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Abstract New therapeutic targets are needed to fight cancer.
Aurora kinases (AK) were recently identified as vital key reg-
ulators of cell mitosis and have consequently been investigat-
ed as therapeutic targets in preclinical and clinical studies.
Aurora kinase inhibitors (AKI) have been studied in many
cancer types, but their potential capacity to limit or delay
metastases has rarely been considered, and never in adrenal
tissue. Given the lack of an effective pharmacological therapy
for adrenal metastasis and adrenocortical carcinoma, we
assessed AKI (VX-680, SNS314, ZM447439) in 2 cell lines
(H295R and SW13 cells), 3 cell cultures of primary adreno-
cortical metastases (from lung cancer), and 4 primary adreno-
cortical tumor cell cultures.We also tested reversan, which is a
P-gp inhibitor (a fundamental efflux pump that can extrude
drugs), and we measured AK expression levels in 66 adreno-
cortical tumor tissue samples. Biomolecular and cellular tests
were performed (such as MTT, thymidine assay, Wright’s
staining, cell cycle and apoptosis analysis, Western blot,

qRT-PCR, and mutation analysis). Our results are the first to
document AK overexpression in adrenocortical carcinoma as
well as in H295R and SW13 cell lines, thus proving the effi-
cacy of AKI against adrenal metastases and in the SW13 can-
cer cell model. We also demonstrated that reversan and AKI
Vx-680 are useless in the H295R cell model, and therefore
should not be considered as potential treatments for ACC.
Serine/threonine AK inhibition, essentially with VX-680,
could be a promising, specific therapeutic tool for eradicating
metastases in adrenocortical tissue.
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Abbreviations
AK Aurora kinase
AKI Aurora kinase inhibitors
ACT Adrenocortical tumors
ACC adrenocortical carcinomas
NACA non-aldosterone-secreting cortical adenomas
APA aldosterone-producing adenomas
NSCLC non-small-cell lung cancer
AURK AK gene

Introduction

Aurora kinases (AK) are serine/threonine kinases fundamental
to mitosis and cell division. The Aurora kinase family com-
prises 3 members, Aurora A, B and C, which have 67–76% of
their amino acid sequence in the catalytic domain in common
[1]. AK are frequently found overexpressed in a variety of
human tumors. In particular, Aurora kinase A is aberrantly
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expressed in renal, ovarian, and hepatic carcinoma, and many
others. As Aurora family members have been shown to inter-
act with crucial tumor suppressor proteins and oncogenic pro-
teins, they are also considered an important target for antitu-
mor therapy [2]. Their importance in cancer has led to many
compounds being designed to inhibit AK. Among them, VX-
680 (also calledMK-0457) has been shown to block cell cycle
progression and induce apoptosis in many tumors, fostering
growth inhibition in in vivo xenograft models [3]. SNS314,
another AK inhibitor (AKI), has also exhibited a promising
reduction in cell growth and tumorigenicity in in vitro exper-
iments. ZM447439 is a selective, ATP-competitive inhibitor
of Aurora kinases A and B [3] that was recently assessed in a
primary cell culture obtained from a pediatric adrenocortical
carcinoma, producing interesting results [4]. Reversan is a
small molecule that selectively and non-toxically targets P-
glycoprotein (P-gp), a member of the superfamily of human
ATP-binding cassette (ABC) proteins, which are fundamental
efflux pumps in many tissues and have a protective role
against xenobiotics [5]. P-gp is also implicated in multidrug
resistance (MDR), a phenomenon that confers tumor cell re-
sistance against a wide variety of anti-cancer drugs (such as
vinca alkaloids, doxorubicin, etoposide) [6]. H295R and
SW13 cells, and the majority of adrenocortical carcinomas
(ACC) were recently found to express P-gp [7].

Virtually all types of tumor can develop metastases, which
may spread to different tissues and organs via organ-specific
colonization processes [8]. Metastases to the adrenal glands
are rare, but may derive from various primary cancers, non-
small-cell lung cancer (NSCLC) being considered the most
likely [9]. The American Association of Endocrine
Surgeons strongly recommends treating metastases as soon
as possible with chemotherapy or surgical resection
(adrenalectomy) to avoid exacerbating the patient’s condition
and symptoms [10].

Primary adrenocortical tumors (ACT), on the other hand,
can be roughly divided into aldosterone-producing adenomas
(APA), non-aldosterone-secreting cortical adenomas
(NACA), and adrenocortical carcinomas (ACC). ACC are rare
malignancies with an estimated incidence of 0.7–2.0 cases per
million population a year [11]. They carry a poor prognosis,
with a 5-year survival rate of less than 35 %, and metastases
are common [12]. Surgery remains the mainstay of treatment,
while pharmacological therapy is mainly based on the
adrenotoxic drug, mitotane (o,p’-DDD), despite its low re-
sponse rate and significant toxicity [13] – hence the need to
develop new treatment options.

This study analyzed the expression of Aurora kinases A, B
and C in 70 adrenal samples, 2 cell lines (SW13 and H295R,
the 2 most frequent cancer cell models considered in the set-
ting of adrenocortical diseases), 3 cell cultures from primary
adrenocortical metastases (from NSCLC), and 4 primary ad-
renocortical tumor cell cultures. Three different AKI were

assessed and the origins of their cytostatic and cytotoxic ef-
fects on the cell models were investigated.

Materials and methods

Materials

VX-680, SNS314 mesylate, ZM447439, and mitotane were
purchased from Selleckchem Europe. Fetal bovine serum
(FBS), 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT), trichloracetic acid (TCA), reversan and
propidium iodide were purchased from Sigma Aldrich, Italy.
DMEM-F12, 0.05 % trypsin-EDTA, insulin, transferrin, sele-
nium and antibiotics were obtained from Life Technologies,
Italy. The primary antibodies were: Akt (code 9272),
phospho-Akt (Ser473) (code 9271), Erk1/2 (code 4695),
phospho-Erk1/2 (Thr202/Tyr204) (code 4370), phospho-
Aurora A (Thr288) (code 3079), phospho-Aurora A
(Thr288) / phospho-Aurora B (Thr232) / phospho-Aurora C
(Thr198) (code 2914), Aurora A (code 4718), Aurora B (code
3094), all from Cell Signaling Technology; caspase 3 (code
110,543) and 9 (code 112,888) from GeneTex; and anti-β-
actin antibody (code A5441) from Sigma-Aldrich. The sec-
ondary antibodies were: horseradish peroxidase-labeled goat
anti-mouse or anti-rabbit (Jackson ImmunoResearch).

Patients

Adrenocortical tissues were obtained from 23 patients with
ACC, 26 with NACA, 17 with APA, and 9 individuals with
normal adrenals (NA). The tissues were used for mRNA (RT-
PCR) and DNA (PCR and sequencing) extraction. The etiol-
ogy, clinical diagnosis and staging of each adrenocortical
mass were established as explained elsewhere [14]. All clini-
cal data are summarized in Table 1. All patients gave their
written informed consent to the collection and use of their
adrenal tissue for research purposes. The study was approved
by the local ethics committee BAzienda Ospedaliera di Padova
Prot. n.2989P/13^. It was conducted in accordance with the
Declaration of Helsinki, and no children (under 18 years old)
were involved in the study.

Cell cultures

The H295R and SW13 tumor cell lines were obtained from
the American Type Culture Collection (ATCC, Rockville,
MD). The H295R cells came from a female patient diagnosed
with an adrenocortical carcinoma. This strain secretes miner-
alocorticoids, glucocorticoids and adrenal androgens. The
SW13 cells came from a metastatic deposit in the adrenal
cortex derived from a lung carcinoma in a 55-year-old female
[15]. Seven primary cell cultures were also studied: 3 cell
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cultures from primary adrenocortical metastases (derived from
NSCLC) and 1 ACC, 1 APA, 2 NACA cell cultures. All
experiments involving cell manipulation were conducted after
incubating the cell lines with 0.1 % FBS as previously
reported [16].

MTTassay and drug combination strategy

SW13 and H295R cells were plated in 96-well plates at a
density of 5x103 cells/well in supplemented medium, with
or without drugs. VX-680 was used at 1, 10, 50, 100, 200,
500 nM for 24 h, 48 h and 72 h (and also 120 h and 144 h for
the H295R cells). SNS314 was used at 1, 10, 100 nM for 24 h
and 72 h. ZM447439 was used at 0.1, 1, 10 μM for 24 h and
72 h. Mitotane was used at 10 μM for 24 h and 72 h. Methods
and cell survival percentages were as previously reported [16].
Each analysis was run in quadruplicate and repeated 3 times.
The half maximal inhibitory concentration (IC50) was calcu-
lated in dose-response curves using CalcuSyn software

(Biosoft, Ferguson, MO). MTT assay was also performed on
4 primary adrenocortical tumor (1 ACC, 1 APA, 2 NACA)
and 3 metastatic cell cultures. The concentrations of VX-680
were 10 and 200 nM for 24 h.

Interaction between VX-680 and mitotane was analyzed
using the combination index (CI) values calculated with the
CompuSyn 3.0.1 analysis software. CI values were generated
over a range of fraction-affected levels from 5 %–95 % of
growth inhibition, relying on the dose-response curves by
MTT assay, as previously described [17]. Antagonism is de-
fined as CI > 1.15, synergism as CI < 0.85 and additivity when
the values lie between 0.85 and 1.15. Reversan was dissolved
in DMSO (10 mg/ml) at 60 °C according to the manufac-
turer’s instructions, and diluted to obtain a concentration of
1 mM.

[3H] thymidine assay

H295R and SW13 cells were seeded in 24-well plates and
incubated with varying concentrations of VX-680 (10 and
200 nM) for 24 h and 72 h according to the method already
described [18]. Experiments were performed in quadruplicate
and repeated 3 times. [3H] thymidine assay was also per-
formed on 2 primary adrenocortical tumor cell cultures
(NACA-1 and APA). The concentrations of VX-680 used
were 10 and 200 nM for 24 h; and the experiments were
performed in triplicate.

Cell morphology assessment with Wright’s staining

H295R and SW13 cells were cultured on coverslips for 48 h,
incubated overnight in 0.1 % FBS, and then treated with VX-
680 at 200 nM, SNS314 at 100 nM, ZM447439 at 10 μM for
72 h and 144 h. Lower concentrations of the above-mentioned
drugs were used too (data not shown). Then SW13 and
H295R cells were treated as previously described [19]. Cell
morphology was assessed by light microscopy at ×400 mag-
nification. The experiments were repeated twice.

Cell cycle distribution and apoptosis analysis

For the cell cycle analysis, the H295R cells were incubated for
24 h, 72 h and 144 h, and the SW13 cells for 24 h and 72 h.
Briefly, H295R and SW13 cells were plated at a density of
1x106 cells/well and treated with VX-680 (10 and 200 nM) as
previously described [17].

Apoptosis was assessed with the Annexin V-FITC kit (BD
Biosciences, San Diego, CA, USA) as previously described
[17]. Briefly, the H295R and SW13 cells were plated at a
density of 1x106 cells/well for two days, then treated with
VX-680 (10 and 200 nM) for 24 h and 72 h (and also 144 h
for the H295R cells). The experiments were performed in

Table 1 Adrenocortical tumor patient clinical data (N = 66)

Parameter Value

Adrenocortical carcinomas (ACC) 23

Female/male 14/9

Median age (range) 52 yr. (1–68 yr)

Function

Cortisol producing 5

Cortisol and androgen producing 5

Aldosterone-producing 0

Androgen producing 0

Non-functioning 13

Median tumor size (range) 80 ± 17 mm

Tumor stage (ENS@T stage)

I 0

II 2

III 1

IV 20

Aldosterone producing adenomaa (APA) 17

Female/male 9/8

Median age (range) 53 yr. (22–77 yr)

Function:

aldosterone-producing 17

Non-aldosterone secreting cortical tumors (NACA) 26

Female/male 18/8

Median age (range) 48 yr. (21–80 yr)

Function:

Cortisol producing 17

Cortisol and androgen producing 3

Androgen producing 0

Non-functioning 6
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triplicate and data were assessed with the CXP analytical
software.

Western blot analysis

The SW13 and H295R cells were treated with different con-
centrations of VX-680 (10 and 200 nM) for 72 h as previously
described [20, 21]. Briefly, the proteins were extracted, loaded
onto SDS/PAGE, electroblotted and incubated overnight with
different primary antibodies. After adding secondary antibod-
ies, immunoreactivity was detected with LiteAblot Extend
Long-Lasting Chemiluminescent Substrate (EuroClone).
Films were scanned and band intensity was quantified with
ImageJ software 1.44p. The experiments were performed in
triplicate.

Aurora kinases A, B and C mutation analysis
and real-time PCR assay

AURKA and AURKB DNA were extracted from H295R and
SW13 cells using genomic DNA isolation (QIAamp DNA
micro Kit, Qiagen) according to the manufacturer’s protocol.
DNA was amplified using appropriate primers for AURKA
[22] and AURKB [23], then assessed by direct sequencing
(bidirectionally), as described elsewhere [24]. No AURKC
mutation analysis was performed because its role in the mitot-
ic process needs to be unambiguously clarified [25].

The real-time PCR (RT-PCR) method was used as in a
previous work [14]. Briefly, total RNA was extracted from
H295R and SW13 cells and from 66 ACT and 9 NA samples
with an RNeasy Mini Kit (SABioscience) according to the
manufacturer’s protocol, and stored at −80 °C. The concentra-
tion and integrity of the RNA and cDNA synthesis were
checked. AURKA, AURKB, AURKC and GAPDH primer se-
quences were obtained from previous works [22, 23, 26]. Data
were obtained as Ct values according to the guidelines and
used to determine ΔCt values (ΔCt = Ct of the target gene
minus Ct of the housekeeping gene). The 2-ΔΔCt equation was
used to calculate the fold changes in gene expression between
two categories of samples (e.g. ACC vs NA).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 5
software (GraphPad Software, Inc., San Diego, CA) and
Microsoft Excel software. Cell line data were analyzed using
a two-tailed paired Student’s t-test and RT-PCR data with the
Kruskal-Wallis analysis and Dunn’s posttest. The Mann-
Whitney test was used for band quantification. Survival anal-
yses were done using a Kaplan-Meier survival plot and two-
sided log-rank tests (using a two-fold increase in the median
values of normal adrenal tissue gene expression as a cut-off).

A p < 0.05 was considered statistically significant. Data are
presented as medians and quartiles.

Results

AK inhibitors affect cell viability

MTT assay was performed to examine cell viability in SW13,
H295R, primary and metastatic tumor cells. As shown in
Fig. 1a, VX-680 induced a concentration- and time-
dependent inhibition of mitochondrial activity in the SW13
cells with an IC50 of 84 ± 7 nM at 72 h. Treatment of the
H295R cells indicated that no IC50 was reached (Fig. 1b).
The data in Fig. 1c–d show that SNS314 and ZM447439
may reduce SW13 cell viability, especially at 72 h, whereas
H295R cells do not respond to the drug treatments
(Supplementary Fig. 1A-B). Among the primary adrenocorti-
cal tumor cell samples, only APA revealed a slight decrease in
cell viability when VX-680 was used at 200 nM (Fig. 1e). In
metastatic cell cultures, VX-680 induced a reduction in cell
viability, particularly at 200 nM (Fig. 1f).

The VX-680 + mitotane combination was applied to see if
the selective pharmacological adrenocortical therapy
(mitotane) could enhance the effect of the AKI. VX-680 +
mitotane did not induce any marked reduction in cell viability
(Supplementary Fig. 1C-D): the CI for VX-680 (200 nM) +
mitotane (10 μM) in the SW13 cells at 72 h was 2.1 (the CI
could not be calculated at 24 h and for the H295R cells be-
cause the IC50 could not be reached).

Reversan alone induced a reduction in mitochondrial
activity in SW13 cells, particularly at 72 h and at
higher concentrations, while no significant changes were
seen in the H295R cells (Fig. 2a–b). A combination of
reversan 5 μM with VX-680 (at 10 and 200 nM) in-
duced a marked decrease in SW13 cell viability, espe-
cially at 72 h, while the H295R cells did not respond to
this combination (Fig. 2c–d). Reversan 5 μM was used
(in combination with VX-680) to resemble its possible
administration in humans, while reversan alone reached
an IC50 of 95 ± 7 μM at 48 h and 24 ± 6 μM at 72 h.

Proliferation rate modulated by VX-680

[3H] thymidine incorporation assays were performed to assess
the SW13 and H295R cell proliferation rate. VX-680 reduced
the proliferation of SW13 cells, especially at 72 h and 200 nM
(Fig. 3a–b). No substantial differences were seen for the
H295R cells (Supplementary Fig. 1E-F). Only 1 APA sample
showed an evident reduction in proliferation rate at 200 nM
(Fig. 3c).
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Cell morphology changes after VX-680 treatment

Wright’s staining method emphasized sharp morphological
changes in the SW13 cells. VX-680 enables the cells to enter

mitosis, but prevents their complete cytokinesis. The cells
consequently tend to remain aggregated, forming clusters.
Our data showed that the SW13 cells treated with VX-680 at
200 nM were larger than the control and multinucleated

Fig. 1 Cell viability of adrenocortical tumor cells onMTTassay. a and b:
cell viability in SW13 and H295R cells after different times and
concentrations treatments. c and d: cell viability in SW13 cells after
24 h and 72 h of treatment with ZM447439 and SNS314. E: 4 primary

adrenocortical tumor cell lines (1 ACC, 1 APA and 2 NACA) treated with
VX-680 for 24 h. F: 3 metastatic tumor cell lines (from lung cancer)
treated with VX-680 for 24 h. Treatment vs control: * p < 0.05.
Experiments performed in quadruplicate and repeated 3 times

Fig. 2 Cell viability of cell
models on MTT assay. a and b:
cell viability in SW13 and H295R
cells after different times and
concentrations of reversan
treatment. C and D: cell viability
in SW13 and H295R cells after
24, 48 and 72 h of treatment with
VX-680 (indicated as V) and
reversan (indicated as R).
Treatment vs control: * p < 0.05.
Experiments performed in
triplicate and repeated 3 times
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(Fig. 3e–f). Similar results were obtained with higher concen-
trations of SNS314 and ZM447439 (data not shown). No
appreciable changes occurred in the H295R cells (Fig. 3g–h).

Flow cytometry analysis after VX-680 treatment

Based on the role of AK in cell cycle progression, we exam-
ined the effect of VX-680 on SW13 and H295R cells. As
expected, the drug induced a G2/M phase increase after treat-
ment at 100, 200 and 500 nM in SW13 cells, and a concom-
itant G1 phase reduction (Fig. 4a). The same could not be said
for H295R cells, in which no cell cycle modulation was de-
tected even after prolonged treatment times (Fig. 4b).

To see whether AKI could lead to apoptosis, we analyzed
the effect of VX-680 on the fate of apoptotic or necrotic cells.
Annexin V-FITC flow cytometry analysis revealed no in-
crease in the cell death process in either SW13 or H295R cell
lines (Supplementary Fig. 2A–D).

AK are expressed in SW13 and H295R cells

Western blot analysis confirmed the presence of all antigens
tested, and of AK in particular (Fig. 4c). Aurora kinase Awas
not modulated by the drug treatment, unlike Aurora kinase B
and p- Aurora kinases A, B, C (Fig. 4c). Both cell lines
showed a decrease in the signal for Aurora kinase B and
p- Aurora kinase B (Supplementary Fig. 3A–D).

We also analyzed the MAPK and PI3K/Akt pathways in
SW13 and H295R cells because there are reports in the liter-
ature of these pathways being modulated by AKI [27, 28]. No
substantial change was seen using VX-680, however. Only p-
Akt increased slightly in the SW13 cells after treating them
with VX-680 at 10 and 200 nM (p < 0.05, Supplementary
Fig. 3E). We analyzed an initiator caspase (CASP9) and an
effector caspase (CASP3) too, but no clear reactivity modula-
tion emerged in either of the cell lines (Fig. 4c).

Mutation analysis and gene expression profile

AURKA and AURKB gene mutation analysis revealed a sim-
ilar pattern for the SW13 and H295R cells (Table 2), with one
novel alteration (c.42 + 1_42 + 61dup).

Our RT-PCR data confirmed the presence of AURKA,
AURKB, AURKC mRNA in both cell lines and in human
tissues. AURKA and AURKB expression was significantly
higher in ACC patients (p < 0.001) and NACA patients
(p < 0.05) than in NA, while the difference for APA patients
did not reach statistical significance, though there seemed to
be the same trend (Fig. 5). No differences in expression were
apparent between ACC, NACA andAPA for eitherAURKA or
AURKB (Fig. 5).

As expected, AURKA and AURKB expression was corre-
lated in ACT patients too (p < 0.001), while no such associa-
tion was found between AURKA and AURKC, or between
AURKB and AURKC. Due to the small numbers involved in

Fig. 3 Adrenocortical cell proliferation andmorphological changes. a, b,
c, d: Proliferation rate of adrenocortical cells treated with VX-680 and
assessed by [3H] thymidine incorporation assay. The results are expressed
as a percentage of control (100 %). (a and b: SW13 cells at 24 h and 72 h.
c and d: NACA-1 and NACA-2 cells at 24 h. Treatment vs control:
* p < 0.05; ** p < 0.01. Experiments performed in quadruplicate and

repeated 3 times). E, F, G, H: SW13 cell morphology at 72 h and H295R
at 144 h, assessed with Wright’s staining (E: SW13 control
cells. F: SW13 cells treated with VX-680 at 200 nM. G: H295R control
cells. H: H295R cells treated with VX-680 at 200 nM. Experiments
performed twice)
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our sample, AURKC expression could not be considered as
amplified in statistical terms, but a similar trend emerged for
this set too (data not shown). H295R and SW13 cells
expressed high levels of AURKA (2-ΔΔCt = 2.5 and 2.3, re-
spectively) and AURKB (2-ΔΔCt = 16.5 and 15.4, respective-
ly), but not of AURKC (2-ΔΔCt = 0.5 and 0.2, respectively).
Kaplan-Meier survival curve analysis showed no statistical
significant difference in ACC event-free survival as far as
AURKA or AURKB gene expression were concerned, though

a trend could be hypothesized (log-rank Mantel-Cox test
p = 0.18, see Supplementary Fig. 4).

Discussion

Our work demonstrates the efficacy of AKI in adrenocortical
tumor in vitro models, confirming the expression of Aurora
kinases A, B and C in adult adrenocortical tumor tissues, and

Fig. 4 Cell cycle distribution and
protein alteration in SW13 and
H295R cells. A and B:
Representative cell cycle analysis
for cell lines treated with VX-680
at different concentrations (a:
SW13 cells at 72 h. b: H295R
cells at 144 h. Experiments
performed in triplicate). c:
Representative Western blot at
72 h analyzed for AKA, p-AKA,
AKB, p-AKA/AKB/AKC, Akt,
p-Akt, Erk1/2, p-Erk1/2, β-actin;
C, control (10 = treatment with
VX-680 at 10 nM. 200 = treat-
ment with VX-680 at 200 nM;
experiments performed in
triplicate)

Table 2 Genetic alterations of
Aurora kinase A and Aurora
kinase B genes

Aurora kinase A Aurora kinase B

H295R cells c. 42 + 1_42 + 61dup (heterozygous) § c. 885C > T (p.S295S) (homozygous)
c. 91 T > A (p. F31I) (heterozygous)

c.169 A > G (p.I57V) (heterozygous)

SW13 cells c. 42 + 1_42 + 61dup (homozygous) § c. 885C > T (p.S295S) (homozygous)

c. 91 T > A (p. F31I) (homozygous) c. 893 T > C (p.M298 T) (homozygous)

§ Alteration never described in literature, found in 5′-UTR
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in SW13 and H295R cell lines, and showing that AKI are espe-
cially effective on primary adrenocortical metastases from
NSCLC, and on SW13 cells. The latter are an interesting model
of metastasis, the only one available for studyingmetastatic poten-
tial in the adrenal glands. It is worth emphasizing that chemother-
apy regimens for treating adrenal metastases (that cannot be
resected) could be another fundamental aim in the fight against
cancer. A compound such as VX-680, which actively terminates
the cells’ ability to duplicate may have a second-line role in the
treatment of metastases and play an active part in a pharmacolog-
ical cocktail [29]. VX-680 has never been tested in adrenocortical
models. It was recently included in a phase 2 study on different
subtypes of leukemia, which goes to show the progressmadewith
AKI in clinical research [30]. Our study is the first in which adre-
nocortical tumor cells derived from adrenal metastases (of
NSCLC) have been treated with VX-680, demonstrating its anti-
proliferative effect. In this regard, VX-680 could have potential as
a drug with remarkable effects on metastases from NSCLC,
though more samples and more research are naturally needed to
support this impression.

MTT analysis emphasized the efficacy of the 3 AKI on
SW13 cell viability at different times and in various concen-
trations, with a prevalent effect of VX-680 (Fig. 1a), which
convinced us to focus our efforts on this compound. More
specifically, VX-680 induced a concentration- and time-
dependent inhibition of mitochondrial activity in SW13 cells,
while H295R cells seemed to respond differently to AKI, giv-
ing the impression of a more cytostatic effect (Fig. 1b and
Supplementary Fig. 1A-B). Among the primary adrenocorti-
cal tumor cell samples, only APA revealed a slight decrease in
cell viability (Fig. 1e). In metastatic cells (Fig. 1f), the effects
of VX-680 seemed intense and constant: we surmise that the
compound might be very effective on actively proliferating
cells (such as metastatic cells), which have a high capacity
for replication [31].

Given the paucity of results in H295R cells, we tested the
P-gp inhibitor reversan, partly because a recent work

suggested P-gp activation in SW13 and H295R cells, and also
because AKI could be a P-gp substrate [7]. The compound
was not effective in reversing P-gp-mediated resistance, how-
ever, and it had no effect on cell proliferation up to a concen-
tration of 100 μM in H295R cells and 72 h of incubation
(Fig. 2b–d). There could be several reasons for the lack of
reversan activity in H295R cells: a) P-gp gene (ABCB1) mu-
tations; b) P-gp may be so overexpressed that higher amounts
(>100 μM) are needed to inhibit its activity; c) other ABC
superfamily genes may be involved in MDR; d) other MDR
proteins may participate in H295R cell resistance; or e) VX-
680 might not be recognized as a substrate by ABCB1, even
though this had already been demonstrated elsewhere [32].
Nonetheless, we can exclude AURKA and AURKB alterations
as potential sources of H295R cell resistance, but more efforts
are needed to clarify this complex picture. In SW13 cells, on
the other hand, we saw a substantial effect of reversan, alone
or in combination with VX-680 (Fig. 2a–c). In particular,
using VX-680 at 200 nM and reversan at 5 μM may have an
additive effect, as demonstrated by MTT assay (Fig. 2c).

[3H] thymidine assay generated similar cell proliferation
results to MTT analysis, again showing a different behavior
of the 2 cell lines (Fig. 3a-b and Supplementary Fig. 1E-F).
We undertook a cell morphology analysis in an effort to clarify
the effects of AKI in SW13 and H295R cells. We found that
SW13 cells treated with VX-680 were aberrantly large, with
multiple nuclei, while H295R cells were not (Fig. 3e–h). This
may be attributable partly to drug effects (which prevent the
completion of cytokinesis), and partly to a different genetic
background. In fact, H295R cells carry diverse mutations,
such as p.S45P in CTNNB1 and a homozygous deletion of
exons 8–9 of TP53, whereas SW13 cells carry no mutations
in CTNNB1 and a homozygous point mutation in exon 6 of
TP53. A novel alteration was identified as well, i.e. 42 +
1_42 + 61dup (homozygous in SW13 cells and heterozygous
in H295R cells) in the 5′-UTR region of the AURKA gene.
Other known homozygous polymorphisms were found

Fig. 5 Aurora kinase A (AURKA) and Aurora kinase B (AURKB)
expression in 66 ACT patients. The graph shows Y-value median-quartile
boxplots wi th deci le error bars . NA = normal adrenals ,

ACC = adrenocortical carcinomas, APA = aldosterone-producing
adenomas, NACA = non-aldosterone-secreting cortical adenomas.
* p < 0.05; *** p < 0.001
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(Table 2) that might contribute to cell diversity [22, 30]. The
meaning of these alterations remains unknown.

One of the main effects of AKI is to generate polyploid
cells as a result of multiple rounds of DNA synthesis in the
absence of cytokinesis [33]. Cell cycle analysis revealed that
the G2/M phase increased in SW13 cells, especially at higher
VX-680 concentrations. This finding suggests the presence of
endoreduplication, a hallmark of Aurora kinase B inhibition
[34, 35], as seen on cell morphology analysis (Fig. 2e-f), and
Western blot quantification (Fig. 4c and Supplementary
Fig. 4A-D). G2/M arrest may lead to cell death, and an in-
crease in the subG1 cell population in SW13 cells was clearly
evident, which might be related to necrosis and apoptosis
(Fig. 4a). Flow cytometry analysis with Annexin V-FITC
was performed to distinguish between these two different cell
fates. This method revealed no substantial changes in either
cell line (Supplementary Fig. 2A-B), as confirmed byWestern
blot, and caspase 3 and 9 were not modulated by VX-680
treatments either (Fig. 4c). We consequently surmise that the
cell death observed in SW13 cells on cell cycle analysis
(subG1 increased at high drug concentrations) is more likely
to be attributable to necrotic processes (toxic effects) than to
apoptosis [36]. H295R cells seemed to behave differently: no
endoreduplication or polyploid cells emerged on morpholog-
ical (Fig. 3g-h) or cell cycle analysis (Fig. 4b). This may be
because H295R cells are associated with a specific genetic
background or already occasionally multinucleated (with the
consequences that this implies) [15]. Alternatively, it could be
that the integrity of the p53-p21Waf1/Cip1 pathway in the G1
postmitotic checkpoint, which seems to govern response to
VX-680, may already be impaired [37]. More data are needed
to elucidate these results.

Western blot analysis showed that VX-680 inhibited AK
expression, particular affecting Aurora kinase B – in fact, the
drug is known to have a predilection for targeting Aurora
kinase B (Fig. 4c) [35]. This result may be associated with
the stronger Aurora kinase B expression emerging from qRT-
PCR (Fig. 5), and the more Aurora kinase B is expressed, the
more it is inhibited by VX-680. As expected, p-Aurora kinase
A, B and C were found decreased, suggesting that VX-680
could take effect on appropriate biochemical targets. In addi-
tion, p-Akt was increased in SW13 cells treated with VX-680
at 200 nM, while total Akt expression was normal
(Fig. 4c). This finding was unexpected, and no clear link
seemed to exist between Akt phosphorylation and AK inhibi-
tion. Only one previous work supported this result, and the
authors suggested that Aurora kinase A might activate Akt
and induce chemoresistance in ovarian cancer cells [38]. Akt
activation might be understood in the light of the fact that a
blockade on other main signaling pathways (induced by AKI)
could reverberate on the Akt pathway, inducing a slight Akt
activation. We also analyzed the MAPK and PI3K/Akt path-
ways in SW13 and H295R cells because other publications

have demonstrated a modulation of these pathways by AKI
[27], but no substantial changes came to light using VX-680.

In addition to our Western blot results, qRT-PCR demon-
strated AURKA, AURKB, AURKC expression in ACTsamples
and in 2 cell lines. As expected, AURKA and AURKB were
found overexpressed in ACC and NACA, as happens in other
cancer types. These results demonstrate that AK are present in
high concentrations in adrenocortical tumors, suggesting an
important role for AK in adrenocortical tumorigenesis (even
though AK inhibition seemed to have no beneficial effect in a
H295R cell model). AURKA and AURKB overexpression in
ACC patients might be related to a worse event-free survival
(Supplementary Fig. 4), but it is hard to deduce a trend so it is
only by studying a large sample of patients that this hypothesis
might be confirmed or rejected.

In conclusion, our novel contribution to clarifying the bio-
molecular features of ACT may pave the way to AKI being
used to treat metastatic processes involving adrenal tissue. In
particular, VX-680 could be a novel compound for use in
association with others in chemotherapies for metastases from
NSCLC, or as a second-line clinical approach to metastatic
ACC, because this drug acts specifically on the SW13 cell
model and metastatic cells. We also demonstrated that the P-
gp inhibitor reversan and AKI Vx-680 are of no use in the
H295R cell model, and therefore should not be considered
when planning primary ACC treatments. Our research on
the anti-metastatic potential of AKI is ongoing to extend our
human biological series, also to other tumor types.
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