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Abstract

Background: SIX homeobox 3 (SIX3) is a member of the sine oculis homeobox transcription factor family. It plays a
vital role in the nervous system development. Our previous study showed that the SIX3 gene is hypermethylated,
and its expression is decreased in astrocytoma, but the role of SIX3 remains unknown.

Methods: Chromatin-immunoprecipitation (ChiIP) and luciferase reporter assay were used to confirm the binding of
SIX3 to the promoter regions of aurora kinase A (AURKA) and aurora kinase B (AURKB). Confocal imaging and co-
immunoprecipitation (Co-IP) were used to detect the interaction between AURKA and AURKB. Flow cytometry was
performed to assess the effect of SIX3 on cell cycle distribution. Colony formation, EdU incorporation, transwell, and
intracranial xenograft assays were performed to demonstrate the effect of SIX3 on the malignant phenotype of
astrocytoma cells.

Results: SIX3 is identified as a novel negative transcriptional regulator of AURKA and AURKB, and it decreases the
expression of AURKA and AURKB in a dose-dependent manner in astrocytoma cells. Importantly, interactions
between AURKA and AURKB stabilize and protect AURKA/B from degradation, and overexpression of SIX3 does not
affect these interactions; SIX3 also acts as a tumor suppressor, and it increases p53 activity and expression at the
post-translational level by the negative regulation of AURKA or AURKB, reduces the events of numerical
centrosomal aberrations and misaligned chromosomes, and significantly inhibits the proliferation, invasion, and
tumorigenesis of astrocytoma in vitro and in vivo. Moreover, experiments using primary cultured astrocytoma cells
indicate that astrocytoma patients with a low expression of SIX3 and mutant p53 are more sensitive to treatment
with aurora kinase inhibitors.

Conclusion: SIX3 is a novel negative transcriptional regulator and acts as a tumor suppressor that directly represses
the transcription of AURKA and AURKB in astrocytoma. For the first time, the functional interaction of AURKA and
AURKB has been found, which aids in the protection of their stability, and partially explains their constant high
expression and activity in cancers. SIX3 is a potential biomarker that could be used to predict the response of
astrocytoma patients to aurora kinase inhibitors.
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Background

Malignant astrocytomas are the most common and ag-
gressive malignancy of the central nervous system, espe-
cially glioblastoma (GBM). Individuals with GBM have a
median survival of 15 months and only a 27% 2-year pa-
tient survival rate due to the lack of effective therapeutic
options [1]. Chromosomal instability (CIN) is one of the
hallmarks of the cancer, and its causative role in tumori-
genesis has been recognized for over a century [2]. Com-
plex mechanisms of CIN have been explored and could
provide attractive therapeutic targets in cancer [3].
Dozens of genes are involved in ensuring chromosomal
stability. Mutation and misexpression of these genes are
often an early event in tumor initiation, resulting in an-
euploidy and heterogeneity of cancer cells [4].

The aurora kinase family is a collection of highly re-
lated serine/threonine kinases that are key regulators of
mitosis. Defects in these kinases lead to severe mitotic
abnormality that induces CIN [5]. Three members of the
aurora kinase family, namely, aurora kinase A (AURKA),
aurora kinase B (AURKB), and aurora kinase C
(AURKC), have been found in mammalian cells [5, 6].
AURKA and AURKB are expressed in somatic cells, and
AURKC is limited to germ cells that undergo meiosis,
though its function overlaps with that of AURKB [7].
Aurora kinases possess a conserved catalytic domain
and divergent N-termini that determine the different
sub-cellular localization of each aurora kinase [6, 7].
AURKA is located in centrosomes, spindle microtubules,
and the central spindle and is required for centrosome
maturation, mitotic entry, and centrosome separation [6,
8, 9]. AURKB is located within centrosomes where it
constitutes the chromosome passenger complex (CPC),
and in the midzone/midbody, regulating spindle assem-
bly checkpoint and the kinetochore [6, 10].

The overexpression of aurora kinases is found in a
large number of human cancers [5, 11]. The ectopic
expression of AURKA and AURKB is closely corre-
lated with carcinogenesis [12], the epithelial-to-
mesenchymal transition [13], cancer cell stemness
[14], and drug resistance [15]. Targeting aurora ki-
nases is being investigated as a potential therapy, and
several pan-aurora kinase inhibitors or selective aur-
ora kinase inhibitors have been introduced in clinical
trials of human cancers [16, 17]. The transcription of
AURKA and AURKB is regulated in a cell cycle-
dependent manner. The promoter regions of these
genes contain a cell cycle-dependent element (CDE)
and a cell cycle gene homology region (CHR), where
transcription factors E2F1, E2F4, and DP2 bind [18,
19]. The oncoprotein c-Myc has been found to dir-
ectly activate the transcription of AURKA via E-boxes
and to indirectly activate the transcription of AURKB
in Myc-driven B cell lymphoma [20]. However, the
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suppressive mediator of aurora kinase has not been
well studied.

The RDGN (retinal determination gene network) is a
well-conserved regulatory network, which consists of a
series of transcription factors or cofactors that are in-
volved in the formation of multiple organs including the
eye, brain, kidney, and muscle [21]. The Six family, as
well as Pax, Eya, and Dach, are mainly members of
RDGN, and they function independently or coopera-
tively with cofactors and transcriptionally regulate down-
stream signaling of cell differentiation and proliferation.
The misexpression or mutation of these genes is found
to be associated with numerous human diseases, includ-
ing human cancers [21-23]. The RDGN genes have been
found in numerous essential pathways that are involved
in tumor initiation and progression. In breast cancer,
SIX1 activates extracellular signal-regulated kinase and
transforming growth factor-beta signaling pathways,
which result in the transformation of mammary epithe-
lial cells and increase the proliferation of cancer stem
cells (CSCs) [24, 25]. Another member of the RDGN,
Dachl, has been found to exert tumor-suppressive role
through cell cycle arrest by interacting with p53 and to
inhibit CSCs and TGF-B/SMAD-induced epithelial-
mesenchymal transition [26, 27]. SIX homeobox 3
(SIX3) is a member of the Six transcription factor family
and contains a homeobox domain for DNA binding to
DNA and a six domain [23]. SIX3 is predominantly
expressed in the CNS (central nervous system) and is
critical for CNS development [28-31]. Mutations of
SIX3 have been found to correlate with multiple CNS
developmental disorders, such as holoprosencephaly,
aprosencephaly, and atelencephaly in humans [32-34].
The ectopic expression of SIX3 has also been observed
in several human cancers, although it may have a dual
effect on cancers [35-37]. SIX3 has been found to be
upregulated in non-small cell lung cancer and correlated
with higher TNM stages [36]. While in lung adenocar-
cinoma, SIX3 is downregulated and indicates better
prognosis [35]. Restoration of SIX3 suppresses cell pro-
liferation and migration of lung adenocarcinoma [35].
We have previously found SIX3 to be hypermethylated
in human astrocytoma [38], but the exact role of SIX3 in
astrocytoma tumorigenesis remains unknown.

Results

SIX3 is a transcriptional repressor of AURKA and AURKB
In addition to the positive regulatory regions identified
by Tanaka [19] (AURKA -124 to -75 bp, TSS =0) and
Kimura [18] (AURKB -104 to —-74 bp), we analyzed the
promoter regions of AURKA from -2939 to -528 bp
and AURKB from -1715 to -105 bp (Fig. la), which
cover the regulatory regions of the respective genes ac-
cording to the data from the Encyclopedia of DNA
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Fig. 1 SIX3 directly suppresses the transcription activity of AURKA and AURKB. a Schematic diagrams of promoters of AURKA and AURKB. TSS =0;
the numbers 1-8 refer to regions for ChIP assay; P1, P2, and P3 represent E2F1-binding regions, and the scores are the ChIP-seq data from the
ENCODE project. b Promoter regions of AURKA (=2939 to —528 bp) and AURKB (1715 to —105 bp) were inserted into pGL3-enhancer vector and
co-transfected with pEGFP-C1-SIX3 into U251 cells. Luciferase reporter assay indicated that SIX3 suppressed the transcriptional activity of AURKA
and AURKB promoters. ¢ U251 cells were transfected with p3xFLAG-CMV-10-SIX3 plasmid. Anti-Flag antibody was used for immunoprecipitation.
ChIP assay showed differential recruitment of SIX3 to the promoter regions of AURKA and AURKB. Immunoprecipitated chromatin was subjected
to PCR and amplified for 29 cycles according to the data from RT-gPCR and then analyzed by agarose gel electrophoresis. The numbers 1-8
correspond to the numbers in the schematic diagram in a. d Promoter regions of AURKA (=2939 to —2600 bp) and AURKB (1650 to —1350 bp)
were inserted into pGL3-enhancer vector and co-transfected with pEGFP-C1-SIX3 into U251 cells. Luciferase reporter assays indicated that SIX3
suppressed the transcriptional activity of AURKA and AURKB promoters. e Analysis of REMBRANDT showed inverse correlation between SIX3 and
AURKA and SIX3 and AURKB in glioma. f U251, U87, and U118 cells were transfected with pEGFP-C1-SIX3. RT-gPCR showed that SIX3 reduced the
mRNA level of AURKA and AURKB (normalized with GAPDH). g U251 and U87 cells were transfected with different doses of pEGFP-C1-SIX3.
Western blotting analysis showed that SIX3 decreased the expression of AURKA, AURKB, and phospho-histone 3 (H3-pS10) in a dose-dependent
manner. h U87 and U118 cells were transfected with two different siRNAs targeting SIX3. Western blotting analysis showed that the knockdown
of SIX3 increased the expression of AURKA, AURKB, and phospho-histone 3 (H3-pS10) (*P < 0.05; **P < 0.01; ***P < 0.001)
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Elements (ENCODE) project [39]. Known CDE-CHR re-
gions were found in both AURKA (-1617 to -1636 bp,
Fig. 1a) and AURKB (-228 to -324 bp, Fig. 1a). Add-
itionally, there were two AT-rich regions thought to be
associated with regulatory elements [40]. Abundant
ATTA/TAAT repeating sequences were found among
these regions (Fig. 1a). Intriguingly, the ATTA/TAAT se-
quence coincides with the core motif recognized by
SIX3 [30, 41]. To confirm whether SIX3 regulates the
transcriptional activity of the promoter regions of
AURKA and AURKB, SIX3-expressing plasmid (Add-
itional file 1: Figure S1) and AURKA/AURKB luciferase
reporters were co-transfected into U251 cells. SIX3 ex-
pression significantly decreased the promoter activity of
AURKA and AURKB (Fig. 1b). To examine the physical
binding of SIX3 with the promoters of AURKA and
AURKB, a chromatin-immunoprecipitation (ChIP) assay
was carried out with primers specifically designed
against every 300 bp sequence of the AURKA promoter
(-2939 to -528 bp) and every 200 bp sequence of
AURKB promoter (-1715 to -105 bp) (Fig. 1a). The re-
sults of this experiment demonstrated that SIX3 bound
to regions 1, 5, and 7 of the AURKA promoter and to
regions 2 and 4 of the AURKB promoter (Fig. 1c). These
regions contain higher densities of ATTA/TAAT repeat-
ing sequences except in region 4 of the AURKB pro-
moter. Since region 1 of the AURKA promoter and
region 2 of the AURKB promoter had the highest level
of SIX3 binding as well as density of ATTA/TAAT re-
peating sequence, we cloned these two regions to assess
the AURKA/AURKB promoter activity. The overexpres-
sion of SIX3 significantly suppressed the activity of these
regions of the AURKA and AURKB promoters (Fig. 1d).

The analysis of Repository for Molecular Brain Neoplasia
Data (REMBRANT) revealed strong negative correlation
between SIX3 and AURKA and between SIX3 and AURKB
in glioma (Fig. 1e). The expression of SIX3, AURKA, and
AURKB were further studied in 18 human astrocytoma
samples, and both AURKA and AURKB expression showed
an inverse relationship with the expression of SIX3 (Add-
itional file 1: Figure S2). A strong inverse correlation be-
tween SIX3 and AURKA/AURKB were obtained with
normal astrocyte cell line HEB and three astrocytoma cell
lines by Western blotting (Additional file 1: Figure S3).
Overexpression of SIX3 decreased the expression of
AURKA and AURKB in a dose-dependent manner (Fig. 1f,
g). Knockdown of SIX3 with two independent small inter-
ference RNAs (siRNAs) increased the expression of
AURKA and AURKB (Fig. 1h and Additional file 1: Figure
S4). A common downstream effect of AURKA and AURKB
activity, histone H3 phosphorylation on Serl0, was de-
tected. Our results showed that the overexpression of SIX3
decreased H3 phosphorylation, while knockdown of SIX3
increased H3 phosphorylation (Fig. 1g, h).
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The above data indicate that SIX3 acts as a transcrip-
tional repressor of AURKA and AURKB, suppressing the
transcription of AURKA and AURKB by directly binding
with their promoters in astrocytoma.

SIX3 reactivates the p53 pathway mainly through AURKA
and AURKB
The tumor suppressor gene p53 acts as a guardian of
the genome and plays a vital role in multiple cellular
processes [42]. AURKA and AURKB have been found to
directly phosphorylate p53 and accelerate the degrad-
ation of p53 through Mdm2-mediated ubiquitination,
promoting carcinogenesis and cancer progression [43,
44]. We found that SIX3 overexpression increased p53
expression in p53 wild-type U87 cells and did not affect
p53 expression in p53 mutant U251 cells (Fig. 2a).
Moreover, knockdown of SIX3 suppressed p53 expres-
sion in p53 wild-type U87 (Fig. 2a). We further knocked
down the expression of AURKA or AURKB and found
that the knockdown of AURKA or AURKB led to an up-
regulation of p53 in p53 wild-type U87 but did not affect
the expression of p53 in p53 mutant U251 cells (Fig. 2b).
We also found no effect of SIX3 on the messenger RNA
(mRNA) expression of p53 (Additional file 1: Figure S5).
Subsequently, we detected the effect of SIX3 on p53 ac-
tivity. Knockdown of SIX3 dramatically decreased p53 ac-
tivity in p53 wild-type U87 (Fig. 2c). A ChIP assay
confirmed the enhanced enrichment of p53 on the pro-
moters of well-known p53 target genes p21, Puma, and
GADD45 when SIX3 was overexpressed in p53 wild-type
U87 cells (Fig. 2d). The rescue of AURKA or AURKB ex-
pression reversed the effect of SIX3 on the expression and
activity of p53 in p53 wild-type U87 cells (Fig. 2e).
Altogether, these data indicate that SIX3 increases p53
activity and expression at the post-translational level by
negative regulation AURKA or AURKB.

Interaction between AURKA and AURKB which protects
them from degradation is not affected by SIX3

As shown in Fig 2b, an unexpected reduction in AURKB
expression was found upon knockdown of AURKA, and
reduction in AURKA expression was also found upon
knockdown of AURKB (Fig. 2b). After ruling out off-
target effects of siRNAs by detecting the mRNA levels of
AURKA and AURKB after transfection with independent
siRNAs (Additional file 1: Figure S6), we further showed
the nuclear co-localization of green fluorescent protein
(GFP)-tagged AURKA and red fluorescent protein
(RFP)-tagged AURKB in HEK293 cells (Fig. 3a). Co-
immunoprecipitation (co-IP) analysis further validated
the interaction between endogenous AURKA and
AURKB (Fig. 3b). Moreover, consistent with the ob-
served co-localization by confocal microscopy, co-IP
showed the interaction of AURKA and AURKB mainly
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Fig. 2 SIX3 reactivates the p53 pathway dependent on suppressing of AURKA and AURKB. a U251 and U87 cells were transfected with pEGFP-C1-SIX3
and siRNAs targeting SIX3. Western blotting analysis showed that SIX3 did not affect p53 expression in p53 mutant U251 cells. Overexpression of SIX3
increased p53 expression, and knockdown of SIX3 reduced p53 expression in p53 wild-type U87 cells. b U251 and U87 cells were transfected with two
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into p53 wild-type U87 cells. Luciferase activity analysis showed that knockdown of SIX3 expression decreased the activity of p53 in p53 wild-type U87
cells. d U87 cells were transfected with pEGFP-C1-SIX3. ChiP assay indicated overexpression of SIX3 enhanced the recruitment of p53 protein to the

promoter regions of well-known p53 targets, including p21, PUMA, and GADD45. Chromatin samples were subjected to RT-gPCR. e U87 cells were
transfected with pEGFP-C1-SIX3, pEGFP-C1-SIX3 and p3xFlag-CMV-10-AURKA, and pEGFP-C1-SIX3 and p3xFlag-CMV-10-AURKB, respectively, and
PEGFP-C1-p53 was the positive control. Luciferase activity analysis and Western blot showed that co-transfection of AURKA or AURKB with SIX3
counteracted the effect of SIX3 on increasing the expression and activity of p53 in U87 cells (*P < 0.05; **P < 0.01; ***P < 0.001)

in the nuclear fraction of U251 cells (Fig. 3c). We used
co-IP to further authenticate the interaction between
AURKA and AURKB when AURKA-Flag and AURKB-
GFP were co-transfected in U251 cells (Additional file 1:
Figure S7). Our results indicated that SIX3 had no influ-
ence on the interaction between AURKA and AURKB,
but the overexpression of SIX3 decreased the amount of
AURKB immunoprecipitated by the AURKA antibody,

which is likely due to the negative transcriptional regula-
tion of SIX3 on the promoter of AURKA and AURKB
(Fig. 3d).

AURKA and AURKB are primarily degraded through
the anaphase-promoting complex ubiquitin-proteasome
pathway [45]. We wanted to know whether the cross
talk between AURKA and AURKB depends on prote-
asome activity. U251 cells were treated with MG132 to
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block ubiquitin-proteasome-mediated protein degrad-
ation after transfection with siRNAs targeting AURKA
or AURKB. When we knocked down AURKA,
MG132 resulted in increased AURKB expression and
had less effect on AURKA (Fig. 3e). The inverse
phenomenon occurred when we knocked down
AURKB expression (Fig. 3f). Thus, the interaction be-
tween AURKA and AURKB helps to protect both
proteins from degradation, which partially explains
the tight correlation between the expression of these
two aurora kinases in tumors.

SIX3 induces S phase arrest independent of AURKA and
AURKB

AURKA and AURKB are cell cycle-regulated genes and
have similar expression profiles as they share the same
transcriptional regulators [18, 19]. To investigate the
suppressive effect of SIX3 on the expression of AURKA
and AURKB throughout the cell cycle, we synchronized
U251 cells using double thymidine block to block cells
at G1/S phase (Additional file 1: Figure S10). Then, we
overexpressed SIX3 in the U251 cells before releasing
them and observed the dramatically reduced expression
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of AURKA and AURKB (Fig. 4a). A previous study
showed that the expression and activation of AURKA
and AURKB begin in S phase and peak in the G2/M
phase [11]. Surprisingly, we found that in the SIX3-
overexpressing cells, aurora kinase activation peaked 5 h
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later than in the control cells, suggesting that SIX3 pro-
longs the G1/S phase (Fig. 4a). Flow cytometric analysis
showed that SIX3 induces S phase arrest both in p53
wild-type U87 cells and p53 mutant U251 cells (Fig. 4b),
and the restoration of AURKA or AURKB could not
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Fig. 4 SIX3 induces S phase arrest and reduces the recruitment of E2F1 on

by double thymidine block and transfected with pEGFP-C1-SIX3 24 h before release. Western blotting analysis showed that SIX3 decreased the

expression of AURKA, AURKB, phospho-AURKA (Thr288)/AURKB (Thr232)/AU
ora kinase peak approximately 5 h. b Flow cytometry showed that SIX3 ind

and G2/S ratios are shown on the right. ¢ Western blotting analysis showed that SIX3 increased the expression of cyclin A and p27 and decreased

the expression of E2F1 and p21 in U251 cells. d U87 cells were transfected
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creased the expression of E2F1 and decreased expression of cyclin A, p27, and p21. e ChIP assay indicated that SIX3 decreased the enrichment of
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reverse the SIX3-induced S phase arrest (Additional file
1: Figure S9, S10). We also found that the knockdown of
AURKB blocked the U251 and U87 cells in the G2/M
phase (Additional file 1: Figures S10 and S11). However,
the knockdown of AURKA arrested p53 mutant U251
cells in G1 phase (Additional file 1: Figure S10), whereas
it arrested the p53 wild-type U87 cells in G2/M phase
(Additional file 1: Figure S11). The above data suggested
that the S phase arrest caused by SIX3 was not corre-
lated with p53, AURKA, or AURKB, although SIX3 in-
creased the activity of p53 via the negative regulation of
AURKA or AURKB.

Next, we attempted to elucidate the mechanism of S
phase arrest induced by SIX3. Several factors involved in
the G1/S phase regulation were analyzed. The overex-
pression of SIX3 increased the expression of cyclin A
and p27 and decreased the expression of E2F1 in both
U251 (Fig. 4c) and U87 cells (Fig. 4d). The knockdown
of SIX3 significantly upregulated the expression of E2F1
and downregulated the expression of cyclin A and p27
(Fig. 4d). E2F1 is a transcriptional activator promoting
the transition from the G1 phase to the S phase [46] and
also has been found to be a transcriptional activator of
AURKA and AURKB [18, 19]. Our studies confirmed
the recruitment of E2F1 to the promoters of AURKA
and AURKB. Concordant with the scores provided by
ENCODE [39], E2F1 mostly assembled at P2 and P3 ra-
ther than at P1 (Figs. la and 4e). In addition, regions
containing CDE-CHR (region 5 of AURKA and region 8
of AURKB) or E2F1-binding motif GGCGG (region 3 of
AURKB) were found to bind with E2F1 as well (Figs. 1a
and 4e). The overexpression of SIX3 decreased the ex-
pression of E2F1 and reduced the enrichment of E2F1
on the promoters of AURKA or AURKB (Fig. 4e).

The above data indicate that the SIX3-induced S phase
arrest is independent of p53, AURKA, and AURKB but
is correlated with the regulation of cyclin A, E2F1, and
p27.

SIX3 reduces numerical centrosomal aberrations and
inhibits astrocytoma tumorigenesis

AURKA and AURKB are key regulators of mitosis and
are associated with centrosome maturation and separ-
ation, regulating chromatin modification and cytokinesis
[5]. We thus generated U251 cells stably expressing
SIX3 (U251-SIX3) and U251 cells stably expressing GFP
(U251-CON) using lenti-virus and sorted them by flow
cytometry (Additional file 1: Figure S12). More than 200
U251-SIX3 and U251-CON cells in the M phase were
investigated. We found that SIX3 overexpression re-
duced the percentage of three or more centrosomes
(4.65%, 10/215), compared with the control cells
(30.45%, 67/220) (Fig. 5a, b), and SIX3 overexpression
also decreased the incidence of misaligned chromosomes
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at metaphase (6.25%, 8/128), compared with control
cells (26.32%, 30/114) (Fig. 5a, c).

We further identified the role of SIX3 on GBM
tumorigenesis. U251-SIX3 and U251-CON cells were
intracranially injected into nude mice. Compared to
mice transplanted with U251-CON cells, mice trans-
planted with U251-SIX3 cells exhibited longer survival
(Fig. 6a) and smaller tumors (Fig. 6b) and gained more
weight by the end of the experiment (Fig. 6¢). Overex-
pression of SIX3 significantly decreased the expression
of Ki-67, AURKA, and AURKB (Fig. 6b).

SIX3 also notably suppressed the proliferation (Fig. 6d,
e) and invasion of astrocytoma cells (Fig. 6f). On this
basis, the overexpression of AURKA or AURKB signifi-
cantly abrogated the effect of SIX3 overexpressison on
suppressing cell proliferation and invasion (Fig. 6e, f).
The above data indicate that SIX3 exerts a tumor-
suppressive effect, and restoration of SIX3 can reverse
the malignant phenotype of human astrocytoma.

SIX3 expression indicates the sensitivity of astrocytoma
cells to aurora kinase inhibitors

Several studies have reported the potential of using aur-
ora kinase inhibitors in the treatment of brain tumors.
One such study found that radiotherapy followed by
VX680 treatment reduced growth and increased survival
of GBM models [47, 48]. Several genetic biomarkers,
such as AURKA, p53, and c-Myc, have been found to
regulate the response to aurora kinase inhibitors, [20,
49, 50]. Since