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Abstract

Purpose: The drug Zoledronic acid (ZOL) has been extensively studied as a therapeutic strategy to treat breast cancers. Previous data show the triple negative breast
(TNBC) samples are particularly sensitive to killing following exposure to the drug. The goal of this current study was to examine the effect of ZOL on TNBC and
identify genes that might contribute to this sensitivity.

Methods: A cell line model was used to perform experiments to determine the dose effect of ZOL on TNBC and the genes differentially expressed following drug
exposure. Following treatment, the mode of death was established and the transcriptomes of the cells were examined via microarray and differentially expressed genes
were identified and validated via transcript and protein expression analyses.

Results: Data show that TNBC cells are sensitive to killing following ZOL, with cell death occurring via the autophagy mechanism. Data also show an enrichment
in dysregulation in signalling events related to cell cycle regulation. Previous studies have shown involvement of the cell cycle regulator CDKN1A/p21. We observed
similar involvement of CDKN1A/p21, but in addition we found down-regulation of the mitotic serine/threonine kinase AURKA gene.

Conclusion: In autophagy associated cell death in TNBC, ZOL functions via cell cycle-mediated signalling events related to regulation of CDKN1A proteinase

inhibitor and down-regulation of AURKA kinase.

Introduction

Zoledronic acid (ZOL) belongs to the class of nitrogenous cyclic
bisphosphonate compounds [1]. The drug is approved for the treatment
of a number of bone diseases including hypercalcemia occurring in
cancers, osteoporosis in both the absence and presence of cancers,
and Paget’s disease, a disease related to errors in the bone remodeling
mechanisms [2-4]. ZOL has proven to decrease bone resorption, and
thus is an effective preventative treatment against bone fractures. The
drug is absorbed by osteoclast and binds to hydroxyapatite molecules
in bone, eventually activating cell death mechanisms. Mechanistically,
studies show that ZOL inhibits farnesyl diphosphate synthase, an
enzyme in the mevalonate pathway in these cells. Dysregulation of
the mevalonate pathway leads to a reduction in the post-translational
prenylation of proteins which include osteoclast GTPases, and this in
turn leads to disruption of cellular events and ultimately cell death [5].
In addition to its effects in osteoclasts, ZOL has an anti-cancer effect
in both clinical and experimental model systems. The drug can block or
inhibit cell migration, invasion, and metastasis of cancer cells [6]. Although
the results are mixed, studies suggest that ZOL can be an effective therapy
in different cancers, and in particular types of breast cancers [7].

The Azure and the Austrian Breast & Colorectal Cancer Study
Group 12 (ABCSG12) clinical trial studies were the earliest studies
designed to determine the utility of ZOL in breast cancer treatment [8,9].
Data from the studies suggest ZOL is most effective in a low estrogen
cellular environment as is present in estrogen receptor-negative and/
or in postmenopausal women whom are often receptor-negative.
Hence, ZOL has been considered as a therapy for receptor-negative
patients. These results are of particular interest because there are fewer
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therapies available for the treatment of receptor-negative patients and
the cancers have a less favourable clinical outcome. Because the drug
might be clinically useful, it is important to further characterize the
mechanism of action of ZOL in TNBC and breast cancers in general.

Cell line model systems are instrumental in determining the
mechanism of action of ZOL. Utilizing the MDA MB231 cells to
represent TNBC, investigators show that TNBC cells are sensitive
to killing by ZOL, consistent with the results observed in the clinical
studies [10]. Buhler et al. [11] suggest that ZOL affects survival
by reducing the metastatic potential of receptor-negative cells by
decreasing their motility and cellular velocity. Rachner et al [10]
suggest the anti-tumor effects of ZOL are due to anti-proliferative
signalling mechanisms related to targeting the tumor necrosis factor
family of cytokine genes and other anti-inflammatory-related genes.
Similarly, Morony et al. [12] showed that ZOL led to modulation of
the Receptor Activator of Nuclear Factor Kappa B Ligand (RANK/
OPG) and CXCR4 cytokine associated signalling pathways in tissues
prepared from breast cancer patients. Altogether, data further support
the effect of ZOL on MDA MB231 and other TNBC, as these cell types
are known to express substantial levels of inflammatory-related genes.
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ZOL can lead to cell death via dysregulation of cell cycle signalling
in receptor-negative cells. Studies show that cell cycle arrest can occur
via dysregulation of cyclins and the CDKN1A/p21 cyclin regulator
with eventual cessation of S phase in breast and non-small cell lung
cancer [13,14]. In a separate study Ottewell et al. [15] found that
administration of ZOL to tumor-bearing mice reduced tumor volume
and proliferation via modulation of cyclins D1, D3 via the CDKN1A/
p21 cyclin regulator. The goal of this current study was to further
characterize the effect of ZOL on TNBC. Under the experimental
conditions defined here, ZOL led to differential gene expression of
cell cycle related genes in both breast subtypes, but the pattern of
expression and genes effected differed from that observed in previous
studies. Data presented here support the role of AURKA kinase as a
key gene effected by ZOL treatment in TNBC, with AURKA associated
with up-regulation of the cyclin dependent kinase inhibitor CDKN1A/
p21. Data related to ovarian cancer show that loss of AURKA leads
to upregulation of CDKN1A/p21; we suggest a similar pattern of
regulation in breast cancers following exposure to ZOL [16,17].

Materials and methods

Cell line and cell culture

The MDA MB231 cell line was purchased from ATCC.org
(Manassas, VA, USA). MDA MB231 was chosen to represent the basal-
like/TNBC cell line. The cells were cultured in Dulbecco’s Modified
Eagle Minimum essential media (DMEM) (Millipore, Sigma, St. Louis,
MO, USA) supplemented with 1% penicillin and 10 % serum (FBS) in
a37°C and 5% CO?. The cells were fed twice weekly and passaged when
they reached 90% confluence using a 0.25% trypsin solution (Millipore,
Sigma, St. Louis, MO, USA).

Zoledronic acid dose response

ZOL was purchased from Sigma Aldrich (CAS number 165800-
06-6; St. Louis, MO, USA) and suspended in saline as suggested by
the manufacturer. Exponentially growing cells were treated with ZOL
at different concentrations ranging from zero to 500uM for times
up to 72hours. The 48-hour time point was chosen for down-stream
experimental analyses because a substantial number of cells remained
viable and available for downstream analyses at this time point.

Cell proliferation and viability analyses

The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide) assay was utilized to determine cell proliferation and
cytotoxicity (catalog number G400; Promega, Madison, WI, USA).
The MTT stock solution was prepared according to the manufacturer’s
suggestions. Briefly, 5mg/ml MTT was added without phenol red or
PBS and filtered through a 0.2 um filter and stored at 2-8°C. The final
volume of the 1:10 MTT working solution was calculated. MDA MB
231 cells were plated in a 96 well plate at 4,000 - 5,000 cells per well
one day preceding the experiment. The following day, the cells were
treated with concentrations of ZOL including 0, 25, 35, 50, 100, 200,
300, 400 and 500ug/mL for 48hours while incubated at 37°C; doses of
100-500uM were performed for the initial dose response assessments.
A 20ul solution of the MTT solution (5mg/ml stock) was added to each
well. The 96 well plates were again incubated @ 37°C with 5% CO? for
4 hours. The medium was removed and 100 pl of DMSO was added to
each well. Cell preparations were agitated on an orbital shaker (rotate
plate) for 5 to 10 minutes and the absorbance was determined using a
plate reader to measure the OD540 nm (reference absorbance value is
690nm).
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RNA extraction and purification

Exponentially growing cells were treated with ZOL and used for the
RNA analyses. Total RNA was isolated from the cells using the Trizol TM
reagent (Life Technologies Inc., Grand Island, NY) as suggested by the
manufacturer and further purified using the Qiagen RNeasy Mini Kit also
as suggested by the manufacturer. The quantity and quality of the RNA was
determined via spectrophotometer and 3-N-morpholino propanesulfonic
acid (MOPS) gel electrophoresis, respectively.

Microarray and data analyses

The transcriptomes of control, 35uM and 50uM ZOL treated
samples were examined using Affymetrix DNA microarray technology.
The labelled aRNA preparations and microarray hybridizations were
performed by the University of Texas (UT) Southwestern Medical
Center Microarray Core Facility (Dallas Texas, USA) using Affymetrix
U133plus 2 gene-chips and the CEL intensity files were made available
to Texas Southern University for down-stream bioinformatics
analyses. The quality of the hybridizations were determined using Box
and Whisker plots, percent hybridization and scaling factors. All of
the hybridizations demonstrated high-quality metrics as required by
Affymetrix.com. CEL intensity files were uploaded into the mAdb web
portal https://madb.nci.nih.gov/ for dataset analyses [18]. The mAdb
is a password protected web-based bioinformatics resource supported
by the National Cancer Institute at the National Institutes of Health
(Bethesda MD, USA). mAdb contains bioinformatics tools which allow
for analyses of the ZOL treated datasets. Genes chosen as differentially
expressed demonstrated at least a 1.3-2.0 fold level of differential
expression with p-values <0.05. Analyses of the protein-protein
interactions and a summary of their corresponding cell signalling
mechanisms were obtained via STRINGTM analyses [19].

Complementary DNA (cDNA) generation

The cDNA was generated using the iScriptTM Reverse Transcriptase
kit purchased by BioRad (Hercules, CA, USA) according to the
manufacturer’s suggestion. This material was used for down-stream
polymerase chain reaction (PCR) reactions to determine the relative
difference in gene expression levels between the various samples.

Primer design and PCR chain reaction analyses

The genes chosen for this study were based on differential
expression on the DNA Microarray. The sequences corresponding to
the genes were selected based on the Affymetrix probe-set sequences
available at NetAfftxTM (http://www.affymetrix.com/estore/analysis/
index.affx). PCR primers were designed by analyzing the sequences
using the Primer 3TM software (http://bioinfo.ut.ee/primer3-0.4.0/),
using the default primer sequence analyses conditions. The forward
primer sequence for AURKA is 5TGACCCCGATCAGTTAAGGAG
and the reverse is 5TGCCGGACAGACACACAG3’ (Affymetrix
probe-set  204092_s_at). The forward primer sequence for
CDKN1A (p21) is 5TTAGCAGCGGAACAAGGAGT3 and
the reverse is 5’GCCGAGAGAAAACAGTCCAG3 (Affymetrix
probe-set  202284_s_at). The forward primer sequence for
GAPDH is 5TCCCTGAGCTGAACGGGAAG3’ and reverse is
5GGAGGAGTGGGTGTCGCTGT3’. The PCR was performed using
the AmpliTaq GoldTM master mix reagent and the procedure was
performed as suggested by the manufacturer (Thermo Fisher, Waltham
MA, USA). The PCR products were analyzed on a 2% agarose gel,
photographed and visualized using the LiCor (Lincoln NE, USA) gel
analysis system.
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Western blotting

Exponentially growing cells were treated with ZOL and used for
protein analyses. Following ZOL treatments, cells were collected and
lysed using RipaTM lysis buffer and protein estimates determined
using Bio-Rad reagents (Bio-Rad Life Science Research, Hercules,
California, USA). Thirty to fifty micrograms of protein were resolved
by gel electrophoresis for downstream detection of the target proteins
via antibody. The primary antibody concentrations and incubation
times were determined based on the recommendation of the supplier.
Results of the western analyses were determined via the ECL detection
procedure also supplied by BioRad Company.

Antibodies: Antibodies used in the study were purchased from
Novus Biologicals (Littleton CO): LC3 (NB600-1384), Actin (NB600-
501SS), CDKN1A/p21 (MAB1047-SP) and AURKA (NBP2-22118SS)
at a 1:1000 dilution. Secondary HRP conjugated anti mouse (HAF007)
and anti-rabbit (NBP-2-30348H) antibodies were used at a 1:4000
dilution. Bound antibodies were visualized with the Clarity Western
ECL substrate (Bio-Rad, Hercules, CA, USA) on a LICOR digital
imaging system (LI-COR Biotechnology, Lincoln, NE, USA).

Assessment of autophagy cell death

The MDA MB231 cells were plated on 6-well dishes or T75 cm2
ventilated cell culture flasks, allowed to attach for 24hours, followed
by the addition of ZOL (35uM and 50uM) and incubated for 48hours.
Control cells were similarly incubated in medium without the drug.
LC3 cleavage was assessed via the Western blot procedure as provided
above.

Pan caspase inhibitory assay for assessment of caspases-
dependent apoptosis

Z-VAD-FMK is a pan-caspase inhibitor. The reagent permeates
the cell and irreversibly binds to and subsequently inhibits caspases.
The Z-VAD-FMK molecule can therefore be used to determine the role
of caspases, hence caspases-mediated apoptosis in particular cell types
(AdooQ Bioscience, catalog number A12373; Irvine, CA, USA). The
procedure was performed as recommended by the manufacturer. IC50
for the reagent is 0.0015 - 5.8 mM. To determine whether the mode of
death in MDA MB231 following ZOL was due to apoptosis, the cells
were incubated with the pan-caspase inhibitor. MDA MB231 cells were
treated with 20 uM Z-VAD-FMK for lhour prior to exposure to ZOL
at various concentrations for 48hours. The cells were photographed
using a Nikon Eclipse Ti camera (Nikon Corporation, Chiyoda-ku,
Tokyo, Japan).

Results

ZOL leads to cytotoxicity and decreased viability in TNBC cells.
The primary goal of this study was to determine the effect of ZOL on
TNBC and identify genes differentially expressed following exposure to
the drug. MDA MB231 cell lines were chosen to represent the TNBC
subtype. The cells were exposed to doses up to 500uM ZOL for 48 hours
and the effect of the drug on cell cytotoxicity was measured using the
MTT assay. Data show the drug had a drastic effect on MDA MB231
TNBC cells (Figure 1). These data were consistent with previous studies
which demonstrated a pronounced effect of the drug on the TNBC cell
line [20]. Utilizing the MTT assay, 50% cytotoxicity of MDA MB231
cells was observed at 35uM ZOL and approximately 70% cytotoxicity
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at 50uM ZOL. Results using the hemocytometer showed 35uM ZOL
resulted in approximately 40% loss in viable cells and 50uM ZOL
resulted in approximately 60% loss in viable cells (data not shown).

Zoledronic acid induced cell death in TNBC did not occur via
caspase-dependent apoptosis signalling

The Z-VAD-FMK pan-caspase inhibitor was used to determine the
possible involvement of caspases, hence caspase-mediated apoptosis in
the mode of death in MDA MB231 cells. Results showed that even when
caspases were inhibited, cell death was detected (Figure 2), hence there
was no evidence of the involvement of caspases-mediated apoptosis
in the death of the MDA MB231 cells. There was also no evidence
of appreciable levels of cleaved caspase 3 or caspase-independent
apoptosis involvement (data not shown).

Cell death in TNBC via autophagy signalling mechanism

Autophagy is a survival mechanism, but when cells are unable to
support homeostasis, the autophagy cell death mechanism is activated.
The LC3 protein has proven to be a reliable marker for detection of
autophagy signallsing. During autophagy induction, LC3I is lipidated
and converted to LC3II. LC3II is a marker of autophagosome
development and thus autophagy. Previous data show that ZOL can
induce cell death in breast and other cancer cell types by autophagy
[21,22]. Our data are consistent with these studies, as demonstrated by
cleavage of LC3 protein in MDA MB231 cells with increasing doses of
ZOL (Figure 3).

Dose response of MDA MB231 cells
following exposure to ZOL after 48hrs
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Figure 1. MTT cytotoxicity analyses to demonstrate the effect of ZOL on MDA MB231
cells. MDA MB231 show significant cell death following ZOL doses

1 2 3
MDA231 Control MDA 231+ 35uM . ona231 +50uM ZOL

Figure 2. Effect of Z-VAD-FMK pan-caspase inhibitor on MDA MB231 cells. Lane
1A representing MDA MB231 cell (control); 1B representing MDA MB231 control cell
exposed to pan caspase inhibitor; 2A, MDA MB231 treated with 35uM of ZOL; 2B, MDA
MB231 cell exposed to pan caspase inhibitor then treated with 35uM of ZOL; 3A, MDA
MB231 treated with 50uM of ZOL; 3B, MDA MB231 cell exposed to pan caspase inhibitor
then treated with S0uM of ZOL
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Summary of microarray values for genes chosen as
differentially expressed following exposure of MDA MB231
cells to ZOL

Table 1 summarizes the DNA microarray results for the candidate
genes selected as differentially expressed following exposure of MDA
MB231 cells to ZOL. AURKA and CDKNI1A appeared responsive to
both 35uM and 50uM ZOL doses. AURKA gene was down-regulated
and CDKNI1A gene levels were up-regulated.

Experimental validation of loss of expression of AURKA and
increase in CDKN1A/p21 expression in MDA MB231 cells
following exposure to ZOL

Several genes were initially selected for analyses based on the
results generated utilizing DNA microarray. However, following
repeated experimental analyses, only AURKA and CDKN1A/p21 genes
consistently demonstrated differential expression when examined
via PCR and protein analyses. These data show down-regulation of
AURKA transcript (Figure 4a) and protein expression (Figure 4b) with
treatment of ZOL in TNBC cells, and up-regulation of CDKN1A/p21
transcript (Figure 5a) and protein gene expression (Figure 5b) with
increased doses of ZOL. AURKA is a serine-threonine kinase which is
necessary for centrosome maturation and mitotic cell cycle progression
and CDKN1A/p21 is a cyclin-dependent kinase inhibitor [23,24]. In an
ovarian cancer cell model, data show that down-regulation of AURKA
leads to restoration of CDKNI1A/p2l similar to the relationship
observed in this current study [16,17]. The STRINGTM analyses was
utilized to demonstrate the documented interactions between the two
proteins. Protein-protein interactions noted by STRINGTM were
based on experimental determinations and text mining with false
discovery rates ranging from 0.0029-0.0076 (Table 2).

Control 35uM S50uM

LC3n

. S— — AT

Figure 3. ZOL induced autophagy in Triple negative breast cancer. MDA MB231 cells
were treated with ZOL at control, 35uM and 50uM concentrations for 48hours. Total
protein was extracted from cells to perform Western blot. LC3 antibody was used to detect
LC3I and LC3II
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Figure 4. PCR transcript and Western blot analyses of AURKA gene expression in MDA
MB231 cells lines following exposure to control, 35 and 50uM ZOL. Data show decreased
expression of the transcript and protein levels of AURKA with ZOL treatment of MDA
MB231 cells for 48 hours. A= transcript analyses and B=Western blot protein analyses of
MDA MB231 cell preparations
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Figure 5. Increased transcript and protein expression of CDKN1A/p21 levels in MDA
MB231 following 35 and 50uM ZOL 48hours. CDKN1a was analyzed for transcript and
protein expression in MDA MB231 cells treated with ZOL. A= transcript analyses and
B=western blot protein analyses of MDAMB231 cell preparations

Table 1. DNA Microarray Results for genes-of-interest in MDA MB231. Data were
extracted from microarray to demonstrate the fold change and significance p-value and
brief description for the genes-of-interest. “1” up arrow designates up-regulation and “|”
arrow designates down-regulation of the gene-of-interest following ZOL

35uM ZOL 50uM ZOL
Gene Fold Description
Fold change p value change p value
RK 136 | 23 Aurora A cell cycle
AU (down) 0.02 (down) 0.0096 regulated kinase
CDKNIA(p21) | 168 1 (up) 0.001 2.16 1 (up) 0.0056  CC°ll.cyele dependent

kinase inhibitor

Table 2. STRING™ analyses of CDKN1A/p21 and AURKA to demonstrate protein-protein
associations. Pathway analyses data show significant association of both proteins to cycle
related signalling mechanisms and to each other

Biological process (GO) d rating relationship between AURKA and CDKNA1

GO term Description Count in | False discovery
set rate
GO : 0031647 Regulation of protein stability 2 of 251 0.005
GO : 0031100 Animal organ regeneration 20f 79 0.005
GO : 006977 DNA damage response, signal 20f59 0.005
transduction by p 53
GO : 0000086 G2/M transition of mitotic cell cycle 2 0f 123 0.005
GO : 0043066 | Negative regulation of apoptotic process 2 of 859 0.0206

Discussion

Results from both clinical and experimental studies show that
patients with certain types of breast cancers benefit from specific ZOL
treatment regimens. The results from these studies are mixed, but even
though ZOL can affect some receptor positive patients, data suggest
the drug demonstrates a differential pattern of killing in receptor-
negative TNBC compared to other breast cancer types [7,25-28]. Breast
cancers are extremely heterogeneous, so further characterization of the
differential responses of particular breast cancers to the drug should
lead to better understanding of breast cancers in general. The primary
goal of this current study was to examine the effect of ZOL on TNBC in
efforts to identify genes that might contribute to the sensitivity of the
cells to the drug. We suggest the cell signalling events described as a
part of this study contribute to TNBC sensitivity.

Previous studies show that ZOL can act as an anticancer drug by
blocking or deregulating many of the steps involved in tumorigenesis
including dysregulation of cell cycle signalling mechanisms. Changes
in the regulation of cell proliferation are key to tumorigenesis, however
it is still unclear as to which genes drive the aberrant processes
following ZOL treatment. Animal studies by Ottewell et al. [15] show
that ZOL functions by down-regulation of cyclins D1 and D3 cell
cycle genes leading to reduced cell proliferation and tumor volume.
Although the genes involved in the processes differ, data presented
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here also suggest involvement of ZOL in cell proliferation and cell
cycle signalling mechanisms in TNBC cells. Data from this current
study show that ZOL leads to down-regulation of AURKA expression
and up-regulation of CDKN1A/p21 in MDA MB231 cells. AURKA is a
serine-threonine kinase which is necessary for centrosome maturation
and mitotic cell cycle progression [23]. CDKN1A/p21 inhibits the
activity of cyclin-dependent kinases CDK1, CDK2 and CDK4/6
complexes, so cyclin and cyclin-dependent kinase complexes are no
longer functional, leading to inhibition of cell cycle progression [29].
Similar to the experimental results described here, Ibrahim et al. [28]
exposed MDA MB231 cells to 50uM ZOL and observed up-regulation
of CDKN1A/p21 with subsequent slowing of cell cycle signalling. The
authors, however, did not demonstrate an effect on AURKA gene
expression as observed in our study. There is convincing evidence
that AURKA can affect CDKN1A/p21 expression in ovarian cancers
[16,17]. Previous studies went on to show that loss of AURKA restores
CDKNI1A/p21 expression. We suggest a similar pattern of regulation
under our experimental conditions. We suggest that the AURKA gene
is a principal target for ZOL and the subsequent loss of expression
of AURKA leads to up-regulation of CDKN1A/p21 expression and
down-regulation of the cell cycle signalling mechanisms.

In addition to the effect on CDKN1A/p21, AURKA has been shown
to regulate and phosphorylate PLK1 [16,30] and activate CDK1 at the
centrosome [16]. Gene-set enrichment analyses of our microarray
datasets demonstrated statistically significant downregulation of CDK1
and PLK1 genes along with CCNB1 and TTK cell cycle signalling genes
in MDA MB231 cells. CDK1, PLK1, CCNB1 and TTK genes however
did not show consistent experimental validation via transcript and
protein analyses, as a result, they were not considered as reliable gene
candidates. Had CDK1 and PLK1 validated via experimental analyses
of MDA MB231 cells, a more compelling argument could be made for
AURKA being a key target for ZOL.

We found that prior to ZOL treatment in MDA MB231 cells, there
were detectable levels of CDKN1A/p21, which only further increased
with drug exposure. Oppositely, there were higher levels of AURKA
prior to treatment, with substantial downregulation following ZOL. As
far as we are aware, our observation that AURKA is down-regulated
following exposure to ZOL has not been documented. Previous studies
show that prior to exposure to drugs or any sort of manipulations,
AURKA is over-expressed in some breast cancer subtypes [31-34].
AURKA gene maps to chromosome region 20q13.2 which is known to
be amplified in cancers, including breast cancers where amplification
is related to aggressive clinical behavior [35]. The gene is considered to
be a promising therapeutic target for breast cancers, to the point that
targeted inhibitors are being designed and tested [36]. As validation
of the levels of AURKA and a select panel of genes in patient samples,
we used the Oncomine web-based data analyses tool to examine our
gene panel in the Oncomine Curtis breast cancer dataset (data not
shown). The goal of this analyses was to compare the gene expression
pattern of AURKA to that of CDKN1A/p21 and a short list of cell
cycle related genes. Mostly, it was important to demonstrate that
high levels of AURKA were present, making the gene a suitable target
for down-regulation following ZOL. The Oncomine Curtis dataset
includes 2,136 normal and breast cancer patient samples processed
via an Illumina high-throughput microarray platform. The breast
cancers were classified based on diagnosis, independent of their
molecular subtype analyses. As expected, significant AURKA levels
were observed in many of the breast cancers when compared to
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normal patient samples. Our analyses of the Oncomine dataset are
not included as Results because a substantial number of publications
document over-expression of AURKA in untreated breast cancers [37-
39]. Analyses of the Oncomine Curtis dataset did however confirm
high levels and differential expression of AURKA in breast cancer
compared to normal patient samples; similar to the pattern observed
in the untreated TNBC cell line. Based on their rankings, substantial
and statistically significant levels of AURKA were observed in Invasive
Ductal Carcinoma with even higher levels in the Medullary cancers.
Medullary cancers are rare, aggressive cancers which often present as
TNBC [40]. Although CDK1, PLK1, CCNB1 and TTK did not validate
via transcript and protein analyses in our study, when CDK1, CCNB1
and TTK were analyzed for expression in the Oncomine Curtis dataset,
all three genes demonstrated an almost exact pattern of over-expression
as that observed for AURKA gene expression in the ‘normal vs breast
cancer sample’ comparisons. Rankings based on the fold change and
statistical significance were nearly exactly the same in all of the sample
comparisons, not only in Invasive Ductal carcinomas and Medullary
cancers. However, based on the comparison to all 19,273 genes on the
Mlumina microarray platform, only CDK1 demonstrated a relationship
based on co-expression analyses, displaying a correlation coefficient
of 0.727 with AURKA. CDKN1A/p21 did not show a precise inverse
relationship to AURKA expression in the ‘normal vs breast cancer
sample’ comparisons, however a substantial number of the cancers did
demonstrate down-regulated levels of CDKN1A/p21 transcript.

CDKN1A/p21 is also controlled by p53 and mediates p53-
dependent G1 growth arrest [26,41]. MDA MB231 cell lines have
mutated p53, so the effect in ZOL treated cells occurs independent
of these signalling mechanisms. We suggest that AURKA affects
CDKN1A/p21 expression in the conditions described here.

In vitro studies show that ZOL can induce cell death in tumor cells
via apoptosis [13,42,43]. Oppositely, Jiang et al. [21] found that ZOL
induced cell death in a variety of different breast and glioblastoma
cells via autophagy. We observed a similar effect in MDA MB231
cells, in that ZOL induced autophagy-mediated cell death. Previous
reports also show that ZOL can affect cells by inhibiting the enzyme
farnesyl pyrophosphate synthase (FPPS) in the mevalonate pathway
[5]. FPPS is a crucial enzyme in the mevalonate pathway, whose down-
stream effector genes regulate cell proliferation. We did not detect
dysregulation of FPPS in the breast cell line exposed to ZOL in the
current study.

Conclusion

In conclusion, we have identified dysregulation of AURKA and
CDKN1A/p21 genes in TNBC following exposure to the ZOL drug.
Previous data support upregulation of AURKA in untreated triple
negative breast cancer cells, and upregulation of CDKNI1A/p21
following exposure to ZOL. Contrary to these studies, the current
research show upregulation of CDKN1A/p21 kinase inhibitor coupled
with downregulation of the AURKA kinase following exposure to ZOL
in TNBC. Our data support the observation that disruption of the cell
cycle mediating events are key responses following exposure to the
ZOL drug.
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