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Abstract Aromatase inhibitors (Als) are used for treat-
ment of estrogen receptor oo (ER)-positive breast cancer;
however, resistance is a major obstacle for optimal out-
come. This preclinical study aimed at identifying potential
new treatment targets in Al-resistant breast cancer cells.
Parental MCF-7 breast cancer cells and four newly estab-
lished cell lines, resistant to the Als exemestane or letro-
zole, were used for a functional kinase inhibitor screen. A
library comprising 195 different compounds was tested for
preferential growth inhibition of Al-resistant cell lines.
Selected targets were validated by analysis of cell growth,
cell cycle phase distribution, protein expression, and sub-
cellular localization. We identified 24 compounds, in-
cluding several inhibitors of Aurora kinases e.g., JNJ-
7706621 and barasertib. Protein expression of Aurora ki-
nase A and B was found upregulated in Al-resistant cells
compared with MCF-7, and knockdown studies showed
that Aurora kinase A was essential for Al-resistant cell
growth. In Al-resistant cell lines, the clinically relevant
Aurora kinase inhibitors alisertib and danusertib blocked
cell cycle progression at the G2/M phase, interfered with
chromosome alignment and spindle pole formation, and
resulted in preferential growth inhibition compared with
parental MCF-7 cells. Even further growth inhibition was
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obtained when combining the Aurora kinase inhibitors with
the antiestrogen fulvestrant. Our study is the first to
demonstrate that Aurora kinase A and B may be treatment
targets in Al-resistant cells, and our data suggest that
therapy targeting both ER and Aurora kinases may be a
potent treatment strategy for overcoming Al resistance in
breast cancer.
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Introduction

Today third-generation aromatase inhibitors (Als) are
recommended as first-line endocrine therapy for post-
menopausal women with estrogen receptor o (ER)-positive
breast cancer. Steroidal (e.g., exemestane) and non-
steroidal (e.g., letrozole and anastrozole) Als differ in their
mechanism of action by binding irreversibly to the sub-
strate site or reversibly to the heme group of the aromatase
enzyme, respectively [1]. Despite the efficacy of these
compounds, most patients with metastatic disease are either
de novo resistant to Als or will eventually acquire resis-
tance over time. Moreover, in the adjuvant setting, Al re-
sistance also occurs. Thus, Al resistance is one of the most
important challenges to overcome in breast cancer treat-
ment, emphasizing the need for development of new
treatment strategies.

The molecular mechanisms underlying Al resistance
remain largely unknown. So far, preclinical studies using
long-term estrogen deprived (LTED) cell models or breast
cancer cell lines with ectopic overexpression of the aro-
matase enzyme have suggested that ER signaling along
with growth factor signaling, e.g., through EGFR, HER2,
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IGFR, Src, and PI3K/Akt/mTOR, is involved in Al-resis-
tant cell growth [2-6], and differences in resistance
mechanisms to steroidal and non-steroidal Als have been
reported [5]. Clinical studies have shown that combination
of Al treatment with kinase inhibitors may enhance clinical
benefit, e.g., the BOLERO study, where combination of
exemestane and the mTOR inhibitor everolimus demon-
strated increased efficacy compared to exemestane alone
with respect to progression-free survival [7].

Several clinical trials are currently evaluating the po-
tential of Aurora inhibitors in cancer treatment [8, 9]. The
Aurora kinases (Aurora A/B/C) constitute a family of
highly conserved serine/threonine kinases, which play
important roles in cell cycle control as they regulate pro-
gression through mitosis and cytokinesis [10, 11]. Aurora
A and B have both been linked to cancer [8, 9]. While
Aurora A coordinates centrosome maturation, assembly of
the bipolar spindle and chromosome separation, Aurora B
regulates chromosome condensation, the spindle check-
point, and cytokinesis [11]. We have recently shown that
Aurora A [12] and Aurora B (Larsen et al., unpublished
data) are involved in resistance to antiestrogen therapy, and
expression of the kinases are associated with poor survival
in breast cancer patients who have received adjuvant ta-
moxifen treatment.

In this study, we present data from a functional kinase
inhibitor screen using different letrozole- and exemestane-
resistant cell lines, established by long-term Al treatment
of MCF-7 breast cancer cells grown under conditions at
which cell growth was dependent on conversion of
testosterone to estradiol via the endogenous aromatase
enzyme [13, 14]. We identified Aurora A and B as potential
new treatment targets for Al-resistant breast cancer cells.

Materials and methods
Cell lines and culture conditions

The MCF-7 cell line was originally obtained from the
Human Cell Culture Bank (Mason Research Institute,
Rockville, MD, USA). A subline, MCF-7/50.5 (MCF-7),
adapted to grow with low amount of fetal calf serum (FCS)
[15, 16] was used as parental cells for the Al-resistant cell
lines MCF-7/S0.5/Let®-1 (Let®-1), MCF-7/S0.5/Let"-3
(Let®-3), MCF-7/S0.5/Exe®-1 (Exe®-1), and MCF-7/S0.5/
ExeR-3 (ExeR—S), which were established by selection of
surviving colonies from long-term Al treatment (107° M
letrozole or 107’ M exemestane (Selleck Chemicals)) of
the MCF-7/S0.5 cells grown in DMEM/F12 medium sup-
plemented with 10 % newborn calf serum (NCS) (Life
Technologies, Carlsbad, CA, USA), 1077 M testosterone,
6 ng/mL insulin, and 2.0 mM GlutaMAX (Sigma-Aldrich,
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St. Louis, MO, USA) [14]. The Al-resistant cell lines were
maintained in DMEM/F12 medium with 10 % NCS,
107’ M testosterone, 6 ng/mL insulin, 2.0 mM Glu-
taMAX, and their respective Al [14].

Kinase inhibitor screen

The kinase inhibitor screen (L1200 from Selleck Chemi-
cals) was performed as previously described [12]. Cells
were seeded in 96-well plates in medium containing 10 %
NCS and 1077 M testosterone (MCF-7), and for Al-resis-
tant cell lines, containing their respective Al. Cells were
left for 2 days before treatment for 5 days with 1 pM in-
hibitor. DMSO (0.1 %)-treated controls were included in
each plate. Cell viability was assayed using CellTiter-Glo
luminescent cell viability assay (Promega, Madison, WI,
USA) and measured using Varioscan Flash platereader
(Thermo Scientific, Waltham, MA, USA).

Cell growth assays

Cells were seeded in standard growth medium as described
above. For combination studies, Al-resistant cell lines were
withdrawn from their respective Al 1 week before onset of
the experiment. Cells were allowed to adhere for 2 days
before treatment for 5 days with the indicated concentra-
tions of JNJ-7706621, barasertib, alisertib, danusertib
(Selleck Chemicals), and fulvestrant (ICI 182,780; Tocris
Bioscience, Bristol, UK). Cell number was determined by
crystal violet staining as described previously [17]. All
experiments were repeated at least twice with similar
results.

Western blot analyses

Cells were seeded in 6-well plates and treated with in-
hibitors as indicated. Harvesting of cells and Western blot
analysis was performed as previously described [18]. An-
tibodies targeting the following proteins were used; Aurora
A (4718) from Cell Signaling Technology (Danvers, MA,
USA), Aurora B (AJ1069a) from Abgent (San Diego, CA,
USA), and Hsp70 (MS-482-PO) from Thermo Scientific.
Western blots were performed at least twice with similar
results. Quantitation was done using Image J.

Knockdown of Aurora kinases

Cells were transfected with 20 nM of each siRNA using
Amaxa Cell Line Nucleofector Kit V and Nucleofector
(Lonza, Basel, Switzerland) according to the manufacturer’s
instructions. Mission siRNA duplexes (Sigma-Aldrich) were
used for knockdown (siAuroraA#1, SASI_Hs01_00079240;
siAuroraA#2; SASI_Hs01_00079241; siAuroraB#1,
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SASI_Hs01_00076963; siAuroraB#2, esiRNA EHU001471).
Scramble sequence control siRNA was Mission Universal
Negative Control siRNA (SIC001, Sigma-Aldrich). After
transfection, cells were seeded for Western blot analysis or
cell growth assays.

Flow cytometry

Cell cycle analysis was done as described previously [19].
Cells were fixed in 2 % formaldehyde followed by per-
meabilization in ethanol, blocking in 0.5 % BSA/PBS, and
incubation with AlexaFluor488-conjugated phospho-His-
tone-H3"'? antibody (3465, Cell Signaling Technology).
Cells were incubated with 20 pg/ml propidium iodide and
40 pg/ml RNase A and analyzed using a BD FACSVerse
flow cytometer (Becton—Dickinson, Franklin Lakes, NJ,
USA) and FlowJo Software v.X (Tree Star Inc., Ashland,
OH, USA).

Immunofluorescence microscopy

Cells were seeded in their standard growth medium and
treated with kinase inhibitors as indicated. Cells were fixed
with methanol for 15 min at —20 °C and washed with
PBS/1 % FBS before blocking for 1 h with PBS/10 %
FBS/0.5 % Triton-X-100. Incubation was done overnight
at 4 °C with antibodies against Aurora A (4718) or Aurora
B (AJ1069a). Secondary antibody was Alexa-Fluor-488
goat-anti-rabbit antibody (Molecular Probes, Life Tech-
nologies). Slides were incubated with 1 pg/ml Hoechst
33342 (Sigma-Aldrich) and mounted using Fluorescent
Mounting Medium (DAKO, Glostrup, Denmark). Pictures
were captured using an Olympus IX71 (Tokyo, Japan). For
evaluation of Aurora A and B positive cells, pictures were
blinded and double-scored. Positive cells were defined as
cells with intensive nuclear green staining, and % positive
cells were calculated relative to the total number of nuclei,
evaluated by Hoechst staining, from the same sample.

Statistical analyses

Group comparisons were done using a two-tailed ¢ test with
Bonferroni adjusted P values for multiple testing. P < 0.05
was considered statistically significant.

Results

A kinase inhibitor screen identifies compounds exerting
preferential growth inhibition of Al-resistant cell lines

We have recently established a new cell culture model for
acquired resistance to Als from the ER-positive breast

cancer cell line MCF-7, grown under conditions where cell
growth was dependent on conversion of androgen to
estrogen via the endogenous aromatase enzyme [13, 14].
To identify putative new treatment targets in Al-resistant
breast cancer, we performed a kinase inhibitor screen using
the parental MCF-7 cells, two letrozole-resistant cell lines,
Let®-1 and Let®-3 (Fig. 1a), and two exemestane-resistant
cell lines, ExeR-1 and ExeR-3 (Fig. 1b). The screen in-
cluded 195 different kinase inhibitors and treatment of cells
with 1 pM inhibitor for five days resulted in identification
of 24 hits (Online Resource 1), defined as compounds with
at least 2-fold statistically significant (P < 0.05) growth
inhibition of one or more Al-resistant cell line compared
with MCF-7. Table 1 presents selected hits, which exerted
at least 20 % higher growth inhibition of Al-resistant cell
lines than MCF-7. Notably, several of the selected hits
target Aurora kinases, which we have recently shown to be
important for growth of tamoxifen-resistant breast cancer
cells [12]. Moreover, other common targets of the hits in-
clude cyclin-dependent kinases (CDKs), Akt, vascular en-
dothelial growth factor receptor (VEGFR), platelet-derived
growth factor receptor (PDGFR), and Abl (Table 1 and
Online Resource 1).

The Aurora inhibitors JNJ-7706621 and barasertib
inhibit growth of Al-resistant cell lines and cause
accumulation of cells in the G2/M cell cycle phase

Because the Aurora A/B and CDK inhibitor JNJ-7706621
exerted pronounced growth inhibition of all four Al-resistant
cell lines, and five of the other selected inhibitors targeted
Aurora kinases, we decided to use the broad inhibitor JNJ-
7706621 and the selective Aurora B inhibitor barasertib for
further studies. Dose-response growth assays were per-
formed with the two compounds in MCF-7, LetR—l, LetR—3,
ExeR-1, and ExeR-3 cells (Fig. 2a, b). Treatment with
0.5 pM JNJ-7706621 resulted in significantly more growth
inhibition of ExeR-1 cells compared with MCF-7, while
1 uM and 1.5 pM JNJ-7706621 preferentially inhibited
growth of all four Al-resistant cell lines compared with
MCEF-7 (P < 0.05) (Fig. 2a). Treatment with 0.05-1 uM
barasertib resulted in statistically significant preferential
growth inhibition of Exe®-1 cells compared with MCF-7
(Fig. 2b). For ExeR-3, Let®-1, and Let®-3 cell lines, prefer-
ential growth inhibition was found using 0.05-0.1 pM
barasertib. Aurora A and B are specifically expressed during
the G2/M phase [11], and we have previously observed in-
creased levels of Aurora A and B and accumulation of cells in
G2/M phase upon treatment of tamoxifen-resistant MCF-7
cells with JNJ-7706621 [12]. Similar to these results, treat-
ment of MCF-7, Let®-1, and ExeR-1 cells with 1 UM JNJ-
7706621 caused increased levels of Aurora A and B
(Fig. 2¢). Quantitation of protein level after 24 h treatment
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Fig. 1 Identification of compounds preferentially inhibiting growth
of Al-resistant breast cancer cell lines. The parental cell line MCF-7
together with four different Al-resistant cell lines (LetR—l, LetR—3,
Exe®-1 and Exe®-3) were seeded in 96-well plates and treated in
triplicate with a kinase inhibitor library, comprising 195 different
compounds. After 5 days of treatment with 1 pM kinase inhibitor,
cell number was assessed using CellTiter-Glo luminescent cell
viability assay. Volcano plots were generated by plotting the growth

Table 1 Selected hits from the kinase inhibitor screen

Inhibitor compound Target(s)

JNJ-7706621 Aurora A/B, CDK1/2

AT9283 Aurora A/B, JAK, Ber-Abl
CYC 116 Aurora A/B, VEGFR
KW2449 Aurora A, FLT-3, Abl
ENMD-2076 Aurora A, FLT-3, Src
Barasertib (AZD1152-HQPA) Aurora B

AZD5438 CDK1/2/9
LY2603618 CHK1

A-674563 Akt

MK2206 Akt

AT7867 Akt, S6 kinase
Crenolanib (CP-868569) PDGFR

Bosutinib (SKI-606) Src, Abl

WP1130 DUB, Abl

Hits with at least 20 % higher growth inhibition of Al-resistant cell
lines than MCEF-7 cells are shown

with JNJ-7706621 revealed 7.3, 2.5, and 1.4 fold increase of
Aurora A expression and 3.1, 2.2, and 12.5 fold increase of
Aurora B expression in MCF-7, LetR-l, and ExeR-1 cells,
respectively. Accumulation of cells in the G2/M cell cycle
phase was also observed (Fig. 2d). Notably, MCF-7 cells
were not as affected by JNJ-7706621 treatment as the Al-
resistant cell lines, where the most pronounced accumulation
of cells in G2/M was found in Exe®-1 cells after treatment
with JNJ-7706621 for 48 h (Fig. 2d). Barasertib treatment
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inhibitory effects in a the letrozole-resistant cell lines and b the
exemestene-resistant cell lines relative to MCF-7 cells (x axis) against
the P values from ¢ test comparison of the effect on the Al-resistant
cell lines versus MCF-7 (y axis). Hits were identified using a two-fold
cutoff value for the relative growth inhibition and a P value <0.05
(located between the blue lines). The inhibitors JNJ-7706621 and
barasertib are shown in the figure

for up to 24 h did not cause increase in Aurora A and B
levels; instead a tendency of decreased Aurora B protein
level was observed in Al-resistant cell lines upon treatment
with barasertib for 24 h (Fig. 2c.). This is in line with pre-
vious data showing that barasertib results in destabilization
of Aurora B protein [20]. Cell cycle analysis revealed that
barasertib induced accumulation of cells in G2/M, where the
most severe accumulation was found for Al-resistant cell
lines (Fig. 2e).

In the above-mentioned experiments, the respective Al
was present in the growth medium when the Al-resistant
cell lines were treated with the kinase inhibitors. Omission
of Al from the resistant cells was performed for 1 week
and then JNJ-7706621, and alisertib treatment was applied
in the presence and absence of increasing concentrations of
Al The Aurora inhibitors had little effect on growth of
MCEF-7 cells, whereas growth of MCF-7 cells decreased
with increasing concentration of Als (Online Resource 3).
Pronounced growth inhibition of Let®-1 and Exe®-1 was
seen with Aurora inhibitors without AI, and addition of
increasing concentration of Als had no further growth in-
hibitory effect. Thus, Aurora inhibitors do not resensitize
the Al-resistant cells to Al treatment.

Aurora kinases are upregulated in Al-resistant cell lines
and important for cell growth

Although the expression levels of Aurora kinases varied
between experiments, presumably due to their
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Fig. 2 Effects of the Aurora/CDK inhibitor JNJ-7706621 and the
Aurora B inhibitor barasertib on cell growth, expression of Aurora A
and B and cell cycle phase distribution. MCF-7 and Al-resistant cell
lines were treated for 5 days with the indicated concentrations of
a JNJ-7706621 or b barasertib. The cell number was measured by a
colorimetric assay and expressed as percent of DMSO-treated control
cells. Error bars indicate SD. At least two independent experiments
were performed with reproducible results and a representative

0 24 48 0
Barasertib (h)

24 48 0 24 48

experiment is shown. Stars indicate significant difference from
MCEF-7 cells (P < 0.05). ¢ For Western blot analyses, MCF-7 cell line
and Al-resistant cell lines were grown in their standard medium
followed by treatment with 0.1 % DMSO (control), 1 uM JNJ-
7706621, or 1 uM barasertib for 1 or 24 h. Hsp70 was used as a
loading control. FACS analysis of the cell cycle phase distribution of
MCF-7, LetR-1, and ExeR-1 cells was performed after treatment with
d 1 pM JNJ-7706621 and e 0.05 uM barasertib
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regulation during the cell cycle, we generally observed
that both Aurora A and B were expressed at higher
levels in the Al-resistant cells lines compared with
MCF-7 (Fig. 3a). To investigate the role of the Aurora
kinases for growth of Al-resistant cell lines, we de-
pleted MCF-7, Let®-1, and ExeR-1 cells of either
Aurora A or B using different siRNA constructs. Two
siRNAs targeting Aurora A (siAuroraA#l and siAuro-
raA#2) both resulted in efficient knockdown of Aurora
A protein (Fig. 3b). Aurora A knockdown caused severe
growth inhibition of Al-resistant cells, while only a
minor reduction in growth was observed for MCF-7
(Fig. 3c), suggesting that Aurora A is essential for
growth of the Al-resistant cells. Two different Aurora B
siRNA constructs (siAuroraB#1 and siAuroraB#2) were
used; however, none of the constructs resulted in
complete knockdown of Aurora B protein (Fig. 3b). The
partial Aurora B knockdown obtained using the
siAuroraB#1 construct resulted in minor growth inhi-
bition of Al-resistant cell lines, and for Exe®-1 cells,
the difference from the effect on MCF-7 cells was
statistically significant (Fig. 3d).

The clinically relevant Aurora inhibitors alisertib
and danusertib preferentially inhibit growth of Al-
resistant cell lines

Based on our results showing that Aurora A is important
for growth of Al-resistant cell lines (Fig. 3), we decided to
explore the effect of alisertib (MLN8237), a highly potent
and selective Aurora A inhibitor currently undergoing
phase II/III trials [21], on Al-resistant cell lines. Further-
more, we included the clinically relevant (phase II) com-
pound danusertib (PHA-739358), a potent inhibitor of
Aurora A, and also a modest inhibitor of Abl, RET, TrkA,
FGFRI1, and Aurora B/C [22]. Dose-response growth as-
says in MCF-7, Let®1, and Exe®-1 cells showed that
alisertib (0.05-0.5 uM) and danusertib (0.1-0.5 uM) pref-
erentially inhibited growth of the Al-resistant cell lines
compared with MCF-7 (Fig. 4a, b). Western blot analysis
showed increased level of Aurora A in MCF-7 (11.7 fold),
Let®-1 (3.6 fold), and Exe®-1 (1.7 fold) after 24 h treat-
ment with alisertib, indicative of accumulation of cells in
G2/M (Fig. 4c). Alisertib had no significant effect on
Aurora B expression in the three cell lines. For danusertib,
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Fig. 3 Knockdown of Aurora A and B by siRNA in MCF-7 and Al-
resistant cell lines. a Protein expression of Aurora A and B in MCF-7,
Let®-1, Let®-3, Exe®-1, and ExeR-3, grown in their standard medium,
was measured by Western blot analysis. b MCF-7, LetR-1, and ExeR-
1 cells were transfected with control siRNA (siControl) or indepen-
dent siRNAs targeting Aurora A (siAurA#l and #2) or Aurora B
(siAurB#1 and #2). Protein expression of Aurora A and B was
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measured by Western blot analysis. Hsp70 was used as a loading
control. ¢ and d Cell growth assays were performed 96 h after
transfection with the siRNA constructs. The cell number was
measured by a colorimetric assay and expressed as percent of
siControl-transfected cells. Error bars indicate SD. Stars denote
statistically significant difference from MCF-7 cells (P < 0.05)
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Fig. 4 Effects of the Aurora A inhibitor alisertib and the Aurora A/B/
C inhibitor danusertib on cell growth, expression of Aurora A and B
and cell cycle phase distributions. MCF-7 and Al-resistant cell lines
were treated for 5 days with indicated concentrations of a alisertib or
b danusertib. The cell number was measured by a colorimetric assay
and expressed as percent of DMSO-treated control cells. Error bars
indicate SD. Three independent experiments were performed with
reproducible results and a representative experiment is shown. Stars

no change in protein expression of Aurora A and B was
observed in MCF-7 or the resistant cell lines. Cell cycle
analysis showed that both alisertib (Fig. 4d) and danusertib

indicate significant difference from MCF-7 cells (P < 0.05). ¢ For
Western blot analyses, MCF-7, Let®-1, and ExeR-1 were grown in
their standard medium followed by treatment with 0.1 % DMSO
(control), 0.1 puM alisertib, or 0.1 uM danusertib for 1 or 24 h. Hsp70
was used as a loading control. Cell cycle analysis of MCF-7, Let®-1
and ExeR-1 cells was performed after treatment with d 0.05 pM
alisertib or e 0.05 uM danusertib for 24 and 48 h

(Fig. 4e) treatment resulted in preferential accumulation of
Let®-1 and Exe®-1 cells in the G2/M cell cycle phase upon
treatment for 24 and 48 h.
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Alisertib and danusertib block cell cycle progression
at mitosis and prevent correct localization of Aurora
kinases during metaphase

To explore the mechanisms by which the Aurora in-
hibitors exerted their action, we analyzed the mitosis-
specific Aurora B target phospho-Histone-H3%™'? by
flow cytometry. After treatment for 24 h, JNJ-7706621
and barasertib treatment both completely abrogated
Histone-H3-phosphorylation, indicative of inhibition of
Aurora B activity and blocked transition from G2 to M
phase (Fig.5). In contrast, alisertib and danusertib
treatment resulted in pronounced accumulation of cells
in M phase, in particular for Al-resistant cell lines,
indicative of cell cycle arrest at mitosis (Fig. 5). We
evaluated Aurora A and B localization upon treatment
for 24 h with the different inhibitors. In dividing con-
trol cells, Aurora A was localized to the two spindle

poles during metaphase, while Aurora B was associated
with the aligned chromosomes (Fig. 6a), as previously
shown [23]. Upon treatment with JNJ-7706621 or
barasertib, metaphase cells were infrequently observed,
and in JNJ-7706621-treated cells, Aurora A and B lo-
calization was comparable to control cells, while
barasertib caused perturbed Aurora B localization and
misaligned chromosomes, especially in the resistant cell
lines (Fig. 6a). Upon treatment with alisertib, no cells
with aligned chromosomes could be observed; however,
we noticed an increase in cells with condensed DNA
and strong dispersed staining for Aurora A, while
Aurora B staining was associated with the condensed
DNA. Upon treatment with danusertib, aligned chro-
mosomes were observed (Fig. 6a). We quantified cells
with strong Aurora A and B staining and found that the
percentage of positive cells were significantly increased
in the two resistant cell lines compared with MCF-7

DMSO JNJ-7706621 Barasertib Alisertib Danusertib
104' M 10“' 104' 10"
N 2.2% 0.3% 5.7% ] 8.2%
L 24G1/S G2| 10?4
S "4 : =
= ’ ] ’
101' 101' m"
0 174.09 23.8%| 0 154.4% 30.0% 27.9%| 0 162.4% 29.4%
g
S| o' 4 0 4 '
[
©
| < 6.4% 0.7% 0.5% 15.1% 11.2%
o ~| .2 2 2 2
ga g 10 ' 109 1079 109
a3 e »
S| o'y
] ] ] - ]
2| o773 16.3% 44.5%| 0 122.5% 77.0%| 0 159.3 25.6%| 0 161.4 27.4%
I, T T T L O 1 T T T T T T T
17
o
104' WDA' 10" 10"
|03' 103' 103' 103'
< 5.2% 1 0.1% 0.0% , 8.6%
zf<’ :
w .| o @ *
m" 10" 101’
18.2%| . 157.8% 42.0%| 0 ]25.7% 73.4% 0 159.9 31.5%

100K 150K 0 50K 100K 150K 0

100K 150K 0 150K 0

DNA content (propidium iodide)

Fig. 5 Effects of JNJ-7706621, barasertib, alisertib, or danusertib
treatment on cell cycle phase distribution. MCE-7, Let®-1 and Exe®-1
were treated for 24 h with 0.1 % DMSO, 1 uM INJ-7706621, 0.05 uM
barasertib, 0.05 pM alisertib, or 0.05 uM danusertib. Cells were
harvested, fixed, and stained with AlexaFlour488-conjugated phos-
pho-Histone-H3%*"'%-antibody and propidium iodide and analyzed by
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flow cytometry. The upper right quadrants show phospho-histone-H3-
positive cells with 4 N DNA, representing M phase cells. The lower
right quadrants represent G2 phase cells, whereas the lower left
quadrants show cells in G1/S phase. Percentages of cells in each phase
were quantified using FlowJo Software and indicated in the figure. The
experiments were performed twice with similar results
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Fig. 6 Localization of Aurora A and B after treatment with JNJ-
7706621, barasertib, alisertib, or danusertib. MCF-7, LetR—l, and
ExeR-1 were treated for 24 h with 0.1 % DMSO, 1 1M INJ-7706621,
0.05 uM barasertib, 0.05 pM alisertib, or 0.05 uM danusertib. The
cells were fixed with methanol and stained with antibodies against
Aurora A and B. Nuclei were stained with Hoechst and fluorescent

upon treatment with alisertib or danusertib (Fig. 6b, c).
Notably, the fraction of Aurora kinase positive cells in
DMSO-treated controls was significantly higher for Al-
resistant cell lines than for MCF-7, supporting the ob-
served increased expression of Aurora A and B
(Fig. 3a).

imaging was used to identify Aurora A and Aurora B positive cells.
a Pictures were captured using an Olympus IX71. For evaluation of
b Aurora A and ¢ Aurora B positive cells, pictures were blinded and
double-scored and percentage of positive cells were calculated
relative to the total number of nuclei, evaluated by Hoechst staining,
from the same sample

Combination of an Aurora inhibitor with fulvestrant is
superior to treatment with either of the compounds
alone

Both MCF-7 cells and the Al-resistant cell lines responded
to treatment with the ER down modulator fulvestrant
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(0.1 uM) (Fig. 7a—), indicative of ER-dependent cell
growth. To determine whether the Aurora inhibitors could
be combined with ER-targeted therapy, cells were treated
with 1 pM JNJ-7706621 (Fig. 7a), 0.05 pM alisertib
(Fig. 7b), or 0.05 pM danusertib (Fig. 7c) alone or in
combination with 0.1 pM fulvestrant. For Al-resistant cell
lines, the combination treatment resulted in significantly
more growth inhibition compared with fulvestrant or
Aurora inhibitor treatment alone. When combining alisertib
with fulvestrant, significantly more growth inhibition
compared with either of the compounds alone was also
observed for MCF-7 cells (Fig. 7b); however, the growth
inhibitory effect of combined treatment was more severe
for Al-resistant cell lines compared with MCF-7. Together,
these data suggest a beneficial effect of combined treatment
targeting both ER and Aurora kinases in Al-resistant breast
cancer cells.

Discussion

A major obstacle in current breast cancer treatment is de-
velopment of resistance against Als. Clinical trials showing
benefit from combining kinase inhibitors with Als suggest
that therapy against activated signaling pathways may be a
way forward to prevent or postpone resistance [7]. Pre-
clinical models are important tools to better understand the
molecular pathways driving Al resistance. In this study, we
used a cell culture model in which testosterone by con-
version to estradiol via the endogenous aromatase enzyme
could stimulate growth of MCF-7 cells [13]. At 1 nM
testosterone concentration, which corresponds to physio-
logical concentration in postmenopausal women [24], we
found a 4-fold growth stimulation. This supports the clin-
ical relevance of the MCF-7 model used to establish the
resistant cell lines by clonal selection of cells, surviving
long-term treatment with either letrozole or exemestane
[14]. By application of a large functional kinase inhibitor
screen, we identified novel treatment targets in the Al-
resistant cells, e.g., Aurora A and B, CDK1/2/9, CHKI,
Akt, PDGFR, Src, Abl, and DUB. We focused our analyses
on the Aurora kinases, as they were targets in all four
investigated Al-resistant cell lines, and several Aurora in-
hibitors exerted pronounced and preferential inhibition of
growth of Al-resistant cell lines compared to MCF-7 cells.
Furthermore, Aurora A has recently been discovered as a
target in tamoxifen-resistant breast cancer cells [12, 25].
Our data suggest that in particular Aurora A plays a
pivotal role for growth of Al-resistant cells. Significant
growth inhibition was observed with the Aurora A and B
inhibitor JNJ-7706621, with the clinically relevant
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Fig. 7 Effects of JNJ-7706621, alisertib, or danusertib in combina-
tion with fulvestrant on cell growth in MCF-7 and Al-resistant cell
lines. Let®-1 and Exe®-1 were withdrawn from their respective Al and
were, together with MCF-7, treated for 5 days with a 1 pM JNIJ-
7706621, 0.1 uM fulvestrant and combination, b 0.05 pM alisertib,
0.1 uM fulvestrant and combination, or ¢ 0.05 uM danusertib,
0.1 pM fulvestrant and combination. The cell number was measured
by a colorimetric assay and expressed as percent of DMSO-treated
control cells. Error bars indicate SD. Two independent experiments
were performed with reproducible results, and a representative
experiment is shown. Stars indicate significant difference both when
comparing the combined treatment with fulvestrant and the combined
treatment with the Aurora inhibitor alone (P < 0.05)
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selective Aurora A inhibitor alisertib and with the potent
Aurora A inhibitor danusertib when grown in medium with
Al Omission of Al did not affect this growth inhibition,
indicating that the inhibitors do not resensitize Al-resistant
cells to Als. The severe growth inhibition of Al-resistant
cell lines after knockdown with specific siRNAs against
Aurora A also confirms the important role of Aurora A for
Al-resistant cell growth. We demonstrated increased ex-
pression of Aurora A in Al-resistant cell lines compared
with MCF-7. We have recently demonstrated that Aurora A
plays a role for growth of tamoxifen-resistant breast cancer
cells, which utilize ER for growth, presumably through
ligand-independent ER activation [12, 26]. It has been
shown that Aurora A can phosphorylate ER, thus con-
tributing to its ligand-independent activation [25]. In the
LTED cell model, it was demonstrated that ligand-inde-
pendent activation of ER can drive Al-resistant cell growth
[27]. Our Al-resistant model responds to fulvestrant treat-
ment, indicating that the resistant cells require ER for
growth. It is therefore possible that activated protein ki-
nases, such as Aurora A, cause ligand-independent acti-
vation of ER, thereby circumventing the need for estrogen
synthesis by the aromatase enzyme upon acquisition of
resistance. However, since we observed additional growth
inhibition from combining Aurora inhibitors with fulves-
trant, we presume that the inhibitors also target ER-inde-
pendent mechanisms. Notably, the combination growth
assays with Aurora inhibitor and fulvestrant were per-
formed without Als; however, similar results were ob-
served in the presence of Als (data not shown). These
results show that Al is not required for the beneficial effect
of combined treatment, suggesting that patients progressing
on Al therapy may benefit from switching to fulvestrant
treatment in combination with an Aurora inhibitor. Clinical
trials are warranted to disclose this and at present, patients
with ER-positive metastatic breast cancer are being re-
cruited for a clinical trial combining fulvestrant and alis-
ertib (NCT02219789).

Our results indicate that Aurora B may also play a role
in Al resistance. Barasertib, JNJ-7706621, and danusertib
all inhibited growth of the resistant cell lines. Although we
could not obtain complete knockdown of Aurora B, we
observed a small but significant growth inhibition of the
ExeR-1 cell line, suggesting involvement of Aurora B in
Al-resistant cell growth. Furthermore, the Aurora B target
phospho-Histone-H3%*"'* was completely abrogated upon
treatment with barasertib and JNJ-7706621, validating that
the compounds inhibit the kinase activity of Aurora B. We
observed an increase in polyploid cells (>4 N) and severe
mitotic defects upon barasertib treatment for up to 96 h
(Online Resource 2), indicative of endoreduplication and
impaired mitotic checkpoint resulting from Aurora B in-
hibition [10]. These defects were more pronounced for Al-

resistant cell lines than MCF-7, suggesting that Al-resistant
cells are more dependent on Aurora B for correct cell di-
vision. The clinical relevance of our results is supported by
our previous studies, showing that Aurora A [12] and
Aurora B (Larsen et al., unpublished data) are both po-
tential biomarkers for tamoxifen resistance, and evaluation
of Aurora A expression in tumor material from patients
who have received adjuvant letrozole treatment is presently
ongoing. Moreover, barasertib, alisertib, and danusertib are
currently in clinical trials as new cancer therapeutics,
which so far show promising results [9].

Based on our preclinical studies, we conclude that
Aurora A, Aurora B, and ER play important roles for Al-
resistant cell growth and may be targets for treatment. The
observed overexpression of Aurora A and B in Al-resistant
cell lines indicates that Aurora kinases may have potential
as biomarkers, which in combination with ER can be used
to select patients for the combined treatment.
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