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ORIGINAL ARTICLE

FOXMI1 recruits nuclear Aurora kinase A to participate in a
positive feedback loop essential for the self-renewal of breast

cancer stem cells

N Yang"**%, C Wang'?%, Z Wang'*®, S Zona* S-X Lin'%, X Wang'?, M Yan'?, F-M Zheng®, S-S Li'?, B Xu?, L Bella*, J-S Yong?,

EW-F Lam* and Q Liu'?

Substantial evidence suggests that breast cancer initiation, recurrence and drug resistance is supported by breast cancer stem cells
(BCSCs). Recently, we reported a novel role of Aurora kinase A (AURKA) in BCSCs, as a transactivating co-factor in the induction of
the c-Myc oncoprotein. However, the mode of action and transcriptional network of nuclear AURKA in BCSCs remain unknown.
Here, we report that nuclear AURKA can be recruited by Forkhead box subclass M1 (FOXM1) as a co-factor to transactivate FOXM1
target genes in a kinase-independent manner. In addition, we show that AURKA and FOXM1 participate in a tightly coupled positive
feedback loop to enhance BCSC phenotype. Indeed, kinase-dead AURKA can effectively transactivate the FOXM1 promoter through
a Forkhead response element, whereas FOXM1 can activate AURKA expression at the transcriptional level in a similar manner.
Consistently, breast cancer patient samples portrayed a strong and significant correlation between the expression levels of FOXM1
and AURKA. Moreover, both FOXM1 and AURKA were essential for maintaining the BCSC population. Finally, we demonstrated that
the AURKA inhibitor AKI603 and FOXMT1 inhibitor thiostrepton acted synergistically to inhibit cytoplasmic AURKA activity and
disrupt the nuclear AURKA/FOXM1-positive feedback loop, respectively, resulting in a more effective inhibition of the
tumorigenicity and self-renewal ability of BCSCs. Collectively, our study uncovers a previously unknown tightly coupled positive
feedback signalling loop between AURKA and FOXMT1, crucial for BCSC self-renewal. Remarkably, our data reveal a novel potential

therapeutic strategy for targeting both the cytoplasmic and nuclear AURKA function to effectively eliminate BCSCs, so as to

overcome both breast cancer and drug resistance.

Oncogene (2017) 36, 3428-3440; doi:10.1038/0nc.2016.490; published online 23 January 2017

INTRODUCTION

Breast cancer is one of the principal causes of female mortality
worldwide." Although surgery coupled with adjuvant che-
motherapy largely improves survival rates, there is still a
substantial portion of patients who are refractory to the present
chemotherapeutic strategies. Substantial recent evidence sug-
gests that breast cancer progression, recurrence and drug
resistance are supported by the presence of breast cancer stem
cells (BCSCs).2 However, the molecular mechanisms that govern
self-renewal of BCSCs and drug resistance remain, to date, largely
elusive. Understanding how BCSCs acquire the ability to self-
renew and develop drug resistance will therefore greatly aid in
the design of novel therapies targeted at eliminating these
malignant cells.

Aurora kinases are highly conserved serine/threonine kinases.?
The canonical function of Aurora kinases is regulating centrosome
duplication and separation by promoting mitotic spindle
assembly.* A large body of research indicates that Aurora kinase
A (AURKA) overexpresses in a variety of tumours and endows
them with uncontrolled mitosis.*> Consistent with previous

studies, along with others, we have uncovered that AURKA
dysregulation is associated with tumour metastasis and che-
motherapeutic resistance. In agreement, AURKA inhibition can
suppress the proliferation of a diverse range of malignancies,
including nasopharyngeal carcinoma, acute myeloid leukaemia
and breast cancer*® However, although these inhibitors exhib-
ited a tolerable toxicity profile and promising initial clinical
efficacy, most failed to surpass the initial trials.”'? Recently, we
showed that these failures are caused by the non-kinase-
dependent nuclear transactivating function that enhances cancer
stem cell properties that drive drug resistance.'® Nevertheless, the
complicated molecular regulatory network of nuclear AURKA still
needs to be further elucidated.

Forkhead box (FOX) superfamily of proteins are responsible for
the spatio-temporal regulation of a broad range of transcriptional
programmes critical for normal homeostasis and development.
The FOX subclass M1 (FOXM1) transcription factor is a key factor in
cancer initiation, progression and drug resistance.'® We previously
reported that FOXM1 is a key downstream effector of the
PI3K-AKT, ATM/p53-E2F and p38-MAPK-MK2 signalling cascades
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involved in chemotherapeutic drug sensitivity and resistance in
myriad of cancers,'®? suggesting that FOXM1 could potentially
be a useful molecular biomarker and a therapeutic target for the
elimination of cancer stem cells.

Here we uncovered a previous unknown positive feedback loop
between AURKA and FOXM1 crucial for the acquisition of self-
renewal properties and drug resistance of BCSCs. We further
demonstrated that the AURKA and FOXM1 inhibitors can function
synergistically to inhibit AURKA activity and disrupt the positive
feedback loop to more effectively limit the tumorigenicity of
breast cancer cells. These new data propose a promising
therapeutic strategy to effectively target AURKA function to
eliminate BCSCs.
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RESULTS

AURKA promotes FOXM1 expression and increases the BCSC
population

We previously showed that overexpression of AURKA was
responsible for drug resistance and predicted an inferior prognosis
in breast cancer.'® Here we revealed that AURKA overexpression
significantly augmented the expression of FOXM1 and cancer
stem cell markers c-Myc and Nanog in breast cancer cells
(Figure 1a). We then examined whether AURKA participates in
regulation of BCSCs. Overexpression of AURKA significantly
increased the CD44"™ population and the mammosphere forma-
tion capacity in MCF-7 breast cancer cells (Figures 1b and c;
Supplementary Figure S1A). Consistently, AURKA knockdown
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Figure 1. AURKA activates FOXM1 expression and increases BCSC sub-populations. (a) Western blot analysis with indicated antibodies in
control (Ctrl) and AURKA overexpressing MCF-7 cells. (b, ¢) CD44" population and sphere (diameter > 100 pm) formation in control (Ctrl) and
AURKA overexpressed MCF-7 cells. Scale bar, 50 pm. (d) Western blot analysis with indicated antibodies in control (shCtrl) and AURKA
(shAURKA) knockdown MDA-MB-231 cells. (e, f) CD44"/CD24'"° population and sphere (diameter > 100 pm) formation in control (shCtrl) and
AURKA shRNA (shAURKA-1, shAURKA-2) knockdown MDA-MB-231 cells. (g) Nude mice bearing Dox-inducible AURKA knockdown MDA-
MB-231 xenograft tumours were treated with Dox or vehicle (DMSO) every 3 days by intragastric administration for 18 days. The tumour
volume was calculated. The cells were treated with 200 ng/ml Dox or vehicle (DMSO) for one week before transplanting to the nude mice.
(h) IHC staining detected the expression of AURKA, FOXM1 and Nanog in tumour mass from e. Scale bar, 50pm. The above CD44"/CD24"
population and sphere formation assays were repeated at least three times independently and results presented as mean +s.d. **P < 0.01;

***P < 0.001; significance by Student's t-test (two tailed).
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downregulated the expression of FOXM1 and that of the cancer
stem cell markers c-Myc, SOX2 and Nanog in MDA-MB-231 cells
(Figure 1d). Accordingly, knockdown of AURKA also reduced the
CD44"/CD24" sub-population and the mammosphere formation
capacity in MDA-MB-231 breast cancer cells (Figures 1e and f;
Supplementary Figure S1B).

Furthermore, we subcutaneously injected MDA-MB-231 cells
harbouring stably integrated inducible AURKA knockdown short
hairpin RNA (shRNA) constructs into nude mice and evaluated
their effects on tumour growth. In comparison with vehicle
(dimethylsulphoxide (DMSO))-treated control cells, which formed
large tumours, doxycycline (Dox)-induced cells displayed substan-
tially reduced tumour growth (Figure 1g). In addition, immuno-
histochemistry revealed a reduction in AURKA, FOXM1 and Nanog
staining in Dox-treated tumours, compared with the DMSO-
treated controls (Figure 1h). Finally, we performed limiting dilution
assays in NOD/SCID mice to evaluate effect of AURKA on stemness
in vivo. As shown in Table 1, AURKA knockdown reduced tumour
incidence, indicating that AURKA has an essential function in
tumour initiation.

FOXM1 contributes to AURKA-mediated BCSC expansion

To investigate if FOXM1 is indeed a key downstream target of
AURKA, we knocked down FOXM1 in Sum-149 cells that
overexpressed AURKA and examined the stemness of BCSCs.
The results showed that the positive effects of AURKA on the
CD44"/CD24" cell population and mammosphere formation
were significantly impaired by FOXM1 depletion (Figures 2a—c).
Next, we overexpressed FOXM1 and examined the stemness of
BCSCs. The result showed that FOXM1 overexpression signifi-
cantly increased the expression levels of AURKA as well as
cancer stem cell markers c-Myc and Nanog, in MCF-7 cells

Table 1. Limiting dilution assays to evaluate effect of AURKA and
FOXM1 on stemness

Group Tumour incidence
5x10° 1x10° 1x10* 1x10°

Cells Cells Cells Cells
shCtrl+oeCtrl 7/7 717 6/7 3/7
shAURKA+oeCtrl 8/8 6/8 3/8 1/8
shFOXM1+oeCtrl 717 6/7 3/7 0/7
shAURKA+0eFOXM1 8/8 7/8 5/8 3/8
shFOXM1+0eAURKA 8/8 6/8 4/8 1/8

Abbreviations: AURKA, Aurora kinase A; Dox, doxycycline; FOXM1,
Forkhead box subclass M1; oe, overexpress target genes; sh, shRNA to
knockdown target genes. Cells were treated with 200 ng/ml Dox for
1 week, and were transplanted subcutaneously into NOD/SCID mice at
concentrations of 5x10°, 1x10°, 1x 10% and 1x 10 cells per site.

(Figure 2d). Furthermore, overexpression of FOXM1 also sig-
nificantly increased the CD44" fraction and the mammosphere
formation capacity in MCF-7 cells (Figures 2e and f), whereas
FOXM1 knockdown in MDA-MB-231 cells had the opposite
effects (Supplementary Figure S2). Consistently, FOXM1 knock-
down downregulated the expression levels of cancer stem cell
markers SOX2, c-Myc and Nanog, and reduced the mammo-
sphere formation capacity and the CD44"/CD24" population in
MDA-MB-231 cells (Figures 2g—i).

Furthermore, we subcutaneously injected MDA-MB-231 cells
harbouring stably integrated inducible FOXM1 knockdown shRNA
constructs into nude mice to evaluate their effects on tumour
growth. In contrast to vehicle (DMSO)-treated control cells, which
formed large tumours, Dox-induced cells gave rise to greatly
reduced tumours (Figure 2j). Futhermore, immunohistochemical
staining revealed decreased levels of FOXM1, AURKA and Nanog
expression in Dox-induced tumours, compared with the
control DMSO-treated cells (Figure 2k). Finally, we performed
limiting dilution assays in NOD/SCID mice to evaluate effect of
FOXM1 on stemness in vivo. As shown in Table 1, FOXM1
knockdown reduced tumour incidence, indicating that FOXM1 has
a key role in tumour initiation. Collectively, these data implied that
AURKA increases the proportion of BCSCs by positively
regulating FOXM1.

AURKA transcriptionally activates FOXM1 expression in kinase-
independent manner

Given that both AURKA and FOXM1 are cell cycle regulatory genes
involved in G2/M phase transition,*?> we therefore evaluated
whether the canonical kinase activity of AURKA is essential for
FOXM1 activation. Interestingly, both the AURKA-activated form
(T288D) and the kinase-defective form (D274N) could promote
FOXM1 expression (Figure 3a), suggesting that AURKA activates
FOXM1 expression in a kinase-independent manner. To confirm
this result, we inhibited AURKA kinase activity with the small
molecule kinase inhibitors VX680 and MLN8237, respectively, and
then studied the expression of FOXM1. As shown in Figure 3b, the
expression of FOXM1 was significantly increased in AURKA
overexpressed cells, although the active phosphorylated form of
AURKA (P-AURKA) was hardly detectable. These results suggest
that AURKA can activate FOXM1 expression independent of its
kinase activity.

FOXMT1 expression could be regulated at the transcriptional and
post-transcriptional levels?* We next examined the levels of
FOXM1 mRNA in MCF-7 cells after AURKA overexpression or
depletion. The results showed that the FOXM1 mRNA levels
significantly increased when AURKA was overexpressed, and
significantly decreased with AURKA knocked down (Figures 3c
and d). In concordance, a similar phenomenon was observed
in another breast cancer cell line MDA-MB-231 (Supplementary
Figure S3). Furthermore, the luciferase reporter assay also showed
that the AURKA wild-type (WT), kinase-activated form (T288D)
and kinase-defective form (D274N) could all effectively

Figure 2.

>

Overexpression of FOXM1 contributes to AURKA-mediated BCSC expansion. (a) Western blot analysis with indicated antibodies in

control and AURKA overexpressing or FOXM1 knockdown SUM-149 cells. (b, ¢) CD44"/CD24'° population and sphere (diameter > 100 pm)
formation in control, AURKA overexpressed and AURKA overexpressed with FOXM1 knockdown SUM-149 cells. (d) Western blot analysis with
indicated antibodies in control (Ctrl) and FOXM1 overexpressed MCF-7 cells. (e, f) The CD44" population and sphere (diameter > 100 pm)
formation in control (Ctrl) and FOXM1 overexpressed MCF-7 cells. (g) Western blot analyses with indicated antibodies in control (shCtrl) and
FOXM1 (shFOXM1) knockdown MDA-MB-231 cells. (h, i) The CD44"/CD24'"°population and sphere (diameter > 100 pm) formation in control
(shCtrl) and FOXM1(shFOXM1) shRNA knockdown MDA-MB-231 cells. (j) Nude mice bearing inducible FOXM1 knockdown MDA-MB-231
xenograft tumours were treated with Dox, or vehicle (DMSO) every 3 days by intragastric administration for 18 days. The tumour volume was
calculated. The cells were treated with 200 ng/ml Dox or vehicle (DMSO) for one week before transplanting to the nude mice. (k) IHC staining
detected the expression of FOXM1, AURKA and Nanog in tumour mass from j. Scale bar, 50 pm. The above CD44"/CD24" population and
sphere formation assays were repeated at least three times independently and results presented as mean +s.d. **P < 0.01; ***P < 0.001

significance by Student's t-test (two tailed).
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enhance FOXM1 promoter activity (Figure 3e). Meanwhile, AURKA
kinase inhibitors could not suppress the induction of
FOXM1 expression by AURKA (Figure 3f). Interestingly, FOXM1
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level was reduced by AURKA kinase inhibitors, indicating that
AURKA kinase inhibitors have some effects on FOXM1 protein
level. Collectively, these results suggest AURKA can trans-
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criptionally activate FOXM1 independent of its

kinase function.

expression

Nuclear AURKA binds directly to FOXM1 promoter to transactivate
its expression

Next, we performed a promoter truncation assay to locate the
AURKA responsive region in the FOXM1 promoter. The result
showed that the transactivation effect was lost when +1/+300
region was deleted (Figure 4a). Interestingly, transcription factor-
binding sites analysis indicated that a consensus Forkhead-
responsive element (FHRE) locates in this region, suggesting that
AURKA may regulate FOXM1 expression through targeting
FOXM1 directly. Previous studies have reported that FOXM1
could bind its own promoter and transactivate its own
expression. As AURKA cannot directly bind gene promoters, we
hypothesised that AURKA activates FOXM1 promoter through
binding to FOXM1. To test this conjecture, we assessed the
ability of AURKA to transactivate the FOXM1 promoter with and
without FOXM1 depletion. As revealed in Figure 4b, the ability of
AURKA to enhance FOXM1 promoter activity was lost in the
absence of FOXM1, suggesting that AURKA induces FOXM1
expression via recruiting FOXM1. To corroborate this result, two
types of point mutations were introduced into the FHRE of the
FOXM1 promoter to disrupt FOXM1 binding. The luciferase
reporter assay showed that AURKA lost its FOXM1 promoter
activation effect while this motif was mutated (Figure 4c).
Collectively, these results strongly suggested that AURKA can

transactivate FOXM1 expression through recruiting the FOXM1
protein.

To confirm further the interaction between AURKA and FOXM1,
we performed confocal microscopy and co-immunoprecipitation
(co-IP) assays. The results suggested that AURKA and FOXM1
colocalise in the nucleus and interact with each other (Figures 4d
and e; Supplementary Figure S4). We further confirmed that
AURKA and FOXM1 co-occupy the FOXM1 gene promoter using
ChIP Re-ChlIP assay. The result suggested that AURKA complexes
with FOXM1 on the FHRE of the FOXMT1 promoter (Figure 4f).
Taken together, these results clearly show that FOXM1 recruits
nuclear AURKA to directly transactivate FOXM1 transcription.

FOXM1 directly activates AURKA expression at the transcriptional
level

As shown in Figures 2d and g, AURKA showed a similar expression
pattern as FOXM1 after we overexpressed or depleted FOXM1,
suggesting that AURKA is regulated by FOXM1. We therefore
analysed the recruitment of FOXM1 to the AURKA promoter using
the published FOXM1 ChIP-seq data®> and ENCODE UCSC genome
browser.?®%” As shown in Figure 5a, FOXM1 binding was detected
as a strong peak at the promoter region of AURKA, indicating that
AURKA expression is directly regulated by FOXM1 at the promoter
level. Next, we investigated the AURKA mRNA levels in FOXM1
overexpression and silencing cells, and observed that AURKA
mRNA and protein levels significantly changed with FOXM1
expression (Figure 5b; Supplementary Figure S5). We then
performed a promoter truncation analysis to locate the FOXM1
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Figure 3.

Nucleus AURKA transcriptionally activates FOXM1 expression in a kinase-independent manner. (a) Western blot analysis with

indicated antibodies in control (Ctrl) and AURKA WT, kinase-activated form (T288D), or kinase-defective form (D274N) overexpressed MCF-7
cells. (b) Western blot analysis with indicated antibodies in AURKA overexpressed or control MDA-MB-231 cells treated with DMSO, VX680 and
MLN8237. (c) Real-time PCR analysis of FOXM1 mRNA expression in AURKA overexpressing MCF-7 cells. (d) Real-time PCR analysis of FOXM1
mMRNA expression in AURKA knocked down MCF-7 cells. (e) Luciferase reporter assay analysis of FOXM1 promoter activity in MCF-7 cells in the
absence or presence of WT, kinase-mimicking, and kinase-defective AURKA overexpression. (f) Luciferase reporter assay analysis of FOXM1
promoter activity in AURKA overexpressing or control MDA-MB-231 cells treated with DMSO, VX680 and MLN8237. The above reverse
transcriptase—quantitative PCR and promoter assays were repeated at least three times independently and results presented as mean + s.d.
*P < 0.05; **P < 0.01; ***P < 0.001 significance by Student's t-test (two tailed).
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Figure 4. Nuclear AURKA binds directly to FOXM1 to transactivate FOXM1 expression. (a) Promoter truncation assay to locate the AURKA
regulatory region in FOXM1 promoter. (b) Luciferase reporter assay analysis of FOXM1 promoter activity in MCF-7 cells with AURKA
overexpression in the presence or absence of FOXM1 knockdown. (c) Luciferase reporter assay analysis of FOXM1 promoter activity with WT or
mutated FOXM1-binding element (FHRE) in AURKA overexpressed or control MCF-7 cells. (d) Immunofluorescence assay to detect intracellular
localisation of endogenous AURKA and FOXM1. Scale bar, 10 um. (e) Co-IP assay to detect the interaction of AURKA and FOXM1. (f) ChIP Re-
ChIP assay to analyse promoter co-occupation by FOXM1 and AURKA. The ChIP Re-ChlIP assay was performed using chromatin prepared from
MCF-7 cells. The chromatin was first precipitated with the anti-AURKA antibody or the control (IgG) and the precipitated chromatin analysed
by reverse transcriptase (RT)-quantitative PCR (qPCR) using primers recognising the FHRE region (ChIP-1) and control primers (ChIP-ctrl-1) (4A)
(left panel). The precipitated chromatin was then re-precipitated with the anti-FOXM1 antibody and the product analysed by RT-qPCR (right
panel). The above promoter and ChIP RT-gPCR assays were repeated at least three times independently and results presented as mean =+ s.d.
*P < 0.05; **P < 0.01; ***P < 0.001; significance by Student's t-test (two tailed).

responsive region in the AURKA promoter. The data indicated that
the transactivational effect of FOXM1 was diminished when the
FHRE-containing region (-806/—28) was deleted (Figure 5c). To
confirm this result, a mutation was introduced into the putative
FHRE to disrupt FOXM1 binding. Indeed, FOXM1 lost its ability to
transactivate the AURKA promoter when the FHRE was mutated
(Figure 5d). To confirm whether AURKA promoter was a direct

FOXM1 target, we performed ChIP analysis in MDA-MB-231 cells
and observed strong FOXM1 binding at the promoter region
containing the FHRE but not in the control promoter, an
upstream site, which lacks a FHRE, or in the IgG-negative control
(Figure 5e). These data suggested that FOXM1 binds directly
to AURKA promoter to activate AURKA expression at the
transcriptional level.
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Figure 5. FOXMT1 directly activates AURKA expression at the transcriptional level. (a) FOXM1 binding on AURKA promoter and gene body in

MCF-7, SKSH and ECC1 cells. Data were obtained from ENCODE UCSC genome browser. 100 Vert. Cons tracks display multiple alignments of
100 vertebrate species and measurements of evolutionary conservation 49. (b) Real-time PCR analysis of AURKA mRNA expression in the
presence or absence of FOXM1 overexpression and knockdown. (c) Promoter truncation assay to locate the FOXM1 regulatory region in the
AURKA promoter. (d) Luciferase reporter assay analysis of AURKA promoter activity in MCF-7 cells with or without FOXM1 overexpression.
(e) ChlIP assay to analyse promoter occupation by FOXM1 on the AURKA promoter. The ChIP assay was performed using chromatin prepared
from MCF-7 cells with or without FOXM1 depletion. The chromatin was first precipitated with the anti-FOXM1 antibody or the control (IgG)
and the precipitated chromatin analysed by reverse transcriptase (RT)-quantitative PCR (qPCR) using primers recognising the FHRE region
(ChIP-2) and control primers (ChIP-ctrl-2) (5C) (left panel). The precipitated chromatin was then analysed by RT-qPCR. The above promoter and
ChIP RT-gPCR assays were repeated at least three times independently and results presented as mean + s.d. *P < 0.05; **P < 0.01; ***P < 0.001;
significance by Student's t-test (two tailed).

AURKA and FOXM1 expression co-elevate in breast cancer overexpressed in these BCSC-enriched spheroid and drug-

To corroborate our findings, we examined the expression of
AURKA and FOXM1 in BCSC-enriched spheroid cells, as well as in
paclitaxel (TaxR) and epirubicin (EpiR)-resistant MCF-7 cells. The
results indicated that both AURKA and FOXM1 were
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resistant cells (Figures 6a and b).

To validate this finding further, we next studied the
expressions of AURKA and FOXM1 in primary human breast
cancer samples. We first analysed the correlations between AURKA
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Figure 6. AURKA and FOXM1 co-expression in breast cancer. (a) Flow cytometry and western blot analysis of CD44"//CD24' population as well
as AURKA and FOXM1 expression in spheroid and control cells. (b) Flow cytometry and western blot analysis of CD44"/CD24'"° population, as
well as AURKA and FOXM1 expression in paclitaxel (TaxR) and epirubicin (EpiR) drug-resistant MCF-7 cells. (c) Expression of AURKA and FOXM1
in a TCGA batch consisting of 526 breast cancer patient samples. Pearson's correlation and linear regression analysis were employed.
(d) Immunohistochemistry to determine protein expression levels of AURKA and FOXM1 in primary human breast cancer patient samples.
Statistical comparisons were made using Chi-square test. (e, f) OS was examined by Kaplan-Meier analysis comparing the indicated
subgroups. The above CD44"/CD24'°population assays were repeated at least three times independently and results presented as mean + s.d.

**P < 0.01; ***P < 0.001 significance by Student's t-test (two tailed).

and FOXM1 mRNA levels in a TCGA cohort, consisting of
526 breast cancer patient samples.?® Pearson's correlation
indicated a strong and significantly positive correlation between
the expression levels of AURKA and FOXM1 mRNA (Pearson
coefficient=0.768, P <0.01, Figure 6c). Next, immunohisto-
chemistry was used to determine protein levels of AURKA and
FOXM1 in 269 primary human breast cancer patient samples
from Sun Yat-Sen University Cancer Center. Clinical parameters
and features of the patients and their samples are summarised in

Supplementary Table S1. We detected high AURKA and FOXM1
expression in 121 of 185 (65.4%) specimens, indicating a
significant positive correlation between AURKA and FOXM1
protein levels (Figure 6d). As the follow-up time of our breast
cancer patient samples was not enough to analyse the clinical
outcome, we explored AURKA/FOXM1 expression and prognosis
in the Kaplan-Meier plotter database.?® As shown in Figure 6e,
high expression of either AURKA, FOXM1 alone, or both
significantly predicted poor overall survival (OS) in 1117 breast
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Figure 7. AKI603 and thiostrepton synergistically suppress BCSCs. (a) Scheme depicting the strategy to combine AURKA kinase inhibitor
with FOXM1 inhibitor. (b) The cells were treated with various concentrations of drugs alone or in combination for 48 h. The DMSO-treated
group proliferated normally. The growth inhibitory effects were determined by cell counting. The Y axis represents percent of viable cell
number of drug-treated group versus DMSO-treated group. (c) Cl value was calculated from data obtained in b. (d) MDA-MB-231 cells were
treated 48 h with 0.12 um AKI603, 1.2 um thiostrepton alone, or in combination. Then, 500 cells were seeded into six-well plate and
incubated with growth medium containing 0.12 um AKI603, 1.2 pm thiostrepton alone, or in combination. After culture for 7 days, colonies
were stained using crystal violet and the graphs were captured by invert microscope. (e) MDA-MB-231 cells were treated 48 h with 0.12 pm
AKI603, 1.2 pm thiostrepton alone, or in combination. Then, 500 cells were seeded into low adhesion six-well plate and incubated with
sphere medium containing 0.12 pm AKI603, 1.2 um thiostrepton alone, or in combination. After culture for 7 days, spheres (diameter
>50 pm) were analysed. (f) Nude mice bearing MDA-MB-231 xenograft tumours were treated with AKI603, thiostrepton, or the
combinational therapy daily by intragastric administration for 14 days. The tumour volume was measured and calculated as shown. The
above assays were repeated at least three times independently and results presented as mean =+ s.d. **P < 0.01; ***P < 0.001 significance by
Student's t-test (two tailed).

cancer patients. Interestingly, patients with high levels of AURKA AKI603 and thiostrepton synergistically inhibit the proliferation of
and FOXM1 had significantly poorer OS outcomes when BCSCs
compared to those with high expression of AURKA or FOXM1 Most of AURKA kinase inhibitors failed in the initial phases of
alone (Figure 6e). clinical trials; however, very little is known about drug resistance
Furthermore, we performed limiting dilution assays in NOD/  mechanisms for these inhibitors. Recently, this drug failure has
SCID mice to compare the effect of AURKA and FOXM1 on  been proposed to be caused by the non-kinase dependent
stemness in vivo. As shown in Table 1, both knocking down of  transactivating function of nuclear AURKA."® Our present findings
AURKA and FOXM1 could reduce tumour initiation ability of breast propose that nuclear AURKA drives a FOXM1 activation-mediated
cancer cells. positive feedback loop that promotes the tumorigenicity and
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self-renewal of BCSCs and suggest that combined inhibition of
AURKA and FOXM1 may effectively block the feedback loop
and simultaneously inhibit the kinase and non-kinase function
of AURKA (Figure 7a). To test this conjecture, we studied
the ability of the novel AURKA inhibitor AKI603® and the
established FOXM1 inhibitor thiostrepton®® to function together
in repressing the proliferation of MDA-MB-231 cell. To this end,
proliferative analysis was performed to evaluate the potential
synergistic interactions between AKI603 and thiostrepton in a
fixed ratio (1:20). The results showed that the combinational
treatment resulted in a more potent growth inhibition of MDA-
MB-231 cells than that with the single drug alone (Figure 7b).
These data were then subjected to combination index (Cl)
analysis.>' As shown in Figure 7c, the result revealed that
AKI603 and thiostrepton acted synergistically to inhibit MDA-
MB-231 cell proliferation.

We next investigated if the AURKA and FOXM1 inhibitors also
act synergistically to suppress proliferation and self-renewal of
BCSC. The combinational treatment exerted a greater suppression
on colony formation compared with single agents alone
(Figure 7d). Moreover, we gauged the effects of combining
AKI603 and thiostrepton on mammosphere formation using MDA-
MB-231 cells. As shown in Figure 7e, AKI603 alone (P < 0.001) or
thiostrepton alone (P < 0.001) moderately reduced mammosphere
number and size compared with the control, whereas the
combinational treatment significantly reduced mammosphere
number and size.

Finally, we evaluated the in vivo anticancer effects of AURKA
and FOXM1 inhibitors in a xenograft model. Nude mice habouring
MDA-MB-231 xenograft tumours were subjected to AKI603,
thiostrepton, or the combination every day by intragastric
administration for 14 days. As shown in Figure 7f, tumour volumes
in the combinational treatment group were significantly smaller
than those in the single drug groups and the control group. Taken
together, these results indicated that AURKA inhibitor AKI603 and
FOXM1 inhibitor thiostrepton synergistically inhibit the growth
of BCSCs.

DISCUSSION

AURKA is one of the three highly conserved serine/threonine
Aurora kinases (AURKA, -B and -Q). It was originally identified as
a mitotic kinase, which has essential roles in control of
centrosome maturation/separation, bipolar spindle formation
and G2/M progression to ensure the fidelity of mitosis.* The
role of AURKA in cancer is underscored by the fact that it
is amplified and overexpressed in a multitude of human
tumour types.3? In breast cancer, AURKA is amplified in about
12% of all primary tumours®? and its mRNA overexpressed in
62% of breast carcinomas.®®> In addition, overexpression of
AURKA is also observed in 94% of invasive ductal adenocarci-
nomas of the breast.>*

Tumours are histologically heterogeneous, with different sub-
populations of cancer cells exhibiting distinct molecular profiles
and phenotypes.®® Although chemotherapy can eliminate most
cells in a tumour, cancer stem cells survive and contribute to
tumour drug resistance, recurrence and repopulation.*® This study
supports a new role for AURKA in promoting cancer stem cell-like
properties and anticancer chemotherapeutic drug resistance.®'®
Accordingly, nuclear AURKA possesses stem cell-like character-
istics, including enhanced mammosphere-forming ability,
sub-population of CD44'°/CD24" breast cancer cells in vitro and
self-renewal capacity in in vivo models®'? In agreement, a recent
study has also identified AURKA as a crucial transcriptional target
of the pluripotency factor Nanog in embryonic and cancer
stem cells.”

In here, we further uncover a positive feedback signalling loop
between AURKA and FOXM1 essential for BCSC self-renewal and

FOXM1 and AURKA co-regulate breast cancer stem cells
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show that AURKA is recruited to the proximal FOXM1 promoter
by FOXM1 itself to function as a co-activator to enhance FOXM1
transcription. Interestingly, the kinase activity of AURKA is not
involved in this nuclear function of AURKA. In concordance, we
have previously shown that AURKA contains three putative nine
amino-acid transactivation domains and is capable of promoting
gene expression as a transcription factor through participating in
assembling RNA polymerase Il transcription machinery.'> A DNA-
binding domain of AURKA has not been identified, and it is likely
that AURKA does not bind to target genes directly and is recruited
by transcription factors, such as FOXM1, to target genes to
modulate transcription.'?

Given the importance of AURKA in promoting tumorigenesis
and cancer stem cell phenotypes, it is not surprising that about
30 Aurora kinase inhibitors are currently at different stages
of pre-clinical and clinical development, and these AURKA
inhibitors include MLN8237, CCT129202 and AT9283.%'%38-%0
However, a substantial number of AURKA inhibitors, such as
MK-0457 (also called VX680, Vertex/Merck), AZD 1152 (Astra
Zeneca), PHA 680632 (Nerviano), SU6668 (Sugen/Pfizer) and
R763 (Merck/Serono), have failed, despite being considered
successful in pre-clinical tests, suggesting that the mechanism of
action for AURKA in cancer cells is more complex than our
current understanding. Hitherto, the mechanism of resistance to
AURKA inhibitors have not been identified, although some
studies have advocated that mutations in the targeted kinase
domain of Aurora kinase and the overexpression of drug
resistance genes may be involved.*" Consistent with previous
findings,’®> we have showed here and also previously that the
failure of some of these kinase inhibitors for AURKA may be
caused by the non-kinase dependent transactivating function of
AURKA in the nucleus that enhances the cancer stem cell
properties. In agreement with this notion, AURKA nuclear
staining has previously been reported in malignant tissues,
and importantly, has been a predictor of poor clinical
outcome >4

In the current work, we demonstrate that the FOXM1 inhibitor
thiostrepton?® is particularly effective in combining with AURKA
inhibitors to limit the tumorigenicity and self-renewal of BCSCs
by synergistically suppressing the AURKA activity and disrupting
the nuclear AURKA-FOXM1-positive feedback loop. This repre-
sents a promising therapeutic strategy for targeting both the
kinase and non-kinase functions of AURKA to eliminate BCSCs.
Besides that, our study also offers insights into the mechanism
of action of nuclear AURKA as well as its downstream
transcriptional network. Nevertheless, to devise better che-
motherapeutic strategies to target AURKA to eliminate cancer
stem cells, a comprehensive understanding of the nuclear
AURKA molecular network and nucleus translocation mechan-
ism is required.

In summary, our work has uncovered a previous unknown
positive feedback loop between AURKA and FOXM1 that
promotes BCSC phenotypes and drug resistance. We showed
here that nuclear AURKA is recruited by FOXM1 to transactivate
the expression of target genes, which also include FOXM1,
whereas AURKA itself is also a downstream transcriptional target
of FOXM1. This work further supports the novel non-canonical role
of AURKA as a transcription factor as well as a promoter of the
tumorigenicity and self-renewal of BCSCs. Crucially, we demon-
strated that the AURKA inhibitor AKI603 and the FOXM1 inhibitor
thiostrepton can effectively inhibit the tumorigenicity and self-
renewal of BCSCs through synergistically inhibiting the AURKA
activity and disrupting the positive feedback loop mediated by the
non-kinase function of nuclear AURKA. These findings suggest a
viable and novel therapeutic strategy to effectively inhibit the
cytoplasmic and nuclear AURKA functions to eliminate BCSCs and
to overcome AURKA inhibitor resistance.

Oncogene (2017) 3428-3440



FOXM1 and AURKA co-regulate breast cancer stem cells
N Yang et al

MATERIALS AND METHODS
Cell lines and tissue culture conditions

Human breast cancer cell lines MDA-MB-231, SUM-149, MCF-7 and
MCF-10 A were acquired from the American Type Culture Collection
(Beijing Zhongyuan Ltd. Beijing, China), and cultured in media as
recommended by the provider. Epirubicin-resistant MCF-7 (MCF-7-EpiR)
cells have been described previously.**™” MCF-7-EpiR cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco, ThermoFisher
Scientific, Shatin, Hong Kong) supplemented with 10% foetal bovine
serum (Hyclone, ThermoFisher Scientific, Beijing, China). All of these cell
lines were authenticated by the standard short tandem repeat DNA
typing.

Tissue samples. All clinical specimens were derived from breast cancer
patients from Sun Yat-Sen University Cancer Center, Guangzhou, China,
with patients’ consent and approval from the Sun Yat-Sen University
Cancer Center Institute Research Ethics Committee.

Plasmids and transfection. Complementary DNA encoding human AURKA
(WT) and human FOXM1 were generated by PCR amplification and
subcloned into the pBabe-puro vector (Invitrogen, Beijing, China) for
expression studies. AURKA mutant constructs were generated using the
Quick Change Site directed mutagenesis kit (Stratagene, ThermoFisher
Scientific) according to the manufacturer’s protocols. Plasmids were
transfected into cells using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. The primers used are shown in Supplementary
Table S2.

Gene knockdown using shRNA. Gene silencing was performed using
specific sShRNAs delivered by a lentiviral system acquired from Sigma-
Aldrich (Shanghai, China), following the instructions provided. Briefly, to
yield lentiviruses containing specific shRNA sequences, 293T cells were co-
transfected with 2.5 ug pMD2.G and 7.5 ug psPAX2 packaging plasmids
and 10 pg of the pLKO.1 plasmid containing the specific shRNA for 24 h.
The lentivirus containing cultured medium was collected and stored at
-80°C as aliquots until further use. To deliver the specific shRNA
construct, approximately 10% confluent cells were incubated with the
lentivirus bearing specific ShRNA in growth medium containing 8 mg/ml
polybrene at 37°C for 24 h. The transduced cells were then selected with
2mg/ml  puromycin. All shRNA constructs used are shown in
Supplementary Table S2.

Real-time RT-PCR. Total RNA was extracted using TRIzol reagent
(Invitrogen), and used for generating cDNA using SuperScript Il RT
(Invitrogen) in the presence of oligo-dT primers. Real-time reverse
transcriptase—PCR was performed using Platinum SYBRGreen gPCR Super-
Mix (Invitrogen), with glyceraldehyde 3-phosphate dehydrogenase as the
internal control. The primers used are listed in Table 1.

CD24 and CD44 expression analysis. Cells were harvested and incubated
with anti-human CD24 phycoerythrin (eBioscience, Gene Company Ltd,
Shanghai, China) and anti-human CD44-FITC (eBioscience, Gene
Company Ltd) at 4 °C. The cells were then resuspended in 1 ml of
phosphate-buffered saline and analysed using a FACScan cytometer
(Beckon Dickinson, Oxford, UK).

Immunofluorescence staining. Cells were fixed in 2% paraformaldehyde at
room temperature for 20 min and permeabilised in 0.5% Triton X-100 in
phosphate-buffered saline for 10 min. Slides were then incubated with the
primary antibody for 60 min. The antibodies used were anti-AURKA
antibody (ab13824, Abcam, Hangzhou, China, 1:200 dilution), anti-FOXM1
antibody (sc502, Santa Cruz Biotechnology, Shanghai, China, 1:500
dilution). The secondary antibodies were conjugated to either Alexa-488
or Alexa-546 (Molecular Probes, Invitrogen, 1:200 dilution). Nuclei were
stained with DAPI (Sigma-Aldrich) and visualised with a Leica TCS SP5
confocal microscope (Leica Microsystems, Mannhein, Germany) equipped
with a 63x oil immersion objective and the LAS-AF software (Santa Cruz
Biotechnology).

Western blot analysis. Cells were lysed in RIPA (radioimmunoprecipita-
tion assay) buffer and the protein concentrations determined by the
Bradford assay. Equal amounts of cell extracts were subjects to
electrophoresis on sodium dodecyl sulphate—polyacrylamide gel and
blotted onto nitrocellulose membrane (Millipore, Merck, Shanghai,
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China). After protein transfer, the membranes were blocked and then
incubated with glyceraldehyde 3-phosphate dehydrogenase (Ambion,
ThermoFisher Scientific), B-actin (Santa Cruz Biotechnology, Gene
Company Ltd), p-AURKA (Thr288; Cell Signaling Technology, Gene
Company Ltd), AURKA (Upstate, Gene Company Ltd), HA-tag (Sigma),
c-Myc (Santa Cruz Biotechnology), SOX2 (Epitomics, Abcam, Hang Zhou,
China) and Nanog (Epitomics, Abcam) primary antibodies at 4°C
overnight. The membranes were then incubated for 1h at room
temperature with the appropriate secondary antibodies. Proteins were
detected with an enhanced chemiluminescence kit (Pierce, ThermoFisher
Scientific).

Mammosphere formation assay. Mammosphere formation analyses were
performed as described previously.”> See Supplementary Materials and
Methods for details.

Luciferase reporter assay. Cells plated at a density of 1x10° per
well in 24-well plates overnight were transfected with a FOXM1 or
AURKA promoter-driven luciferase construct or the control luciferase
construct using Lipofectamine 2000. Twenty-four hours after
transfection, cells were collected and Firefly and Renilla luciferase
activities measured using a dual luciferase kit (Promega, Beijing, China).
Firefly luciferase data for each sample were normalised against Renilla
activity.

Chromatin immunoprecipitation (ChlP). ChIP assays were carried out
according to the manufacturer’s protocol (EZ-Magna ChlP kit, Millipore,
Merck). AURKA and FOXM1 antibodies mentioned were used for ChIP
analysis. For sequential ChIP (Re-ChlIP), the first elute immunoprecipi-
tated by anti-AURKA was further immunoprecipitated with either
anti-FOXM1 or IgG antibodies. The percentage of chromatin-bound
recovered DNA was quantified against DNA input. Primers used for
the amplification of the precipitated DNA are listed in Supplementary
Table S2.

Cl calculation. Data acquired from the cell viability assay were used to
calculate the Cl. The Cl was analysed with the CompuSyn software
(CompuSyn, Paramus, NJ, USA) using the average fraction of cells that
responded to each drug. Cl values of < 0.8, between 0.8 and 1.2, and
>1.2 were defined as synergisticc additive and antagonistic,
respectively.*®

Immunohistochemical staining and statistical analysis. Following informed
consent and in accordance with the guidelines of the Institutional Review
Boards, breast cancer specimens were collected, with informed consent
and in accordance with the guidelines of the Institutional Review Boards,
from patients undergoing surgery at the Third Affiliated Hospital of Sun
Yat-Sen University, China. Paraffin-embedded tissue blocks were
sectioned for immunohistochemistry as described previously.”> The
deparaffinised sections were incubated in H,0, (3%) for 10 min, blocked
in 1% bovine serum albumin for 60 min and incubated with an anti-
AURKA antibody (1:400 dilution) or an anti-FOXM1 antibody (1:100
dilution) at 4 °C overnight. See Supplementary Materials and methods
for details.

Tumour growth in xenografts. Animal work was performed with approval
from the local Institutional Animal Care and Use Committee (Sun Yat-Sen
University Cancer Center). MDA-MB-231 cells were treated with 200 ng/ml
Dox for 7 days, and 5 x 10° cells injected into the right flank of 4-week-old
female nude mice (n=9) as described previously.'* See Supplementary
Materials and Methods for details.

In vivo tumour initiation assay. To evaluate effect of AURKA and FOXM1
on stemness, limiting dilution assays were performed in NOD/SCID mice.
Cells were treated with 200 ng/ml Dox for 1 week, and injected
subcutaneously into NOD/SCID mice at concentrations of 5 X 10°, 1x10°
1% 10*and 1 x 10°cells per site. Eight mice were used in each experimental
group. Tumour formation was checked every 4 days and the observation
time was 8 weeks in total.

Statistical analysis

Statistical analyses were performed using the SPSS software, version 16.0
(SPSS Inc,, Chicago, IL, USA) and with GraphPad Prism 5.0 (GraphPad



Software, Inc., LaJolla, CA, USA). Kruskal-Wallis test, followed by a Dunn
multiple comparison test, was used to compare mammosphere size
distributions. The unpaired Student's t-test was used to perform statistical
analysis between two groups. The analysis of variance test and the least
significant difference test were used for conducting multiple comparisons.
The level of significance was set at P < 0.05

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We thank Quentin Liu’s lab members for their critical commends and technical
support. This work is supported by the National Basic Research Program of
China (973 Program; no. 2012CB967000 to Q Liu), National Natural Science
Foundation of China (no. 81630005, 81130040 and 81573025 to Q Liu; no.
81301734 to Z Wang;no. 81602434 to N Yang), Program for Innovative Research
Team in University (IRT13049 to Q Liu), Liaoning (NSF2014029102 to Q Liu)
and Natural Science Foundation of Guangdong (2016A030311038 to Q.L.).
Eric W-F Lam's work is supported by Cancer Now (2012MayPR070 and
2012NovPhDO016) and CRUK (A12011) and Breast. Stefania Zona and Laura Bella
are supported by Breast Cancer Now (2012MayPR070 and 2012NovPhDO016,
respectively). Jay-Sze Yong is supported by an Imperial College London
studentship.

REFERENCES

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin 2015; 65:

5-29.

Velasco-Velazquez MA, Homsi N, De La Fuente M, Pestell RG. Breast cancer

stem cells. Int J Biochem Cell Biol 2012; 44: 573-577.

Carmena M, Earnshaw WC. The cellular geography of aurora kinases. Nat Rev Mol

Cell Biol 2003; 4: 842-854.

4 Liu Q, Ruderman JV. Aurora A mitotic entry, and spindle bipolarity. Proc Natl Acad

Sci USA 2006; 103: 5811-5816.

Katayama H, Brinkley WR, Sen S. The Aurora kinases: role in cell transformation

and tumorigenesis. Cancer Metastasis Rev 2003; 22: 451-464.

Huang XF, Luo SK, Xu J, Li J, Xu DR, Wang LH et al. Aurora kinase inhibitory VX-680

increases Bax/Bcl-2 ratio and induces apoptosis in Aurora-A-high acute myeloid

leukemia. Blood 2008; 111: 2854-2865.

Wan XB, Long ZJ, Yan M, Xu J, Xia LP, Liu L et al. Inhibition of Aurora-A

suppresses epithelial-mesenchymal transition and invasion by downregulating

MAPK in nasopharyngeal carcinoma cells. Carcinogenesis 2008; 29: 1930-1937.

Zheng FM, Long ZJ, Hou ZJ, Luo Y, Xu LZ, Xia JL et al. A novel small molecule

aurora kinase inhibitor attenuates breast tumor-initiating cells and overcomes

drug resistance. Mol Cancer Ther 2014; 13: 1991-2003.

Cervantes A, Elez E, Roda D, Ecsedy J, Macarulla T, Venkatakrishnan K et al. Phase |

pharmacokinetic/pharmacodynamic study of MLN8237, an investigational, oral,

selective aurora a kinase inhibitor, in patients with advanced solid tumors. Clin

Cancer Res 2012; 18: 4764-4774.

10 Cheung CH, Sarvagalla S, Lee JY, Huang YC, Coumar MS. Aurora kinase inhibitor
patents and agents in clinical testing: an update (2011-2013). Expert Opin Ther Pat
2014; 24: 1021-1038.

11 Friedberg JW, Mahadevan D, Cebula E, Persky D, Lossos |, Agarwal AB et al.
Phase Il study of alisertib, a selective Aurora A kinase inhibitor, in relapsed and
refractory aggressive B- and T-cell non-Hodgkin lymphomas. J Clin Oncol 2014; 32:
44-50.

12 Hay AE, Murugesan A, DiPasquale AM, Kouroukis T, Sandhu |, Kukreti V et al.
A phase Il study of AT9283, an aurora kinase inhibitor, in patients with relapsed or
refractory multiple myeloma: NCIC clinical trials group IND.191. Leuk Lymphoma
2015; 57: 1-4.

13 Zheng F, Yue C, Li G, He B, Cheng W, Wang X et al. Nuclear AURKA acquires
kinase-independent transactivating function to enhance breast cancer stem cell
phenotype. Nat Commun 2016; 7: 10180.

14 Myatt SS, Lam EW. The emerging roles of forkhead box (Fox) proteins in cancer.
Nat Rev Cancer 2007; 7: 847-859.

15 Gomes AR, Zhao F, Lam EW. Role and regulation of the forkhead transcription
factors FOXO3a and FOXM1 in carcinogenesis and drug resistance. Chin J Cancer
2013; 32: 365-370.

16 Bella L, Zona S, Nestal de Moraes G, Lam EW. FOXM1: A key oncofoetal tran-

scription factor in health and disease. Semin Cancer Biol 2014; 29: 32-39.

N

w

wv

o

~N

o]

O

FOXM1 and AURKA co-regulate breast cancer stem cells
N Yang et al

17 Consolaro F, Basso G, Ghaem-Magami S, Lam EW, Viola G. FOXM1 is over-
expressed in B-acute lymphoblastic leukemia (B-ALL) and its inhibition
sensitizes B-ALL cells to chemotherapeutic drugs. Int J Oncol 2015; 47:
1230-1240.

18 Karadedou CT, Gomes AR, Chen J, Petkovic M, Ho KK, Zwolinska AK et al.
FOXO3a represses VEGF expression through FOXM1-dependent and -indepen-
dent mechanisms in breast cancer. Oncogene 2012; 31: 1845-1858.

19 McGovern UB, Francis RE, Peck B, Guest SK, Wang J, Myatt SS et al. Gefitinib
(Iressa) represses FOXM1 expression via FOXO3a in breast cancer. Mol Cancer Ther
2009; 8: 582-591.

20 Millour J, de Olano N, Horimoto Y, Monteiro LJ, Langer JK, Aligue R et al. ATM and

p53 regulate FOXM1 expression via E2F in breast cancer epirubicin treatment and

resistance. Mol Cancer Ther 2011; 10: 1046-1058.

Nestal de Moraes G, Delbue D, Silva KL, Robaina MC, Khongkow P, Gomes AR et al.

FOXM1 targets XIAP and survivin to modulate breast cancer survival and

chemoresistance. Cell Signal 2015; 27: 2496-2505.

22 Zhao F, Siu MK, Jiang L, Tam KF, Ngan HY, Le XF et al. Overexpression of
forkhead box protein M1 (FOXM1) in ovarian cancer correlates with poor
patient survival and contributes to paclitaxel resistance. PLoS One 2014; 9:
e113478.

23 Costa RH. FoxM1 dances with mitosis. Nat Cell Biol 2005; 7: 108-110.

24 Koo CY, Muir KW, Lam EW. FOXM1: from cancer initiation to progression and
treatment. Biochim Biophys Acta 2012; 1819: 28-37.

25 Chen X, Muller GA, Quaas M, Fischer M, Han N, Stutchbury B et al. The Forkhead
transcription factor FOXM1 controls cell cycle-dependent gene expression
through an atypical chromatin binding mechanism. Mol Cell Biol 2013; 33:
227-236.

26 Consortium EP. The ENCODE (ENCyclopedia Of DNA Elements) project. Science
2004; 306: 636-640.

27 Qu H, Fang X. A brief review on the Human Encyclopedia of DNA Elements
(ENCODE) project. Genomics Proteomics Bioinform 2013; 11: 135-141.

28 Cancer Genome Atlas N Comprehensive molecular portraits of human breast
tumours. Nature 2012; 490: 61-70.

29 Gyorffy B, Surowiak P, Budczies J, Lanczky A. Online survival analysis
software to assess the prognostic value of biomarkers using transcriptomic
data in non-small-cell lung cancer (vol 8, 82241, 2013). PLoS One 2014; 9:
e82241.

30 Kwok JMM, Myatt SS, Marson CM, Coombes RC, Constantinidou D, Lam EWF.

Thiostrepton selectively targets breast cancer cells through inhibition of forkhead

box M1 expression. Mol Cancer Ther 2008; 7: 2022—2032.

Chou TC, Motzer RJ, Tong Y, Bosl GJ. Computerized quantitation of synergism and

antagonism of taxol, topotecan, and cisplatin against human teratocarcinoma cell

growth: a rational approach to clinical protocol design. J Natl Cancer Inst 1994;

86: 1517-1524.

32 Zhou H, Kuang J, Zhong L, Kuo WL, Gray JW, Sahin A et al. Tumour amplified
kinase STK15/BTAK induces centrosome amplification, aneuploidy and transfor-
mation. Nat Genet 1998; 20: 189-193.

33 Miyoshi Y, lwao K, Egawa C, Noguchi S. Association of centrosomal kinase STK15/
BTAK mRNA expression with chromosomal instability in human breast cancers. Int
J Cancer 2001; 92: 370-373.

34 Tanaka T, Kimura M, Matsunaga K, Fukada D, Mori H, Okano Y. Centrosomal kinase
AIK1 is overexpressed in invasive ductal carcinoma of the breast. Cancer Res 1999;
59: 2041-2044.

35 Gupta PB, Chaffer CL, Weinberg RA. Cancer stem cells: mirage or reality? Nat Med
2009; 15: 1010-1012.

36 Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer
2005; 5: 275-284.

37 Piazzolla D, Palla AR, Pantoja C, Canamero M, de Castro IP, Ortega S et al. Lineage-
restricted function of the pluripotency factor NANOG in stratified epithelia. Nat
Commun 2014; 5: 4226.

38 Cheng C, Liu ZG, Zhang H, Xie JD, Chen XG, Zhao XQ et al. Enhancing
chemosensitivity in ABCB1-and ABCG2-overexpressing cells and cancer stem-like
cells by an Aurora kinase inhibitor CCT129202. Mol Pharmaceut 2012; 9:
1971-1982.

39 Kristeleit R, Calvert H, Arkenau H, Olmos D, Adam J, Plummer ER et al. A phase |
study of AT9283, an aurora kinase inhibitor, in patients with refractory
solid tumors. J Clin Oncol 2009. 27.

40 Mosse YP, Lipsitz E, Fox E, Teachey DT, Maris JM, Weigel B et al

Pediatric phase | trial and pharmacokinetic study of MLN8237, an investiga-

tional oral selective small-molecule inhibitor of Aurora kinase A: a Children's

Oncology Group Phase | Consortium study. Clin Cancer Res 2012; 18:

6058-6064.

Kollareddy M, Zheleva D, Dzubak P, Brahmkshatriya PS, Lepsik M, Hajduch M.

Aurora kinase inhibitors: progress towards the clinic. Invest New Drugs 2012; 30:

2411-2432.

2

3

4

Oncogene (2017) 3428-3440



FOXM1 and AURKA co-regulate breast cancer stem cells
N Yang et al

3440

42 Burum-Auensen E, De Angelis PM, Schjolberg AR, Kravik KL, Aure M,
Clausen OP. Subcellular localization of the spindle proteins Aurora A, Mad2, and
BUBR1 assessed by immunohistochemistry. J Histochem Cytochem 2007; 55:
477-486.

Tamotsu K, Okumura H, Uchikado Y, Kita Y, Sasaki K, Omoto | et al. Correlation of

Aurora-A expression with the effect of chemoradiation therapy on esophageal

squamous cell carcinoma. BMC Cancer 2015; 15: 323.

44 Tanaka E, Hashimoto Y, Ito T, Okumura T, Kan T, Watanabe G et al. The clinical
significance of Aurora-A/STK15/BTAK expression in human esophageal squamous
cell carcinoma. Clin Cancer Res 2005; 11: 1827-1834.

45 Khongkow P, Karunarathna U, Khongkow M, Gong C, Gomes AR, Yague E et al.
FOXM1 targets NBS1 to regulate DNA damage-induced senescence and epir-
ubicin resistance. Oncogene 2014; 33: 4144-4155.

46 Khongkow P, Gomes AR, Gong C, Man EP, Tsang JW, Zhao F et al. Paclitaxel
targets FOXM1 to regulate KIF20A in mitotic catastrophe and breast cancer
paclitaxel resistance. Oncogene 2016; 35: 990-1002.

4

w

47 Monteiro LJ, Khongkow P, Kongsema M, Morris JR, Man C, Weekes D et al. The
Forkhead Box M1 protein regulates BRIP1 expression and DNA damage repair in
epirubicin treatment. Oncogene 2013; 32: 4634-4645.

48 Bijnsdorp IV, Giovannetti E, Peters GJ. Analysis of drug interactions. Methods Mol
Biol 2011; 731: 421-434.

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
the credit line; if the material is not included under the Creative Commons license, users
will need to obtain permission from the license holder to reproduce the material. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

Supplementary Information accompanies this paper on the Oncogene website (http://www.nature.com/onc)

Oncogene (2017) 3428-3440


http://creativecommons.org/licenses/by/4.0/

	FOXM1 recruits nuclear Aurora kinase A to participate in a positive feedback loop essential for the self-renewal of breast cancer stem�cells
	Introduction
	Results
	AURKA promotes FOXM1 expression and increases the BCSC population

	Figure 1 AURKA activates FOXM1 expression and increases BCSC sub-populations.
	FOXM1 contributes to AURKA-mediated BCSC expansion
	AURKA transcriptionally activates FOXM1 expression in kinase-independent manner

	Table 1 Limiting dilution assays to evaluate effect of AURKA and FOXM1 on stemness
	Figure 2 Overexpression of FOXM1 contributes to AURKA-mediated BCSC expansion.
	Nuclear AURKA binds directly to FOXM1 promoter to transactivate its expression
	FOXM1 directly activates AURKA expression at the transcriptional level

	Figure 3 Nucleus AURKA transcriptionally activates FOXM1 expression in a kinase-independent manner.
	Figure 4 Nuclear AURKA binds directly to FOXM1 to transactivate FOXM1 expression.
	AURKA and FOXM1 expression co-elevate in breast cancer

	Figure 5 FOXM1 directly activates AURKA expression at the transcriptional level.
	Figure 6 AURKA and FOXM1 co-expression in breast cancer.
	AKI603 and thiostrepton synergistically inhibit the proliferation of BCSCs

	Figure 7 AKI603 and thiostrepton synergistically suppress BCSCs.
	Discussion
	Materials and methods
	Cell lines and tissue culture conditions
	Tissue samples
	Plasmids and transfection
	Gene knockdown using shRNA
	Real-time RT&#x02013;PCR
	CD24 and CD44 expression analysis
	Immunofluorescence staining
	Western blot analysis
	Mammosphere formation assay
	Luciferase reporter assay
	Chromatin immunoprecipitation (ChIP)
	CI calculation
	Immunohistochemical staining and statistical analysis
	Tumour growth in xenografts
	In vivo tumour initiation assay

	Statistical analysis

	We thank Quentin Liu&#x02019;s lab members for their critical commends and technical support. This work is supported by the National Basic Research Program of China (973 Program; no. 2012CB967000 to Q Liu), National Natural Science Foundation of China (no
	We thank Quentin Liu&#x02019;s lab members for their critical commends and technical support. This work is supported by the National Basic Research Program of China (973 Program; no. 2012CB967000 to Q Liu), National Natural Science Foundation of China (no
	ACKNOWLEDGEMENTS
	REFERENCES




