
future in targeted personalized treatment strategies. 
In particular, advances in molecular characterization of tumor by microarray 
profiling, allowed has to identify five distinct molecular subtypes of breast 
cancer such basal-like, ERBB2 overespressing, normal breast-like and 
luminal A/B (Figure 2). This molecular classification, based on difference in 
gene expression of breast cancer, has led to the identification of a large 
number of novel targets and, in parallel, the develop of multiple approaches 
to anticancer therapy 3 . 
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Figure 2: Gene expression patterns of five subtypes analyzed by hierarchical clustering. The cluster 
dendrogram showing the six subtypes of tumors are colored as: luminal subtype A, dark blue; luminal subtype 
B, yellow; luminal subtype C, light blue; normal breast-like, green; basal-like, red; and ERBB2, pink. 
 

 
Cell cycle and Aurora kinase family 
 
The cell cycle is a genetically controlled process, consisting of a series of 
events coordinated and interdependent, which ensuring the correct division of 
eukaryotic cells 4. 
Specific cellular processes and checkpoints through the inter-mitotic phases 
are crucial to control the correct entry and progression in the cell cycle. 
Accordingly aberration in genetic pathways controlling cell cycle, cause 
abnormally cell growth, senescence and apoptosis inducing malignant 
transformation of cells 5 (Figure 3). 
 

      
 

Figure 3:  Overview of the cell cycle. 
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A key step that govern the distribution of genetic material to the daughter 
cells is the mitosis and a multigenic family of mitotic serine/threonine 
kinases called Aurora kinases,  play essential roles during G2/M transition 6.  
Aurora kinases is a family of mitotic serine/threonine kinases involved in 
different process of cell cycle control 7.  In mammals, three members of this 
kinases were found: Aurora A (AURKA), -B (AURKB) and -C (AURKC) 8. 
AURKA  is mainly involved in centrosome maturation, spindle assembly and 
chromosome segregation 9. AURKB participates in chromatin modification, 
microtubule-kinetochore attachment, spindle checkpoint and cytokinesis. 
AURKC does not seem to have a role in mitosis in the majority of normal 
cells and its expression is limited to testes 10.  
AURKA localizes to centrosomes and spindle poles and drive centrosome 
maturation, separation, bipolar spindle assembly and cytokinesis in 
accordance with its localization at the central spindle and midbody in 
anaphase and telophase of mitosis 11 . AURKA  is  associated  with several 
co-activators that during cell division drive  the localization, activation and 
substrate preference of  the kinases. These cofactors are BORA, TPX2, ajuba 

(JUB),  growth arrest and DNA damage-inducible 45α (GADD45α) 12. 

AURKA play a critical role in mitotic event and its aberrant expression and 
activity leading to alteration of microtubule dynamics, mitotic spindle and 
chromosomal segregation, induces aneuploidy that result in genetic 
instability and transformation of cells 13 14.  

 
Figure 4: AURKA protein three-dimensional structure 

 
AURKA is overexpressed in many types of human malignancies, such as 
breast, bladder, ovarian, colorectal, pancreatic and gastric cancers 15.  
This overexpression correlates with tumorigenesis, metastasis and 
chemoresistance, confirming the AURKA pro-survival function in cancer 
cells. In particular, the 20q13 region where AURKA maps, is amplified in 
40% of breast cancer cell lines and in 12 to 18% breast primary tumors with 
an increased of incidence to 60% in breast cancer with familial predisposition 
16. AURKA overexpression correlate with invasive disease and genomic 
instability in breast cancer 17, while the gene amplification showed high 
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association with poor prognosis in human bladder cancer 18. AURKB is also 
expressed at high level in primary human colorectal cancer and other tumor 
cell lines. This deregulated expression inducing centrosome amplification 
and errors in chromosome segregation, with a consequent increased ploidy 
and altered cytokinesis, may play a role in carcinogenesis. 
 Furthermore, both AURKA and AURKB deregulation, inducing 
inappropriate cellular division, can lead to cancer development. 
In recent years, small molecules with an inhibition action towards  Aurora 
kinase family are developed. This molecules can act blocking the protein–
protein interaction between the Aurora kinase and their substrates or blocking 
the ATP-binding site of the serine threonine kinase 19. 
 Several Aurora kinase inhibitors are currently undergoing various Phase I-II 
evaluations for different human cancers 20.  Among these AT-9283, a small-
molecule multi-targeted kinase inhibitor, in patients with hematological 
malignancies, such as leukemias, myelodysplastic syndrome, 
myeloproliferative disease, chronic myeloid leukemia, lymphomas, multiple 
myeloma and solid tumors, has been show a good safety and efficacy in 
phase I clinical trials, placing with a possible therapeutic agent in several 
human cancer 21.  
 
 
Hypoxia and cancer 
 
A typical feature of several solid tumors microenvironment is the hypoxia 22. 
During the rapid cellular proliferation, tumors outstrip their blood supply and 
consequently the availability of oxygen and nutrients is limited. In this 
contest, the transcription factor hypoxia-inducible factor-1 (HIF-1) appears 
play a crucial role. HIF-1 is a heterodimeric protein, consisting of two 

subunits: HIF-1α that is expressed constitutively and HIF-1β  that  stabilized 

under hypoxia, dimerized with HIF-1α  and lead to transcriptional activation 
of target genes via binding to hypoxia responsive elements (HREs) 23, 24. 
HIF-1 induces the expression of more than 100 genes 25, among them the 
angiogenesis mediator vascular endothelial growth factor (VEGF), glycolytic 
enzymes (Hu et al., 2003), and various genes involved in proliferation and 
cell cycle progression to ensure the survival of cancer cells 26, 27 (Figure 5). 
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    Figure 5: Role of  HIF-1 

 
In a recent work AURKA overexpression has been correlated at the reduced 
partial pressure of oxygen inside tumors 28 .  
The authors demonstrate that in hypoxic conditions, the stabilization of  HIF-

1α, well as induce the expression of genes involved in angiogenesis, glucidic 
metabolism, proliferation and survival, is involved in AURKA overexpression 
in hepatoblastoma cell lines.  
Hypoxia is a typical tumoral condition that influence the expression of 
various proteins involved in proliferation and cell cycle progression but little 
is known about the molecular mechanisms thought AURKA is regulated in 
response to hypoxic condition in breast cancer cell lines.   
Therefore aim of our study is to obtain new insights into AURKA regulation 
in breast cancer cell lines cultured under hypoxic environment by evaluating 

the HIF-1α role in transcriptional control of AURKA expression. 
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The aim of this study was to obtain new insights into AURKA regulation in 
breast cancer cell lines cultured in normoxic and hypoxic condition. The 
main goal is to identify new mechanism of transcriptional control of this 
kinase that could help in  the realization of novel therapeutic strategies. 
Hypoxia is a typical tumoral condition, that influence the expression of 
several genes involved in cell cycle, angiogenesis, glucidic metabolism, and 
survival.  
Concerning this initially, a microarray analysis, using Affymetrix platform, 
was performed in MCF-7, MDA-MB-231 and SKBr3 breast cancer cell lines, 
cultured in normoxic and hypoxic condition, in order to identify, comparing 
the differential gene expression profile a panel of several differential 
expressed genes, involved in cellular adaptation to hypoxic environment.  
Focusing on AURKA expression, was found a statistically significant 
downregulation (P ≤ 0.01) in all breast cancer cell lines cultured in hypoxia 
and the reduction of mRNA levels and  related protein were confirmed by 
Real-Time RT-PCR and Western Blotting. 

Since HIF-1α play a critical role during hypoxic condition, a ChiP assay and 

siRNA against HIF-1α was used to evaluate the possible HIF-1α 
involvement in transcriptional control of AURKA expression. 
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MATERIALS AND METHODS 
 
Cell culture, small-interfering RNA, and transfection 
Human breast cancer cell lines, MCF-7, MDA-MB-231 and SK-Br3, 
purchased from the American Type Culture Collection (Rockville, MD, 
USA) were cultured in Dulbecco’s Modified Eagle Medium (DMEM:F12) 
supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL 
penicillin and 50 mg/mL streptomycin) (Invitrogen, Carlsbad, CA, USA).  
Eighty % confluent cell lines were cultured in a normoxic atmosphere of 16% 
O2, 79% N2 and 5% CO2 (by volume) for 24h. Then medium was renewed 
and cells were further cultured under normoxia or hypoxia (3% O2, 87% N2, 
5% CO2, by volume) at two different time-points, 24 and 48 hours. The 

small-interfering RNA (siRNA) oligonucleotides specific for HIF-1α were 
purchased from Thermo Scientific Dharmacon®. The cells were cultured in 
6-well culture dishes in 2 ml of DMEM medium, transfected by adding 
DharmaFECT® 4 according to the recommendations in the respective siRNA 
transfection protocol and 5 µM siRNAs. After 3-4 hours of incubation with 
siRNA and trasfection reagent, the cells were exposed to hypoxia for 24 and 
48 hours.  
 
Western Blotting (WB) 
Cells were lysed using complete Lysis-M reagent set (Roche, Mannheim 
Germany). Protein concentration was measured using Quick Start Bradford 

(Bio-Rad Laboratories, Hercules, CA). 80-100 µg of total protein lysate were 
separated on 10% polyacrilamide gel under denaturating conditions and 
immunoblotted into nitrocellulose membrane. The following antibodies (Abs) 

were used: anti-HIF-1α rabbit affinity purified Ab (Bethyl Laboratories, 
Montgomery, USA); anti-Phospho-Aurora-A (Thr288) (CD39D8) rabbit 
(Cell Signaling Technology, Boston, MA, USA); anti-VEGF(147) rabbit 
polyclonal IgG; anti-ARK1(N-20) goat polyclonal IgG; anti-GAPDH(6C5) 
mouse monoclonal IgG1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).  
 
Quantitative real-Time PCR (qRT-PCR) and RT-PCR 
Total cellular RNA was extracted using RNeasy Mini Kit (Qiagen Inc., 
Valencia, CA, USA). Then, the RNA was controlled through 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and quantified 
through the spectrophotometer NanoDrop ND-1000 (CELBIO). For 

AURKB, AURKA and HIF-1α mRNAs detection, 2 ng of total RNA were 
reverse transcribed in to single-stranded cDNA using High Capacity cDNA 
Reverse Trancription Kit (Applied Biosystems, Foster City, CA, USA) 
according to vendor’s instructions. Gene-primers for AURKB, AURKA and 
HIF-1a were purchased from Applied Biosystems (TaqMan gene expression 
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assay). Quatitative real- time PCR (qRT-PCR) was performed with the ABI 
PRISM 7900 sequence detection system (Applied Biosystems, Foster City, 
CA, USA) using SDS software version 2.1. The reactions were performed in 
triplicate and the results were normalized using Human Cyc Pre-Developed 
TaqMan assay reagents (Applied Biosystems). Changes in the target mRNA 
content were determined using a comparative CT method (ABI User Bulletin 
no. 2). An average CT value for each RNA was obtained for triplicate 
reactions. It was also performed a RT-PCR in order to confirm the results 
previously obtained with qRT-PCR. For this aim there were used the 
AURKA primers.The results were evaluated in 2% agarose gel.  
 
Chromatin Immunoprecipitation (ChIP) 
Immunoprecipitation was performed using Chromatin Immunoprecipitation 
(ChIP) Assay Kit (Millipore, Temecula, CA) according to manufacturer’s 
protocol. 1x106 cells were cultured on a 10cm culture dish under normoxia 
and hypoxia conditions (24h and 48h). The cells were then treated with a 
solution of PBS and 1% formaldehyde and incubated for 8 minutes at 37°C in 
order to cross-link histones to DNA. The cells were pelletted (4 minutes, 4°C, 
4000rpm) and sonicated in order to shear DNA to lengths between 200-1000 
basepairs. Soluble chromatin was immunoprecpitated with 5mg of HIF-
1aantibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 
4°C. DNA-protein immune complexes were eluted, reverse crosslinked and 
DNA was recovered by phenol/chloroform extraction and ethanol 
precipitation. The binding of HIF-1a to the AURKA promoter region -336/-
236 that contains the three putative HREs (HRE-1: -336/-332; HRE-2: -323/-
319; HRE-3: -240/-236) was determined though PCR using the following 
primers: forward 5’-AGTCGTTTCTGTGTTTTCTC-3’ and reverse 5’-
GAGATAAAGTCCAAGGAGGTGAAC-3’. The PCR conditions were: 5 
min at 95°C; 30 sec at 95°C, 30 sec at 60°C, 40 sec at 72 °C  for 35 cycles; 7 
min at 72°C.  
 
Microarray Analysis 
Microarray analysis was performed as previously described (Federico et al, 
2010). Total RNA was extracted according to the manufacturer’s protocol 
(Affymetrix, Santa Clara, CA). Fragmented cRNA was hybridized using a 
human oligonucleotide array U133 Plus 2.0 (Genechip Affymetrix, Santa 
Clara, CA). Washing and staining were performed through Affymetrix 
GeneChip Fluidic Station 450. Probe arrays were scanned using Affymetrix 
GeneChip Scanner 3000 G7. For statistical analysis, the background 
subtraction and normalization of probe set intensities was performed using 
the method of Robust Multiarray Analysis (RMA) described by Irizarry et al. 
(Irizarry et al., 2003). To identify DEGs, gene expression intensity was 
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compared using a moderated t test and a Bayes smoothing approach 
developed for a low number of replicates (Smyth, 2004). To correct for the 
effect of multiple testing, the false discovery rate, was estimated from p 
values derived from the moderated t test statistics (Benjamini et al., 2001). 
The analysis was performed using the affylmGUI Graphical User Interface 
for the limma microarray package (Wettenhall, 2006). 
 
KEGG and Biocarta Analysis  
Differentially expressed genes were analyzed according to predefined 
pathways annotated by KEGG (Kyoto Encyclopedia of Genes and Genomes) 
(Kanehisa and Goto, 2000) and Biocarta (BioCarta Pathways 
[http://www.biocarta.com/genes/index.asp]) using the Gene Set Analysis 
Toolkit. For an over-represented KEGG or Biocarta Pathway, a cutoff P 
value of 0.01 has been selected. 
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AURKA downregulation in breast cancer cell lines cultured in hypoxic 
condition 
 
Considering that hypoxia is a condition that during tumoral growth influences 
the expression of several genes involved in proliferation and cell cycle 
progression 29, we first performed a microarray analysis, using Affymetrix 
platform, to compare the differential gene expression profiles of  MCF-7, 
MDA-MB-231 and SKBr3 breast cancer cell lines, cultured in normoxic and 
hypoxic conditions for 24 and 48 hours. 
The scan and subsequent analyses of the probe arrays processed by GCOS 
and other software of statistical analysis (Console, Genespring, Toolkit), 
allowed to obtain three lists of differentially expressed genes (P< 0.005),  that 
include 15,157 genes (8,059 down-regulated and 7,098 up-regulated) for 
MCF-7; 14,337 genes (8,079 down-regulated and 6,258 up-regulated) for 
MDA-MB-231; and 18,641 genes (9,664 down-regulated and 8.977 up-
regulated) for SKBr3 cell lines, after 24 and 48 hours of hypoxic exposure. 
A study of the three lists of genes obtained was conducted in order to verify 
the involvement of some of them in cell pathways related to tumoral 
pathogenesis. In particular, for this analysis, the list of genes were screened 
considering as significative only the genes with fold change (M) >2 and with 
statistical difference of expression of each gene was at least P < 0.001. 
The following tables shows a partial list of genes differentially expressed in 
MCF-7, MDA-MB-231 and SKBr3 breast cancer cell lines, cultured in 
hypoxic environment for 24 hours respect to controls cultured in normoxia. 
The data regarding the cells cultured for 48 hours in hypoxia are not shown 
(Table 1). 
The gene commons differentially expressed (P < 0.001 and M >2), in 
response to hypoxic exposure for 24 and 48 hours, in all tree breast cancer 
cell lines analyzed were grouped in a hierarchical clustering  (Figure 6). 
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Symbol MCF7  

N1 
MCF7 

N2 
MCF7  

H1 
MCF7  

H2 
M P.Value 

 Signal   

CDC25A 6.34 6.36 3.14 3.66 -7.70 1.79E-04 

CDC20 10.09 10.08 7.51 7.60 -5.77 6.49E-05 
TACC1 8.76 8.61 6.17 6.63 -4.88 0.00031 
CDC2 10.88 10.90 8.59 8.71 -4.73 8.13E-05 

CDC25B 9.91 9.96 7.71 7.93 -4.33 0.00013 
CCNA2 9.24 9.24 7.12 7.22 -4.20 9.34E-05 
GTSE1 6.77 6.69 4.80 4.84 -3.75 0.000112 
TGFB2 6.67 6.75 4.93 4.73 -3.69 0.000164 
MPHOSPH9 8.19 8.41 6.42 6.48 -3.61 0.000189 

CDC6 7.86 7.80 5.86 6.11 -3.60 0.000205 

CCNE2 8.45 8.47 6.54 6.72 -3.56 0.000159 

TPX2 9.08 9.23 7.25 7.42 -3.52 0.000195 

AURKB 8.20 8.36 6.35 6.60 -3.49 0.000266 

TUBG1 10.25 10.21 8.42 8.47 -3.45 0.000127 

AURKA 11.28 11.22 9.47 9.65 -3.23 0.000197 

CDK2 9.74 9.89 7.99 8.33 -3.15 0.000485 

BRCA2 7.45 7.27 5.99 5.43 -3.15 0.001519 

CCND1 10.37 10.38 8.69 8.76 -3.14 0.000153 

BRCA1 7.95 8.16 6.43 6.61 -2.89 0.000396 

ESPL1 8.94 9.10 7.37 7.63 -2.86 0.000475 

JUB 9.58 9.69 8.18 8.09 -2.83 0.000229 

AKT1 10.20 10.21 8.86 8.87 -2.53 0.000241 

CDC25C 8.12 8.13 6.85 6.86 -2.41 0.000284 

HRAS 8.24 8.30 7.00 7.14 -2.30 0.000467 

ANAPC1 7.40 7.11 6.27 5.88 -2.26 0.003301 

E2F5 7.24 7.33 6.25 6.27 -2.04 0.000619 

ATR 7.10 7.10 6.20 6.16 -2.02 0.000816 

WEE1 9.51 9.60 8.83 9.16 -2.01 0.024842 

EIF1 11.73 11.65 12.77 12.69 2.05 0.00067 

MDM2 6.42 6.40 7.46 7.44 2.05 0.000537 

PPP4R1L 6.07 5.77 7.03 6.88 2.05 0.002167 

MARS 6.31 6.38 7.27 7.49 2.05 0.001145 

GTF3C4 8.37 8.41 9.51 9.36 2.06 0.000778 

IL1RL1 4.10 3.77 4.95 5.00 2.06 0.002127 

BCL10 6.34 6.30 7.48 7.24 2.06 0.001165 

FOS 7.19 7.31 8.82 8.76 2.91 0.000208 

JUN 6.42 6.52 8.74 8.57 4.55 0.000112 

DDIT3 7.82 7.69 10.15 9.85 4.73 0.000169 

VEGFA 6.36 6.47 9.21 9.26 7.07 6.15E-05 
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Symbol MDA 
N1 

MDA 
N2 

MDA 
H1 

MDA  
H2 

M P.Value 

 Signal   

JUB 11.9 11.84 8.33 8.66 -10.4 0.000086 

CDC25A 6.34 6.36 3.14 3.66 -7.70 1.79E-04 

CDC20 10.09 10.08 7.51 7.60 -5.77 6.49E-05 

CDC25C 6.66 6.96 4.58 4.30 -5.16 0.00016 

TACC1 8.76 8.61 6.17 6.63 -4.88 0.00031 

CDC2 10.88 10.90 8.59 8.71 -4.73 8.13E-05 

CDC25B 9.91 9.96 7.71 7.93 -4.33 0.00013 

CCNA2 9.24 9.24 7.12 7.22 -4.20 9.34E-05 

GTSE1 6.77 6.69 4.80 4.84 -3.75 0.000112 

TGFB2 6.67 6.75 4.93 4.73 -3.69 0.000164 

MPHOSPH9 8.19 8.41 6.42 6.48 -3.61 0.000189 

CDC6 7.86 7.80 5.86 6.11 -3.60 0.000205 

CCNE2 8.45 8.47 6.54 6.72 -3.56 0.000159 

TUBG1 10.25 10.21 8.42 8.47 -3.45 0.000127 

AURKA 11.28 11.22 9.47 9.65 -3.23 0.000197 

AURKB 8.41 8.21 6.82 6.45 -3.18 0.000266 

CDK2 9.74 9.89 7.99 8.33 -3.15 0.000485 

BRCA2 7.45 7.27 5.99 5.43 -3.15 0.001519 

CCND1 10.37 10.38 8.69 8.76 -3.14 0.000153 

BRCA1 7.95 8.16 6.43 6.61 -2.89 0.000396 

ESPL1 8.94 9.10 7.37 7.63 -2.86 0.000475 

AKT1 10.20 10.21 8.86 8.87 -2.53 0.000241 

HRAS 8.24 8.30 7.00 7.14 -2.30 0.000467 

ANAPC1 7.40 7.11 6.27 5.88 -2.26 0.003301 

E2F5 7.24 7.33 6.25 6.27 -2.04 0.000619 

ATR 7.10 7.10 6.20 6.16 -2.02 0.000816 

TPX2 9.08 8.99 8.09 7.95 -2.01 0.019 

WEE1 9.51 9.60 8.83 9.16 -2.01 0.024842 

VEGFA 7.92 7.81 8.92 8.85 2.03 0.00086 

EIF1 11.73 11.65 12.77 12.69 2.05 0.00067 

MDM2 6.42 6.40 7.46 7.44 2.05 0.000537 

PPP4R1L 6.07 5.77 7.03 6.88 2.05 0.002167 

MARS 6.31 6.38 7.27 7.49 2.05 0.001145 

GTF3C4 8.37 8.41 9.51 9.36 2.06 0.000778 

IL1RL1 4.10 3.77 4.95 5.00 2.06 0.002127 

BCL10 6.34 6.30 7.48 7.24 2.06 0.001165 

FOS 7.19 7.31 8.82 8.76 2.91 0.000208 

JUN 6.42 6.52 8.74 8.57 4.55 0.000112 

DDIT3 7.82 7.69 10.15 9.85 4.73 0.000169 
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Symbol SKBr3 
N1 

SKBr3 
N2 

SKBr3  
H1 

SKBr3  
H2 

M P.Value 

 Signal   

CDC25A 6.34 6.36 3.14 3.66 -7.70 1.79E-04 

CDC20 10.09 10.08 7.51 7.60 -5.77 6.49E-05 

TACC1 8.76 8.61 6.17 6.63 -4.88 0.00031 

CDC2 10.88 10.90 8.59 8.71 -4.73 8.13E-05 

CDC25B 9.91 9.96 7.71 7.93 -4.33 0.00013 

CCNA2 9.24 9.24 7.12 7.22 -4.20 9.34E-05 

GTSE1 6.77 6.69 4.80 4.84 -3.75 0.000112 

TGFB2 6.67 6.75 4.93 4.73 -3.69 0.000164 

MPHOSPH9 8.19 8.41 6.42 6.48 -3.61 0.000189 

CDC6 7.86 7.80 5.86 6.11 -3.60 0.000205 

AURKA 10.52 10.85 8.87 8.82 -3.57 0.00011 

CCNE2 8.45 8.47 6.54 6.72 -3.56 0.000159 

TUBG1 10.25 10.21 8.42 8.47 -3.45 0.000127 

CDK2 9.74 9.89 7.99 8.33 -3.15 0.000485 

BRCA2 7.45 7.27 5.99 5.43 -3.15 0.001519 

CCND1 10.37 10.38 8.69 8.76 -3.14 0.000153 

BRCA1 7.95 8.16 6.43 6.61 -2.89 0.000396 

ESPL1 8.94 9.10 7.37 7.63 -2.86 0.000475 

AKT1 10.20 10.21 8.86 8.87 -2.53 0.000241 

HRAS 8.24 8.30 7.00 7.14 -2.30 0.000467 

ANAPC1 7.40 7.11 6.27 5.88 -2.26 0.003301 

CDC25C 8.98 8.93 7.94 7.78 -2.13 0.0445 

TPX2 9.54 9.80 8.56 8.64 -2.10 0.00086 

AURKB 6.00 6.61 5.20 5.30 -2.08 0.0058 

E2F5 7.24 7.33 6.25 6.27 -2.04 0.000619 

ATR 7.10 7.10 6.20 6.16 -2.02 0.000816 

WEE1 9.51 9.60 8.83 9.16 -2.01 0.024842 

EIF1 11.73 11.65 12.77 12.69 2.05 0.00067 

MDM2 6.42 6.40 7.46 7.44 2.05 0.000537 

PPP4R1L 6.07 5.77 7.03 6.88 2.05 0.002167 

MARS 6.31 6.38 7.27 7.49 2.05 0.001145 

GTF3C4 8.37 8.41 9.51 9.36 2.06 0.000778 

IL1RL1 4.10 3.77 4.95 5.00 2.06 0.002127 

BCL10 6.34 6.30 7.48 7.24 2.06 0.001165 

FOS 7.19 7.31 8.82 8.76 2.91 0.000208 

JUN 6.42 6.52 8.74 8.57 4.55 0.000112 

DDIT3 7.82 7.69 10.15 9.85 4.73 0.000169 

VEGFA 6.89 6.29 10.1 10.1 11.7 3.52E-05 
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Table 1:  Patterns of differential expressed genes in response to hypoxia. Partial list of  
of genes differentially expressed in MCF-7, MDA-MB-231 and SKBr3 breast cancer cell lines exposed to 
hypoxia for 24 hours (P < 0.001; fold change M >2). 
Symbol: gene symbol; Signal: A quantitative measure of the relative abundance of a transcript. N: Normoxia. 
H:Hypoxia. N1 and N2: biological replicates under normoxia. H1 and H2: biological replicates under hypoxia. 
                                                                     

 
 
 

 

 
 
Figure 6 : Hierarchical clustering of the common statistically significant differential expression genes in MCF-
7, MDA-MB-231 and  SKBr3 breast cancer cell lines exposed to hypoxia for 24 and 48 hours. (P < 0.001; fold 
change M >2). Each horizontal line represents a particular gene and the columns the experimental conditions.. 
The colored bar on the top represent the gene expression variations.  

 
 

 
Focusing our analysis primarily on genes involved in proliferation and 
response to hypoxia, the genes involved in cell cycle regulation, AURKA 

signaling and HIF-1α network, that changed in a statistically significant 
manner (P < 0.001) after hypoxic exposure to 24 and 48 hours, were grouped 
in the heat maps (Figure 7).  
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Figure 7: Corrected microarray signal values of genes involved in cell cycle regulation, AURKA signaling and 
HIF-1α network of MCF-7, MDA-MB- 231 and SKBr3 breast cancer cell lines exposed to hypoxia for 24 and 
48 hours in comparison to control cells (P < 0.001; fold change M >2). 
 

 

The most significant changes were observed in key genes involved in  
progression and regulation of cell cycle and  in pathway of response to 
hypoxic condition. In particular, in all three breast cancer cell lines analyzed 
was observed a downregulation of AURKA (fold change: -3.23 and -3.57 in 
MCF-7, -3.23 and -2.46  in MDA-MB-231, and -3.57 and -4.53 in SKBr3, 
respectively to 24 and 48 hours) and  a significant decrease in the expression 
level of  the two positive regulator of this kinase, such TPX2 (fold change: -
3.52 and -2.62 in MCF-7, -2.02 and +1.66 in MDA-MB-231 and -2.10 and 
4.55 in SKBr3 respectively to 24 and 48 hours) and JUB (fold change: -2.83 
and -3.03 in MCF-7, - 5.4 and -2.23 in MDA-MB-231 and -1.50 and -2.65 in 
SKBr3 respectively to 24 and 48 hours).  

Moreover, significant changes were observed in HIF-1 α target genes, 
including the up-regulation of VEGF (fold change: + 7.07 and +8.43 in  
MCF-7, +2.03 and + 5.08  in MDA-MB-231 and + 11.7 and + 12.76 in 
SKBr3).  Since the previously analysis allowed has to obtain three lists of 
differentially expressed genes that showed a downregulation of AURKA in 
the three breast cancer cell lines, the next step was to validate the results and 
correlate the reduction of gene expression level of this kinase with the 
hypoxic condition. Using RT-PCR and QRT-PCR was confirmed that hypoxia 
induces downregulation of AURKA mRNA expression, with an increased 
reduction of expression levels of this kinase after 48 hours of hypoxic 
exposure in MCF-7 and SKBr3 and with an initial decreased (after 24 h) 
followed by a partial expression recover after 48 hours in MDA-MB-231, 
respect to normoxic condition (Figure 8) 
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Figure 8: Effect of hypoxia on AURKA mRNA expression. A. mRNA expression of AURKA, as quantified by 
real time PCR in MCF-7, MDA-MB-231 and SKBr3 cells expose to hypoxia for 24 and 48 hours. B. AURKA 
mRNA expression as quantified using RT-PCR. 
 

Interestingly, in parallel to AURKA downregulation, was found a reduction of 
AURKA protein levels in MCF-7 and SKBr3 after 24 and 48 hours of 
hypoxic exposure, compared to control condition.  
Differentially MDA-MB-231 cells, as observed by microarray analysis, 
showed a reduction of AURKA mRNA levels and relative protein after 24 
hours with an increased expression after 48 hours of exposure to hypoxia. 

The reduction of AURKA protein is paralleled to an increase in HIF-1α and 
VEGF protein levels. Consistent with our findings,  together with a reduction 
of AURKA protein under hypoxia, we detected a decrease in the 
phosphorylation level of AURKA(Thr288) (Figure 9). 
 

 
 

Figure 9: Effect of hypoxia on the protein levels of VEGF, AURKA, p-AURKA and HIF-1α.  MCF-7, MDA-
MB-231 and SKBr3 were cultured in hypoxic environment for 24 and 48 hours and protein expression were 
examined by Western blot developing with the enhanced chemoluminescence reagent (ECL). The house-
keeping protein GAPDH was used as loading control. 
 

 
 
 



24 
 

 
In contrast, these effects of hypoxic exposure were reversed silencing HIF-

1α mRNA expression. Using HIF-1α-siRNA in MCF-7, MDA-MB-231 and 
SKBr3 cell lines exposed to hypoxia for 24 and 48 hours, was observed a  
significant increased both AURKA mRNA levels, evaluated by RT-PCR and 
QRT-PCR, together with an increase in AURKA phosphorylation and 
AURKA protein levels (Figure 10). 

According to these results we suggested that HIF-1α could act directly or 
indirectly as a possible negative regulator of AURKA expression in breast 
cancer cell lines cultured in hypoxia. 
 

 
 
Figure 10: A. Effect of HIF-1αsiRNA in MCF-7, MDA-MB-231 and SKBr3 cell lines exposed to hypoxia for 

24 and 48 hours. A. mRNA expression levels of AURKA and HIF-1α as quantified by real time PCR.  B. 

Protein expression levels of VEGF, AURKA, p-AURKA and HIF-1α examined by Western 
blot. Each membrane was also probed with GAPDH to confirm equal loading. 
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HIF-1 αααα involvement in transcriptional regulation of AURKA 
 
HIF-1α regulates the transcription of its target genes via binding to HREs. 
Sequence analysis have showed three HREs sites into AURKA proximal 
promoter (HRE-1: -336/-332; HRE-2: -323/-319; and HRE-3: -240/-236). 

Therefore, to investigate whether HIF-1α could regulate AURKA expression, 
a Chromatin Immunoprecipitation (ChIP) assay was performed to evaluate 

the effect of hypoxia on HIF-1α binding to the HREs into the proximal 
AURKA promoter region.  
This analysis allowed has to observe that in MCF-7, SKBr3 and MDA-MB-

231 breast cancer cell lines, HIF-1α does not bind AURKA promoter under 
normoxia but an increased binding at 24 and 48 hours of hypoxia exposure 
was observed in MCF-7 and SKBr3 cells. Differentially, in MDA-MB-231 

cells was obtain an enhanced HIF-1α HREs binding after 24 hours following 
by a decreased after 48 hours of hypoxia exposure (Figure 11).  
Contrary to earlier findings, we hypothesize a new possible mechanism 

where under hypoxia, HIF-1α rather than induce transcriptional activation, 
can promote AURKA downregulation by its HREs promoter binding.  

The reduced HIF-1α binding in AURKA promoter region observed after 48 
hours of hypoxia in MDA-MB-231, supports our hypothesis because in 

response to a lower HIF-1α promoter binding, we observed an increase of 
gene expression and protein levels, as well AURKA activation status (Figure 
8 and 9). Therefore these results can suggest a new possible transcriptional 

role of HIF-1α that could be determine a negative control of AURKA 
expression in breast cancer cell lines.  
 

 
 
 

Figure 11: Effect of hypoxia on HIF-1α binding into proximal AURKA promoter region.  Interaction between 

HIF-1α and AURKA promoter region containing HRE-1, HRE-2 and HRE-3 as observed by Chromatin 
Immunoprecipitation (ChIP) assay in MCF-7, SKBr3 and MDA-MB-231 breast cancer cell lines cultured in 
hypoxic conditions for 24 and 48 hours.  
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Discussion  
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Breast cancer continues to be one of the most common cancers and a major 
cause of death among women worldwide. Since oncologists have several 
options available (chemotherapy, hormone-therapy and biologic agents such 
as anti-angiogenic and anti-HER2 drugs), breast cancer  is still responsible 
for 18 percent of cancer deaths in women and is second only to lung cancer.   
Analysis of gene expression profiling has recently categorized breast 
carcinomas into 5 distinct subtypes; luminal A, luminal B, normal breastlike, 
human epithelial growth factor receptor 2 (HER2) overexpressing, and basal-
like, allowing to identify most suitable personalized therapeutic approach. 
The Aurora family kinases, especially Aurora A, play a particularly important 
role in cell cycle and its deregulated expression is involved in many types of 
human malignancies. During mitosis, Aurora A is involved in maturation and 
separation of the centrosomes of the bipolar spindle and  correct gene  
expression levels of this kinase are needed for a correct cytokinesis.  
Several studies showed that Aurora A overexpression correlates with 
tumorigenesis, metastasis and chemoresistance, confirming the AURKA pro-
survival function in cancer cells. 
AURKA overexpression induces centrosome amplification (Katayama et al., 
2001), which may result in chromosomal instability and aneuploidy (Zhou et 
al., 1998; Miyoshi et al., 2001). Thus the understanding of the regulatory 
pathways mediating a reduced transcription of AURKA could be important in 
order to identify new possible mechanism that can be unravel the 
mechanisms regarding not only breast cancer  progression, but also other 
tumors associated with AURKA overexpression. 
Tumor hypoxia is known to be an important regulator for the expression of 
many genes involved in tumorigenesis and cell cycle regulation. During this 
condition, therefore, the stabilization of the transcription factor HIF-1 appears 
to be a key regulatory factor for  ~ 100 genes, of which VEGF, PGI, c-MET, 
and CXCR4, CDC2, RB1, or PAI-1 are known to play a pivotal role in 
tumorigenesis and cancer metastasis. 
In a previous work, AURKA overexpression has been correlated at the 
reduced partial pressure of oxygen inside tumors in hepatoblastoma cell lines  
(Klein A et al 2008). The authors demonstrate that in hypoxic conditions, the 

stabilization of  HIF-1α is involved in AURKA overexpression by its binding 
at AURKA promoter in hepatoblastoma cell lines.  
In breast cancer cell lines, the molecular mechanisms thought AURKA is 
regulated in response to hypoxic condition are unknown.  
Therefore the overall goal of this investigation was to obtain new insights 
into AURKA regulation in breast cancer cell lines cultured under normoxia 

and hypoxia, evaluating the possible HIF-1α role in transcriptional control of 
AURKA.  
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A microarray analisys, using Affymetrix platform, was performed to compare 
the differential gene expression profile in MCF-7, MDA-MB-231 and SKBr3 
breast cancer cell lines cultured in normoxic and hypoxic condition.  
Focusing on AURKA expression, was found a statistically significant 
downregulation ( P ≤ 0.01) in all breast cancer cell lines cultured in hypoxia 
and a reduction of mRNA levels and  related protein were confirmed by Real-
Time RT-PCR and Western Blotting.  In order to identify a new possible 
mechanism of response to hypoxic condition, a ChiP assay and siRNA 

against HIF-1α was used, to evaluate the HIF-1α involvement in 
transcriptional control of AURKA expression. 
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Conclusions 
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The overall goal of this study was to identify a downregulation of AURKA in  
MCF-7, MDA-MB-231 and SKBr3 breast cancer cell lines cultured in 
hypoxic condition for 24 and 48 hours.  

Contrary to earlier findings, our result showed that HIF-1α rather than induce 
transcriptional activation, can promote AURKA downregulation by its HREs 
promoter binding in breast cancer cell lines analyzed. 

The reduced HIF-1α binding into the proximal AURKA promoter region 
observed after 48 hours of hypoxia in MDA-MB-231 cell lines, supports our 

hypothesis because in response to a lower HIF-1α promoter binding, was 
observed an increase of gene expression and protein levels, as well AURKA 
activation status.  

This result suggest a new possible transcriptional role of HIF-1α that can 
determine a negative control of AURKA expression in breast cancer cell lines 
exposed to hypoxic environment.  
Aim of subsequent research will be to deepen the molecular bases of  this 

AURKA downregulation evaluating if HIF-1α alone is directly involved in 
transcriptional control or if other co-repressor proteins are involved in  this 
negative transcriptional control of AURKA. 
The evaluation of this mechanisms, in the future, could play a fundamental 
role in the realization of new possible therapeutic approaches in breast 
cancer.  
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