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Adrenocortical cancer (ACC) is a rare and aggressive type of endocrine tumor with high risk of recurrence and
metastasis. The overall survival of patients diagnosed with ACC is low and treatment for metastatic stages remain
limited to mitotane, which has low efficiency in advanced stages of the disease and is associated with high
toxicity. Therefore, identification of new biological targets to improve ACC treatment is crucial. Blockade of the
Wnt/beta-catenin pathway decreased adrenal steroidogenesis and increased apoptosis of NCI-H295 human ACC
cells, in vitro and in a xenograft mouse model. Aurora kinases play important roles in cell division during the G1-
M phase and their aberrant expression is correlated with a poor prognosis in different types of tumors. Hence, we
hypothesized that inhibition of aurora kinases activity combined with the beta-catenin pathway blockade would
improve the impairment of ACC cell growth in vitro. We studied the combinatorial effects of AMG 900, an aurora
kinase inhibitor and PNU-74654, a beta-catenin pathway blocker, on proliferation, survival and tumor pro-
gression in multiple ACC cell lines: NCI-H295, CU-ACC1 and CU-ACC2. Exposure of ACC cells to the combination
of AMG 900 with PNU-74654 decreased cell proliferation and viability compared to either treatment alone. In
addition, AMG 900 inhibited cell invasion and clonogenesis compared to PNU-74654, and the combination
showed no greater effects. In contrast, PNU-74654 was more effective in decreasing cortisol secretion. These data
suggest that inhibition of aurora kinases activity combined with blockade of the beta-catenin pathway may
provide a combinatorial approach for targeting ACC tumors.

Beta-catenin

is currently the only therapy for advanced ACC approved by the U.S.
Food and drug Administration and the European Medicines Agency. It
has low therapeutic effectiveness in advanced stages of the disease and is

1. Introduction

Adrenocortical cancer (ACC) is a rare and aggressive type of endo-

crine tumor derived from the adrenal cortex affecting 0.5 to 2 people per
million per year worldwide. The prognosis of the disease is generally
poor, with a survival rate of approximately 35% in 5 years after diag-
nosis (Mohan et al., 2018). The survival rates decrease to only to 13-6%
in stage IV tumors (Paragliola et al., 2018; Mohan et al., 2018). Mitotane

associated with toxicity and side effects (Pittaway and Guasti, 2019).
Despite the advances in treatment options for other cancers, the survival
of patients with ACC has not improved over the past 40 years (Chan-
drasekar et al., 2019). Thus, identification of new biological targets for
ACC treatment is crucial as the overall survival of patients diagnosed
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with ACC is still very low.

Advances such as whole genome and exome sequencing to identify
genetic drivers of ACC have greatly contributed to understanding tumor-
specific outcomes and prognosis. Several transcriptome studies identi-
fied alterations in genes related to Wnt pathway, cell cycle regulation,
chromatin remodeling and chromosome maintenance in ACC, with
ZNRF3, a negative feedback regulator of Wnt/beta-catenin pathway, as
the most frequently altered gene (Pereira et al., 2018, Zheng et al., 2016
and Assié et al., 2014). Beta-catenin mutations have been found in
approximately 30% of ACCs (Salomon et al., 2015). In vitro studies
showed that the blockade of Wnt/beta-catenin signaling in NCI-H295
cells increased apoptosis and decreased adrenal steroidogenesis (Gau-
joux et al., 2013; Leal et al., 2015; Doghman et al., 2008). In mouse
models, activation of the Wnt/beta-catenin pathway in the adrenal
cortex alone cause hyperplasia (Berthon et al., 2010; Pignatti et al.,
2020) and, when associated with loss of p53, leads to development of
malignant adrenocortical tumors (Borges et al., 2020).

Genes involved in DNA damage and overexpression of kinases such
as aurora kinases and cyclin-dependent kinase 1 (CDK1), among others,
have also been identified as altered in ACC (Subramanian and Cohen,
2019). Aurora kinases are known to play an important role in cell di-
vision during G2-M phase. They are divided in three classes, aurora ki-
nase A, B and C contributing differently to the progress of M phase
despite their structural similarity (Carmena and Earnshaw, 2003;
Glover, 2005, Willems et al., 2018). Aberrant expression of aurora ki-
nases is correlated with poor prognosis in different types of tumors such
as adrenocortical, breast, colorectal and prostate (Borges et al., 2013;
Willems et al., 2018; Bertolin and Tramier, 2020). Alisertib, a selective
aurora kinase A inhibitor showed promising efficacy in Phase I/II/III
clinical trials; however, serious side effects were observed (Tayyar et al.,
2017). NCI-H295 ACC cells treated with AMG 900, a pan-aurora kinase
inhibitor, had increased apoptosis and chemosensitivity to anticancer
drugs as mitotane, doxorubicin and etoposide (Borges et al., 2017).
Supporting a tumorigenic role for this kinase, as a dysregulated target in
ACC, is overexpression of aurora kinases A and B that are associated with
poor prognosis in both pediatric and adult ACC (Borges et al., 2013; de
Reynies et al., 2009).

Considering that beta-catenin (CTNNB1) mutations are one of the
common drivers in ACCs (Salomon et al., 2015) and aurora kinases play
an important role in tumor progression (Damodaran et al., 2017), we
sought to investigate whether inhibiting both pathways would be ad-
ditive or syngergistc to impair ACC cell growth in vitro. Since aurora
kinase inhibitors are being studied in clinical trials of multiple tumor
types (Malumbres and Pérez de Castro, 2014), and there is no effective
treatment for advanced ACCs, this study may potentially contribute to
the identification of new combination therapeutic approachess for ACC
patients.

2. Methods
2.1. Cell culture

NCI-H295 cells were grown in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12, A4192002, Gibco), supplemented
with 2% fetal bovine serum (100-106, Gemini Bio Products), 1% anti-
biotic (Penicillin-Streptomycin — 15 140-148, Gibco) and 5 pg/ml in-
sulin, 5 pg/ml transferrin and 5 ng/ml sodium selenite (1% ITS -
41400045, Thermo Fisher, Waltham, MA, USA). CU-ACC1 and CU-ACC2
cell lines were grown as previously described (Kiseljak-Vassiliades et al.,
2018). Cells were incubated in a humidified atmosphere at 37 °C with
5% COa.

2.2. Inhibitor compounds

AMG 900 (catalog number S2719), Alisertib (catalog number S1133)
and PNU-74654 (catalog number S8429) were purchased from
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Selleckchem (Houston, TX). Dilutions were performed following the
manufacturer’s protocol.

2.3. Cell cycle syncronization

NCI-H295 cells were seeded at a 70% confluence and incubated for
48 h. Cell culture medium was replaced by medium containing 2 mM of
thymidine blocker for 24 h. After incubation, medium was replaced by
fresh medium for 3 h followed by another medium replacement with 10
M of colchicine for 12 h. Medium was removed and cells were treated
with DMSO or AMG 900 50 nM.

2.4. Gene expression analysis

NCI-H295 cells were seeded into 6-well plates at a density of 4 x 10°
cells per well. After 48 h of incubation, cells underwent to cell cycle
synchronization and AMG 900 treatment for 6 and 24 h as described
above. Total RNA was isolated using Trizol reagent (Invitrogen, USA)
and cDNA was generated from 1 pg of RNA using High Capacity Kit
(Applied Biosystems, USA). The human genes CTNNBI
(Hs00170025_m1) and MYC (Hs99999003_m1) were amplified by qRT-
PCR using TagMan gene assays and the Quant Studio 12 K flex system
(Thermo, USA). All samples were analyzed in triplicate and normalized
to the endogenous reference human gene GUSB (cat. n° 4326320E;
Applied Biosystems, USA). Untreated cells (control) were used as
reference samples and the relative expression was determined by the 27
AACT method (Livak and Schmittgen 2001).

2.5. Protein expression analysis

NCI-H295 cells were seeded into 6-well plates at a density of 4 x 10°
cells per well. After 48 h of incubation, cells underwent to cell cycle
synchronization and AMG 900 treatment for 24 h as described above.
After DMSO or AMG 900 treatment, cells were washed with PBS and
resuspended in 50 pl of ice-cold lysis buffer (Tris-HCl 10 mM, pH 7,5,
NaCl 150 mM, EDTA 1 mM, EGTA 1 mM, SDS 0.1%, Nonidet P-40 1%)
containing a cocktail of protease and phosphatase inhibitors (PPC1010,
Sigma-Aldrich, USA). The collected cells were incubated for 30 min on
ice and centrifuged for 15 min at 4 °C, 13 000 rpm. Total protein con-
centration of supernatant was determined by a PierceTM BCA Protein
Assay (23 227, Thermo Scientific), following the manufacturer’s pro-
tocol. After quantification of protein extracts, 50 ug of total protein were
separated by electrophoresis in 10% polyacrylamide gel under dena-
turing conditions (SDS-PAGE). Proteins were transferred to a nitrocel-
lulose membrane (1620115, BioRad, USA) and Western Blot was
performed using antibodies against beta-catenin (8480, Cell Signaling,
USA), c-Myc (5605, Cell Signaling, USA) diluted 1:1000, MPM-2 (14
581, Abcam, USA) diluted 1:1000, phospho-histone H3 (9701, Cell
Signaling, USA) diluted 1:1000 and GAPDH (SC-32233, Santa Cruz
Biotechnology, USA) diluted 1:2000. Fluorescent secondary antibodies
(827-08364 IRDye 800CW Goat anti-Mouse and 926-68073 IRDye
680RD Donkey anti Rabbit, LiCor, USA) diluted 1:20 000 and Odyssey
CLx Imaging System (Licor, USA) were used to acquire the signal of the
bands. Densitometric quantification was performed using ImageJ soft-
ware and a ratio between the intensity of beta-catenin or c-myc and
GAPDH bands was calculated. Image of the blots were treated using
Image Studio Lite software (Licor, USA) for gray scale color.

2.6. Cell viability assay

NCI-H295 and CU-ACC2 cells were seeded into 96-well plates at a
density of 1 x 10* cells per well, CU-ACC1 cells were seeded at a density
of 1,2 x 10* cells per well. Cells were treated with DMSO (control), AMG
900 50 nM, Alisertib 50 nM or PNU-74654 50 pM or the combination of
AMG 900 and PNU-74654 or Alisertib and PNU-74654 for 2, 24, 48 and
72 h. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium salt)
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was added to a final concentration of 0.5 mg/mL into the culture media
and incubated for 3 h at 37 °C. Media was removed and 200 pL of iso-
propanol containing acetic acid 0.04M was added into the wells to sol-
ubilize the product reduced by MTT and absorbance was measured at
570 nm.

2.7. Proliferation assay

5-bromo-2'-deoxiuridin (BrdU) is a synthetic nucleoside analogous
to thymidine that incorporates newly synthesized DNA strands from
cells in replication processes, substituting thymidine. The highest cell
proliferation index, higher incorporation of BrdU. We performed the
assay using BrdU Cell Proliferation Assay Kit (2750, Millipore-Sigma,
USA). 1.0 x 10* NCI-H295 cells were seeded in 96-well plates supple-
mented with 2% FBS and penicillin/streptomycin. Cells were incubated
in atmosphere containing 5% CO, at 37 °C for 24 h, and thereafter
treated with DMSO or 50 nM of AMG 900 or 50 pM of PNU-74654 or
with a combination of AMG 900 and PNU-74654 for 24 h. BrdU was
added to the cells 16 h before the final reading and BrdU incorporation
was measured by fluorometric analysis at a wavelength of 450 nM.

2.8. Clonogenic survival assay

5 x 10% NCI-H295, 8 x 10° CU-ACC1 and 1 x 10* CU-ACC2 cells/
well were seeded in six well plates for 24 h and treated with DMSO
(control), AMG 900 50 nM, Alisertib 50 nM or PNU-74654 50 pM or the
combination of AMG 900 and PNU-74654 or Alisertib and PNU-74654
for 48 h. After treatment, the culture medium was removed, and drug-
free medium was added. Cells were incubated for 12 days. Colonies
were fixed with a solution containing 0.05% w/v of crystal violet, 1% of
formaldehyde and 1% methanol in PBS. Fixed colonies were photo-
graphed at a magnification of 4x and 1 mL of acetic acid 10% was added
to each well. Plates were shaken for 15 min to discolor the plaque. 200
pL of the violet stain solution removed from the plate was transferred to
a 96-well plate and read on a spectrophotometer at an absorbance of
590 nm. The intensity of staining is proportional to the number of col-
onies established after treatment.

2.9. Boyden chamber invasion assay

To evaluate the invasion potential of NCI-H295 cells after treatment
with aurora kinase and beta-catenin inhibitors, a system of transverse
plates or Boyden chamber in a 24-well was used (354 480, Corning-
Costar, USA). The upper chamber contains a 8 pm diameter poly-
carbonate membrane covered by Matrigel. Cells were seeded at a con-
centration of 2 x 10%/ml in serum-free culture medium containing
DMSO or 50 nM of AMG 900 or 50 pM of PNU-74654 or with a com-
bination of AMG 900 and PNU-74654 and 500 pL of the cell suspension
with respective treatments were added to the wells (transwell). Cells
were incubated for 96 h. Cells that did not cross the matrigel were
removed using a cotton swab. Cells that crossed the matrigel barrier
were fixed in 4% paraformaldehyde solution for 10 min and stained with
0.5% crystal violet solution for 20 min. Cells were counted in a micro-
scope on a 4x objective.

2.10. Cortisol secretion

NCI-H295, 5 x 10° cells/well, were seeded in six well plates for 24 h.
Cells were treated with DMSO (control) AMG 900 50 nM, Alisertib 50
nM or PNU-74654 50 pM or the combination of AMG 900 and PNU-
74654 or Alisertib and PNU-74654 for 48 h. After treatment, the cul-
ture medium was collected, immediately frozen at —80 °C and total
protein was extracted from cells. Cortisol levels were measured using
Cortisol EIA Kit (KOO3H1W, Arbor Assays, USA) following the in-
structions of the manufacturer. Levels of cortisol secreted were
normalized by the total protein extracted from the cells in the
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corresponding wells.

2.11. Drug synergism

A cell viability assay was performed to investigate drug synergism
using the MTT method described above. NCI-H295 cells were treated
with different doses ranging from 0 to 200 nM of AMG 900 or alisertib
for 48 h. After incubation, medium was removed and cells were treated
with PNU-74654 in concentrations ranging from 0 to 100 pM. Drug
synergism of AMG 900 and PNU-74654 or Alisertib and PNU-74654 was
quantified following the Chou-Talalay method using Combusyn soft-
ware, in which the resulting combination index (CI) defines additive
effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug
combinations (Chou 2010).

2.12. RNAseq analysis

FASTQ RNAseq data files from The Cancer Genome Atlas
(TCGAphs000178, http://cancergenome.nih.gov/) (n = 79 ACC) and
Genotype-Tissue Expression project (GTEx-phs000424, https://www.gt
exportal.org/home/) (n = 57 normal adrenals) were downloaded from
dbGaP. Both RNAseq studies were performed on Illumina HiSeq plat-
form. We analyzed raw FASTQ RNAseq reads concurrently and mapped
to the human genome sequence (hgl9) using GSNAP. The transcript
expression was calculated by Cufflinks (Trapnell et al., 2010) and
analyzed for differential gene expression by ANOVA in R (Kiseljak--
Vassiliades et al., 2018; Roberts et al., 2011a; Roberts et al., 2011b;
Trapnell et al., 2010). ACC tissues and ACC cell lines were compared
with normal adrenal tissue.

2.13. Statistical analysis

Statistical analysis was performed using one-way ANOVA and Tukey
test for multiple comparisons. Differences between mean values were
considered significant when p < 0.05.

3. Results

3.1. Aurora kinase A and aurora kinase B mRNA expression is increased
in ACC compared to normal adrenal

RNAseq was performed to investigate the expression levels of Aurka,
Aurkb and Aurkc in normal adrenal versus ACC tissue and in normal
adrenal versus ACC cell lines, NCI-H295, CU-ACC1 and CU-ACC2. In
human tissue using TCGA and GTEX RNAseq data, expression of Aurka
was 5.2 fold (p < 0.001) and Aurkb was 4-fold (p < 0.001) higher in ACC
compared to normal adrenal, while mRNA expression of Aurkc was
similar. Similarly, expression of Aurkavand Aurkb are increased in the
three cell lines studied while no difference was observed in the mRNA
expression of Aurkc (Fig. 1).

3.2. Treatment of NCI-H295 cells with AMG 900 increases CTNNB1 and
MYC gene expression

Beta-catenin (CTNNBI) is known to be a genetic driver of ACC
(Crona and Beuschlein 2019). Knowing that NCI-H295 ACC cells have
the CTNNBI1 p. S45P mutation, we wanted to know if inhibition of
aurora kinases would contribute to modulate this pathway. NCI-H295
cells were synchronized in mitosis and treated with the pan aurora ki-
nase inhibitor AMG 900. We observed a 2-fold increase in CTNNBI
expression after 6 h of AMG 900 treatment and a significant increase of
the transcription factor MYC after 24 h of treatment (Fig. 2A), suggesting
that AMG 900 might play a role in activating the Wnt-beta catenin
pathway. Protein levels of c-Myc were also increased after 24 h of AMG
900 treatment; however, beta-catenin protein levels did not increase
significantly (Fig. 2B). Validation of the cell synchronization protocol
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was performed using the mitotic markers MPM-2 and phospho-histone
H3 (Supplementary Figure 1).

3.3. Inhibition of aurora kinases activity combined with Wnt-beta catenin
pathway blockade decreased NCI-H295 cell proliferation

Proliferation is known to be a hallmark of cancer (Hanahan and
Weinberg, 2000) and blockade of the Wnt-beta catenin pathway de-
creases cell proliferation and increases apoptosis in ACC cells (Gaujoux
et al., 2013; Ferro-Leal et al., 2015). Thus, we investigated if the inhi-
bition of aurora kinase activity, combined with the blockade of
beta-catenin pathway, would alter rates of proliferation of NCI-H295
cells. We assessed cell viability by MTT and cell proliferation using BrDU
assay. Either AMG 900 or PNU-74654 decreased cell viability and pro-
liferation, individually. However, the combination of both inhibitors
had a higher impact in cell viability and inhibition of proliferation
(Fig. 3A-B), suggesting that the increased CTNNBI and c-Myc expres-
sion seen after AMG 900 treatment can be blocked by the PNU-74654,
improving the anti-tumor effects of both drugs.

3.4. Inhibition of aurora kinases blocks cell invasion and colony
formation of NCI-H295 cells

Invasion, the process in which malignant cells detach from the pri-
mary tumor and acquire the ability to invade other tissues, is the first
step of tumor metastasis (Gerashchenko et al., 2019). Another important
feature acquired by the cell to metastasize is the ability to resist cell
death and establish colonies from a single cell in a distant site (Hanahan
and Weinberg, 2000). Here we accessed these two features after treat-
ment with AMG 900, PNU-74654 and combination. Inhibition of aurora
kinases decreased the capacity of NCI-H295 cells to invade and establish
colonies in 75 and 2.5 folds respectively when compared to non treated
cells. PNU-74654 decreased the capacity of invasion and establish col-
onies in 48 folds 1.7 folds respectively compared to control. Combina-
tion of AMG 900 and PNU-74654 did not increase AMG 900’s
effectiveness (Fig. 3C-D).

*
Weem sae .
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Fig. 1. mRNA expression of Aurora kinases in
adrenocortical cancers and human adreno-
cortical cancer cell lines compared to normal
adrenal. A-C) RNA sequencing analysis
comparing expression of aurora kinase A, aurora
kinase B and aurora kinase C in normal adrenal
tissues against human adrenocortical cancer tis-
sues. ****p < 0.0001 (normal tissue:n = 57,
adrenocortical cancer tissue n = 79). D) RNA
sequencing analysis comparing expression of
aurora kinase A, aurora kinase B and aurora ki-
nase C in normal adrenal tissue against human
adrenocortical cancer (n = 1).
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3.5. AMG 900'’s effect on viability of ACC cells may be due to inhibition
of aurora kinase A

The spectrum of actions of aurora kinases A, B and C are yet not well
understood; nevertheless, the use of Alisertib, a specific aurora kinase A
inhibitor has shown to be efficient in different types of tumors, while
there are fewer studies focusing specifically in aurora B or aurora C
inhibition (Borisa and Bhatt, 2017). Thus, we compared the effects of the
pan aurora kinase activity inhibition with the specific inhibition of
aurora kinase A activity, alone or in combination with the
Wnt/beta-catenin pathway blocker, PNU-74654 in NCI-H295 cells. The
combination of Alisertib and PNU-74654 was 20% more efficient than
the combination of AMG 900 and PNU-74654 (p = 0.0019) in
NCI-H295 cells (Fig. 4A). This data suggests that, when in combination
with PNU-74654, AMG 900’s effects were most likely due to inhibition
of aurora kinase A activity.

In addition, we also investigated the drug effects in two other human
ACC cell lines, CU-ACC1 and CU-ACC2, recently stablished by Kisel-
jak-Vassiliades et al. (2018). In CU-ACC1 cells, combination of AMG 900
or Alisertib with PNU-74654 was more effective in decreasing cell
viability compared to each of the drugs alone (AMG 900 vs combination
with PNU-74654: p = 0.03; Alisertib vs combination with PNU-74654: p
< 0.0001; PNU-74654 vs combination with AMG 900: p = 0.02;
PNU-74654 vs combination with alisertib: p = 0.015) (Fig. 4C). In
CU-ACC2 cell lines, all drugs alone showed decreased cell viability
compared to control, combination of AMG 900 with PNU-75654 did not
enhance the effect of the drugs alone while combination of PNU-74654
with alisertib showed to be more effective compared to single treatment
(p = 0.0086) (Fig. 4D). No significant differences in the combination
between AMG 900 with PNU-74654 and Alisertib with PNU-74654 were
found in CU-ACC1 and CU-ACC2 cell lines.

3.6. Blockade of Wnt-beta catenin pathway has higher effect in
decreasing cortisol secretion in NCI-H295 compared to aurora kinases
inhibition

We investigated whether AMG 900, Alisertib or PNU-74654 would
have an effect in the cortisol secretion levels of NCI-H295 cells and our
results show that inhibition of aurora kinases significantly decreased
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Fig. 2. AMG 900 treatment increases
beta-catenin and MYC expression. mRNA
expression of A) beta-catenin and B) MYC in
NCI-H295 cells treated with 50 nM of AMG
900 for 6 and 24 h. Experiments were per-
formed by quantitative real-time PCR. Data
was obtained as fold of change from relative
expression of target gene/GUSB + SEM; n =
6. CTNNBI: p = 0.02; MYC: p = 0.031. C)
Protein expression of beta-catenin and c-Myc
in NCI-H295 cells after treatment with 50
nM of AMG 900 for 24 h. Data are expressed
as fold of change from relative expression of
the target protein/GAPDH + SEM; n = 3. *p
= 0.019.
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levels of cortisol in 1.2 folds, while, PNU-74654 showed a greater effect
decreasing cortisol secretion in 4.6 folds. PNU-74654 in combination
with AMG 900 or alisertib showed a decrease of 3.5 folds after 48 h of
treatment (Fig. 4B).

3.7. AMG 900 shows greater effects in the inhibition of clonogenic
capacity than alisertib or PNU-74654 in NCI-H295, CU-ACC1 and CU-
ACC2 cell lines

We further wanted to know wheter the inhibition of aurora kinases
A, B or C, or specific aurora kinase A inhibition or blockade of beta-
catenin would impact the three different ACC cells lines: NCI-H295,
CU-ACC1 and CU-ACC2. We treated the cells with 50 nM of AMG 900 or
alisertib or 50 pM of PNU-74654 or combination. All drugs or combi-
nation showed to decrease the clonogenic capacity of the ACC cells,
however, AMG 900, the pan aurora kinase inhibitor, showed to be the
most effective drug to act decreasing clonogenic capacity (Fig. SA-E). In
NCI-H295 AMG 900 decreased the clonogenic capacity in 5 folds and
combination with PNU-74654 did not potentialize the AMG 900 effects
(Fig. 5A). In CU-ACC1 cells, combination of aurora kinase inhibitors
with Wnt-beta catenin pathway blockade was more effective in
deceasing clonogenic capacity (AMG 900 vs combination with PNU-
74654: p = 0.03; Alisertib vs combination with PNU-74654: p <
0.0001; PNU-74654 vs combination with AMG 900: p < 0.0001; PNU-

74654 vs combination with alisertib: p < 0.0001) (Fig. 5B). In CU-
ACC2 cells, AMG 900 alone presented better response against clono-
genic capacity and combination with PNU-74654 did not improve this
impairment (Fig. 5C). These results suggest that despite the different
ACC humam cell lines have variantion in the response against AMG 900,
alisertib and PNU-74654, overall, AMG 900 is the most effective drug
against the hability of the cells to establish clones.

3.8. AMG 900 or alisertib in combination with PNU-74654 show
synergistic effect in NCI-H295 cells viability in different concentrations

To investigate if combination of AMG 900 or Alisertib with PNU-
74654 have a synergistic effect in NCI-H295 cells, we studied, using
the Chou-Talalay method (Chou 2010), the effect of drug combination in
cell viability with concentrations ranging from 0 to 200 nM of AMG 900
or Alisertib combined with different concentrations of PNU-74654
ranging from O to 100 pM. Our results showed synergistic effects
when AMG 900 50 nM was combined with PNU-74654 in a concentra-
tion of 50 pM, cells decreased viability in 36% compared to control (Fa
= 0.522; CI = 0.898) and when Alisertib 100 nM was combined with
PNU-74654 100 pM cells decreased viability in 17% (Fa = 0725; CI =
0.691). No synergistic effects were observed when NCI-H295 cells were
treated with lower concentrations.
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4. Discussion

ACC is a rare and aggressive type of cancer with high risk of recur-
rence and metastasis (Mohan et al., 2018). Options of treatment remain
limited; mitotane which has low efficiency in advanced stages of the
disease and is associated with high toxicity and side effects is perhaps
the only drug that is widely used in both early and late phases of the
disease (Lalli and Luconi, 2018; Crona and Beuschlein 2019; Fassnacht
et al., 2018; Kerkhofs et al., 2013). The common molecular dysregula-
tion of ACC are overexpression of the insulin-like growth factor-2
pathway, abnormal p53/Rb and dysregulation of the
Wnt/beta-catenin signaling (Crona and Beuschlein 2019; Rahane et al.,
2019). Inhibition of the Wnt/beta-catenin pathway leads to decrease in
tumor growth and impairs adrenocortical cancer cell viability and ste-
roidogenesis in vitro (Gaujoux et al., 2013; Ferro-Leal et al., 2015).
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Fig. 3. Effects of AMG 900 and PNU-
74654 in cell proliferation, invasion and
clonogenic capacity. A) Cell viability
accessed by MTT assay in NCI-H295 cells
treated with AMG 900 50 nM or PNU-74654
50 pM or combination of AMG 900 and PNU-
74654 for 24, 48 and 72 h. ****p < 0.0001;
**p = 0.0024. B) Cell proliferation accessed
BrDU incorporation in NCI-H295 cells
treated with AMG 900 50 nM or PNU-74654
50 pM or combination of AMG 900 and PNU-
74654 for 24 h ****p < 0.0001. C) Left
panel: representative images of invasion
assay performed using matrigel invasion
chamber. NCI-H295 cells were treated with
AMG 900 50 nM or PNU-74654 50 pM or
combination of AMG 900 and PNU-74654.
Invaded cells were stained with Crystal Vi-
N L1 B olet. Right panel: plot of invaded cells
. L counted per field. ****p < 0.0001; **p <
Kokkk 0.01. Experiment was done in 2 independent
experiments, n = 4. D) Left panel: repre-
o sentative images of clonogenic assay to ac-
cess the capacity of NCI-H295 cells treated
with AMG 900 50 nM or PNU-74654 50 uM
or combination of AMG 900 and PNU-74654
to establish colonies. Cells were stained with
Crystal Violet after 12 days of treatment.
Right panel: plot of the absorbance related
to the colony staining. ****p < 0.0001; **p
< 0.01. Studies were performed in 2 inde-
pendent experiments, n = 6.
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Aurora kinases are proteins that act by regulating the cell cycle and, in
turn, control cell growth (Willems et al., 2018). Expression of aurora
kinases is increased in ACCs and inhibition of this class of kinases de-
creases cell proliferation and increases the apoptotic effects of mitotane
(Borges et al., 2017). In our study, RNA sequencing analysis showed
increased expression of aurora kinase A and aurora kinase B in ACC
tissues or ACC cell lines when compared to normal tissue (Fig. 1). We
evaluated the effects of the aurora kinases activity inhibitor, AMG 900,
combined with the beta-catenin pathway blocker, PNU-74654. We show
that AMG 900 combined with PNU-74654 enhanced the anti-
proliferative response in NCI-H295 cells. Also, inhibition of aurora ki-
nases produced better responses against cell invasion and colony
establishment compared to blockade of Wnt/beta-catenin pathway only,
while PNU-74654 showed to be more effective in decreasing cortisol
secretion than AMG 900. Furthermore, we show that aurora kinase A is
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Fig. 4. Effects of AMG 900, Alisertib and PNU-
74654 in cell viability of NCI-H295, CU-ACC1
and CU-ACC2 cell lines and cortisol secretion
in NCI-H295 cells A) Cell viability accessed by
MTT assay in NCI-H295 cells treated with AMG
900 50 nM or Alisertib 50 nM or PNU-74654 50
UM or combination of AMG 900/Alisertib with
PNU-74654 for 2, 24, 48 and 72 h ****p <
0.0001; **p = 0.0019 B) Cortisol secretion after
treatment of NCI-H295 cells with AMG 900 50
nM, Alisertib 50 nM, PNU-74654 50 pM or
combination of AMG 900/Alisertib with PNU-

74654. p < 0.0001. C) Cell viability
accessed by MTT assay in CU-ACC1 cells treated
with AMG 900 50 nM or Alisertib 50 nM or PNU-
74654 50 pM or combination of AMG 900/Ali-
sertib with PNU-74654 for 2, 24, 48 and 72.
**¥kp < 0.0001; **p < 0.015. D) Cell viability

== Contol accessed by MTT assay in CU-ACC2 cells treated
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sertib with PNU-74654 for 2, 24, 48 and 72.
**¥%p < 0.0001, *0.04. Studies were performed
in 2 independent experiments, n = 6.
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more likely to be responsible for the decreased viability effects seen with
the AMG 900 treatment and might play a role in controlling colony
establishment of ACC cells.

Abnormal activation of Wnt/beta-catenin pathway leads beta-
catenin translocation to the nucleus promoting the transcription of on-
cogenes such as MYC and CCND1 (Shang et al., 2017). Due to the lack of
available treatment and the fact that the Wnt/beta-catenin pathway is
frequently altered in ACCs, studies are focused on finding strategies that
can block the activation of beta-catenin pathway and are safe and
effective against ACCs (Abduch et al., 2016; He et al., 2018; Rubin et al.,
2020). AMG 900, an oral bioavailable and highly selective pan-aurora
kinase inhibitor, showed to be effective in decreasing cell proliferation
and active in multi-drug resistant cell lineages including NCI-H295 cells
(Kalous et al., 2013; Borges et al., 2017). Here, we first wanted to know
if AMG 900 would have an effect in the beta-catenin pathway in
NCI-H295 cells which has the beta-catenin p. S45P mutation. Surpris-
ingly, we observed that the treatment of NCI-H295 cells with AMG 900
increased beta-catenin mRNA, c-Myc mRNA (Fig. 1A) and c-Myc protein
levels (Fig. 1B), suggesting that combination of AMG 900 with the
beta-catenin pathway blocker, PNU-74654, could potentiate the anti-
proliferative effects of the drugs alone. In fact, either cell viability and
cell proliferation showed significantly decrease in the combinatorial
treatment when compared to single treatment of AMG 900 or
PNU-74654.

The delay to diagnose ACCs is one of the main reasons that leads the
disease to progress to metastatic levels. The capacity of cancer cells to
migrate, invade and establish themselves in another environment are
crucial to the event of metastasis (Hanahan and Weinberg, 2011).
Beta-catenin is one of the main proteins involved in the
epithelial-mesenchymal transition (EMT) which requires ability of the
cells to migrate and invade (Syn et al., 2016). We investigated the ca-
pacity of invasion of NCI-H295 cells after treatment. AMG 900
conferred higher efficiency in inhibiting cell invasion and colony
establishment when compared to PNU-74654, despite both showed
significant decrease compared to control. The effects of aurora kinases
inhibition in cell invasion have also been showed in breast cancer cells
(Zhao et al., 2017). Furthermore, in a (3D) microfluidic cell invasion
model, the leading cells in the collective movement exhibited increased
expression of aurora kinase A (Xia et al., 2017).

Alisertib is a specific aurora kinase A inhibitor and has showed ef-
ficacy in the treatment of hematologic malignancies and solid tumors
(Liewer and Huddleston, 2018). We wanted to know if specific inhibi-
tion of aurora A would show antitumor effects as seen in the inhibition of
aurora A, B and C. We evaluate cell viability, colony establishment and
cortisol secretion as it is linked to tumorigenesis (Zheng et al., 2016).
Alisertib treatment had similar effect on cell viability and colony
establishment compared to the pan aurora kinase inhibitor, AMG 900,
suggesting that the antitumor effects here observed in NCI-H295 cells
after AMG 900 treatment might be due to the inhibition of aurora kinase
A. Although both AMG 900 and Alisertib combined with PNU-74654
showed synergistic effects in different concentrations, it is important
to highlight that combination of Alisertib and PNU-74654 showed a
statistically higher effect on the inhibition of cell viability. Treatment
with PNU-74654 showed to be significantly more efficient in decreasing
cortisol secretion compared to AMG 900 or Alisertib treatment.
Furthermore, studying the effects of AMG 900, Alisertib, PNU-7465 or
combination in the cell viability and clonogenic capacity of another two
ACC cell lines, we observed that cell viability and clonogenic capacity
was decreased when aurora kinase inhibitors were combined with
PNU-74654 in CU-ACC1cells. For CU-ACC2 cells, a similar scenario seen
in NCI-H295 cells was observed: AMG 900 showed to be the most
effective drug to impair clonogenic capacity and combination with
PNU-74654 did not improve this impairment. Taken together, these
results suggest that for long term treatment, AMG 900 might be more
effective while combination of aurora kinase inhibitors and beta-catenin
blockers may be acting as fast responders against ACCs.

In conclusion, our in vitro study suggests that aurora kinase A might
be a major contributor for the antiproliferative effects observed when
aurora A, B and C activity are inhibited in ACC cell lines. Inhibition of
Aurora kinases A, B and C showed better effects in decelerate colony
establishment in NCI-H295, CU-ACC1 and CU-ACC2 cells while PNU-
74654 showed to decrease cortisol secretion of NCI-H295. Thus, we
suggest that inhibition of aurora kinase A activity in combination with
the inhibition of beta-catenin pathway impaired tumor progression by
decreasing cell proliferation. Alisertib has been tested in Phase I/1I/III
clinical trials for cancer treatment and has demonstrated promising ef-
ficacy, despite side effects (Tayyar et al., 2017), supporting the idea that
it could also be an approach for ACC treatment. Further studies are
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Fig. 5. Effects of AMG 900, Alisertib and PNU-74654 in the clonogenic capacity of NCI-H295, CU-ACC1 and CU-ACC2 cell lines

A) Representative images of clonogenic assay of NCI-H295 cells treated with AMG 900 50 nM, Alisertib 50 nM, PNU-74654 50 pM or combination of AMG 900/
Alisertib with PNU-74654. B) plot of the absorbance related to the colony staining. ****p < 0.0001; **p = 0.0028. C) Representative images of clonogenic assay of
CU-ACCI cells treated with AMG 900 50 nM, Alisertib 50 nM, PNU-74654 50 pM or combination of AMG 900/Alisertib with PNU-74654. D) Plot of the absorbance
related to the colony staining. ****p < 0.0001; *p = 0.03. E) Representative images of clonogenic assay of CU-ACC2 cells treated with AMG 900 50 nM, Alisertib 50
nM, PNU-74654 50 pM or combination of AMG 900/Alisertib with PNU-74654. F) Plot of the absorbance related to the colony staining. ****p < 0.0001. Cells were
stained with Crystal Violet after 12 days of treatment. Studies were performed in 2 independent experiments, n = 6.
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needed to increase the evidences of the antitumor effects of Alisertib and
PNU-74654 combination in ACC cells and the side effects of this drugs,
however, our results suggest the rationale for a possible clinical appli-
cation of both inhibitors to treat this deadly disease.
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