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Axin1 Expression Facilitates Cell Death Induced by
Aurora Kinase Inhibition Through PARP Activation
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ABSTRACT

Axin, a negative regulator of Wnt signaling, participates in apoptosis, and Axin1 localizes to centrosomes and mitotic spindles, which requires
Aurora kinase activity. In this study, Aurora inhibition of Axin1-expressing cells (L-Axin) produced polyploid cells, which died within 48 h
posttreatment, whereas Axin2-expressing cells (L-Axin2) survived the same period. These cell death events showed apoptotic signs, such as
chromatin condensation and increased sub-G1 populations, as well as cell membrane rupture. Further analysis showed that Aurora kinase
inhibitor (AKI) treatment of L-Axin cells induced poly(ADP-ribose) polymerase (PARP) activation, which increased the poly(ADP-
ribosyl)ation of cellular proteins and reduced cellular ATP content. PARP inhibition reduced a proportion of dead cells, suggesting PARP
involvement in AKI-induced cell death. Also, AKI treatment of L-Axin cells induced mitochondrial apoptosis-inducing factor (AIF) release,
but not mitochondrial cytochrome c release or caspase-3 activation. Knockdown of AIF attenuated AKI-induced cell death in L-Axin
cells. Thus, our results suggest that Axin1 expression renders L929 cells sensitive to Aurora inhibition-induced cell death in a PARP- and

AIF-dependent manner. J. Cell. Biochem. 112: 2392-2402, 2011.
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A urora kinases, which regulate mitotic progression in various
organisms, are evolutionarily conserved [Li and Li, 2006].

Aurora A and B are over-expressed in a wide range of human
cancers, including colorectal, lung, breast, gastric, ovarian, and
pancreatic cancers [Tong et al., 2004; Tarnawski et al., 2005;
Vischioni et al., 2006; Fu et al., 2007]. Over-expression of Aurora A
leads to aberrant mitosis and transforms mammary epithelial and
embryonic fibroblast cells to genetically unstable aneuploid cells
with multiple centrosomes [Zhang et al., 2004]. These observations
have led to efforts to develop Aurora kinase inhibitors (AKIs) for use
in cancer treatment. The inhibition of Aurora A activity induces
abnormal spindle formation or chromosomal misalignment,
whereas Aurora B inhibition induces cytokinesis failure [Ditchfield
et al., 2003; Yang et al., 2005; Hoar et al., 2007]. When both Aurora
A and B are chemically inhibited, the most prominent phenotypic
change is polyploid cell generation, as Aurora A-induced mitotic
arrest is transient [Yang et al., 2005]. In addition, AKI has shown
antitumor effects via apoptosis induction [Curry et al., 2009; Li et al.,
2010]. The mechanism of AKI-induced apoptosis appears compli-
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cated. Some studies have proposed a p53-dependent mechanism
[Kojima et al., 2008; Dreier et al., 2009], whereas others have
demonstrated that AKI-induced apoptosis requires a compromised
p53-dependent postmitotic checkpoint [Ditchfield et al., 2003;
Gizatullin et al., 2006].

Axin is a major negative regulator of canonical Wnt signaling,
which regulates cell proliferation and cell fate determination
[Salahshor and Woodgett, 2005]. The scaffolding activity of Axin
leads to the formation of a complex consisting of B-catenin,
adenomatous polyposis coli (APC), and glycogen synthase kinase 33
(GSK3B), which down-regulates Wnt signaling activity by desta-
bilizing the cytoplasmic B-catenin. In addition to this canonical Wnt
signaling, Axin interaction with numerous cellular proteins has
been implicated in stress-activated protein kinase (SAPK) signaling,
transforming growth factor B (TGFB) signaling [Salahshor and
Woodgett, 2005], and Dishevelled (Dsh)-mediated noncanonical
Wnt signaling [Gao and Chen, 2010].

Axin1 appears to participate in the induction of cell death. Axin1
over-expression, which can induce apoptosis in CHO cells, seems to
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be mediated by JNK signaling, as deletion of the MEKK1 interacting
domain attenuates the apoptotic effect [Neo et al., 2000]. In another
line of evidence, Axinl appears to be involved in a DNA damage-
induced, Daxx-mediated cell death mechanism [Li et al., 2007,
2009], in which the role of Axinl is particularly emphasized, as
Axinl regulates p53 activity via its competitive binding capacity to
Pirh2 or Tip60 [Li et al., 2009].

Axinl and its homolog, Axin2, have high sequence similarity at
the nucleotide level and appear to be functionally similar. When
over-expressed in cultured cells, both proteins are able to reduce the
level of B-catenin and the expression of Wnt target genes [Behrens
etal., 1998; Sakanaka et al., 1998; Chia and Costantini, 2005]. When
expressed in frog embryos, both Axinl and Axin2 inhibit the
development of dorsal structures [Zeng et al., 1997; Itoh et al., 1998;
Yamamoto et al., 1998; Chia and Costantini, 2005]. However, they
are not fully redundant in vivo, as Axin2 is unable to compensate
completely for the absence of Axinl in Axin-null embryos [Zeng
et al., 1997]. Moreover, whereas Axinl is expressed ubiquitously
during embryogenesis, Axin2 is expressed in a restricted pattern
[Zeng et al., 1997]. Axin2 localizes along microtubules and binds to
polo-like kinase 1, and up-regulation of Axin2 leads to chromo-
somal instability [Hadjihannas et al., 2006]. In contrast, others
demonstrated that both Axin1 and Axin2 localized to centrosomes
and to mitotic spindles [Fumoto et al., 2009; Kim et al., 2009].
In centrosomes, Axinl, but not Axin2, formed a complex with
vy-tubulin and was involved in microtubule nucleation [Fumoto
et al., 2009]. These results suggest different functions of Axin1 and
Axin2, possibly due to the cellular context. Previously, we described
that centrosomal localization of Axin was suppressed by siRNA
specific for Aurora kinase and by AKI [Kim et al., 2009]. Considering
that Aurora kinase inhibition is implicated as an anticancer strategy,
we analyzed the influences of Axinl and Axin2 on AKI-induced
cytotoxicity.

In this study, we observed that Axin1 expression rendered 1L929
cells more sensitive to AKI-induced cell death than Axin2. Also, AKI
treatment of L929 cells over-expressing Axinl (L-Axin) induced
poly(ADP-ribose) polymerase (PARP) activation, which in turn
reduced cellular ATP content and led to the release of mitochondrial
apoptosis-inducing factor (AIF).

CELLS, CHEMICALS, AND ANTIBODIES

L929 cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) fetal bovine serum (Cambrex, Madrid,
Spain). L929 cells that expressed green fluorescence protein (GFP)
and ectopic Axinl or Axin2 simultaneously in a doxycyclin-
inducible manner (L-Axin or L-Axin2) were established as described
previously [Jeon et al., 2007; Kim et al., 2009]. Control cells were
established by the transfection of an empty vector (L-EV). Aurora
kinase inhibitor (AKI), caspase inhibitor (z-VAD-FMK), PARP
inhibitor (INH,BP; 5-iodo-6-amino-1,2-benzopyrone), and staur-
osporine were purchased from Calbiochem (La Jolla, CA) and used at
working concentrations of 17, 100, 50, and 0.5 wM, respectively. The
following antibodies were used: cytochrome c, apoptosis-inducing
factor (AIF), PARP (BD Pharmingen, San Diego, CA), active caspase-

3 (Cell Signaling Technology, Beverly, MA), and GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA).

TRANSFECTION

Cells were grown to 40-60% confluency on round coverslips and
transfected with 100pmol siRNA (control-scrambled; Bioneer
Corporation, Daejeon, Korea) using LipofectamineTM (Invitrogen,
Carlsbad, CA). The sequences of the siRNA mouse PARP-1 were
5'-UAAAGAAGCUGACGGUGAA-3' (siPARPla) and 5-CAAA-
GUAUCCCAAGAAGUU-3' (siPARP1b). The sequences of the siRNA
mouse AIF were 5'-AAG AGA AAC AGA GAA GAG CCA-3’ (siAIF-1)
and 5" GCAUGCUUCUAUGAUAUAA-3’ (siAIF-2).

FACS ANALYSIS

Fluorescence-activated cell sorting (FACS) analysis of propidium
iodide-stained DNA contents was conducted as previously described
[Kim et al., 2009]. To characterize the mode of cell death, the
Annexin V-PE apoptosis detection kit was used according to the
manufacturer’s instructions (BD Pharmingen). Briefly, cells treated
with AKI were harvested and suspended in binding buffer (10 mM
HEPES, 140mM NaCl, 2.5mM CaCl,). Then, 1 x 10°cells were
stained with Annexin V-PE or 7-amino-actinomycin D (7-AAD). To
measure the mitochondrial membrane potential, cells (1 x 10°) were
prepared and incubated in phosphate-buffered saline (PBS, pH 7.2)
containing 50nM tetramethylrhodamine ethyl ester (TMRE;
Invitrogen) for 20min at 37°C in a 5% CO, incubator. After
centrifuging, cell pellets were re-suspended in fresh PBS containing
50 nM TMRE. The fluorescence emitted from cells was measured via
flow cytometry using a FACSCalibur™ Flow Cytometer (BD
Biosciences) and analyzed using WinMDI 2.9 (Joseph Trotter,
Scripps Research Institute, La Jolla, CA) software.

IMAGING

Immunofluorescence (IF) staining was performed as described
previously [Kim et al., 2009]. For time-lapse imaging, L929 cells
grown on 35-mm dishes were treated with AKI, and live images were
taken at 6-min intervals beginning 10h posttreatment using an
Observer D1 phase-contrast microscope equipped with a CCD
camera (Carl Zeiss, Oberkochen, Germany). For chromatin staining,
Hoechst dye (200 ng/ml) was added to the culture medium 20 h after
imaging began (i.e., 30 h posttreatment), and fluorescence images
were taken for 1h. Digital images were collected and processed
using AxioVision software (Carl Zeiss). In some cases, fluorescence
images were analyzed using confocal laser scanning microscopy
(LSM510, Carl Zeiss).

TUNEL ASSAY

For the terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay, we used the Applied Science In Situ Cell
Death Detection Kit (Roche, Penzberg, Germany) and performed the
experiment according to the manufacturer’s instructions. Briefly,
2 x 10* cells were grown on a 24-well plate and treated with the
appropriate chemicals. Cells were rinsed with PBS (pH 7.2) three
times and permeabilized with PBS containing 0.4% Triton X-100 for
40min at 4°C. After washing with PBS three times, cells were
incubated with TUNEL assay solution, including terminal deox-
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ynucleotidyl transferase, for 1h at 37°C. After washing with PBS
three times, stained cells were analyzed via fluorescence microscopy
(Axioscope; Carl Zeiss). Fluorescence images were captured with a
digital camera (Roper Scientific, Trenton, NJ) and processed using
MetaVue software (Universal Imaging Corporation, Downingtown,
PA).

CELLULAR ATP MEASUREMENT

Intracellular ATP content was measured with a Luminescence ATP
Detection Assay System (ATPlite, PerkinElmer, Inc., Waltham, MA)
according to the manufacturer’s instructions. Briefly, cells grown in
a 96-well plate were treated with various chemicals and then lysed
with mammalian cell lysis solution for 5 min at room temperature.
Luminescence was measured after substrate addition.

CELL FRACTIONATION AND IMMUNOBLOT ANALYSIS

1929 cells were cultured on 100-mm dishes, suspended by scraping
in a hypotonic solution (10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM
EDTA; 1 mM DTT; 0.5 mM PMSF), and incubated on ice for 15 min,
after which NP-40 was added. The swelled cells were homogenized.
The pellet was removed by centrifuging at 400 rpm for 5min. To
isolate the mitochondrial fraction, the supernatant was centrifuged

at 13,000 rpm for 15 min. The resulting supernatant and pellet were
used as the crude cytosolic and mitochondrial fraction, respectively.

AURORA KINASE INHIBITION FACILITATES CELL DEATH IN AXIN
OVER-EXPRESSING CELLS

Previously, we reported that Axin, aided by Aurora kinase activity,
localizes to mitotic spindles and centrosomes, and that Aurora
kinase inhibition of Axin over-expressed cells alters the cytokinetic
process [Kim et al.,, 2009]. To determine the fate of Axin over-
expressed cells in the absence of Aurora kinase activity, L cells
which express Axinl or Axin2 (L-Axin or L-Axin2 cells, Fig. 1A)
were treated with AKI for extended incubation period. Initial phase-
contrast microscopic observation showed that rounded L-Axin cells
increased 24 h after AKI treatment. At 48 h after AKI treatment,
approximately 23% of L-Axin cells appeared to die, whereas most
control L-EV and L-Axin2 cells remained viable (Fig. 1B,C). At 72 h,
cell death of AKI-treated L-EV and L-Axin2 cells became apparent.
In case of doxycyclin only treatment, all three cells including
L-Axin cells remained viable for same period (Supplementary
Fig. S1A), suggesting that cell death was due to AKI cytotoxicity.
Furthermore, TUNEL assay revealed that a higher proportion of
L-Axin cells underwent cell death than L-EV and L-Axin2 cells at
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Aurora inhibition induces cell rounding and cell death in L-Axin cells. A: L-cells which stably express Axin1 (L-Axin) or Axin2 (L-Axin2) as doxycyclin-inducible form

were subjected to immunoblot analysis. Control cells which were transfected of vector only were also analyzed. Similar level of Axin1 and Axin2 expression was observed.
B,C: L-EV, L-Axin and L-Axin2 cells were treated with doxycyclin and Aurora kinase inhibitor (AKI) and subjected to phase-contrast microscopic observation. Bar: 100 um (C).
Dead cells were quantitated by direct counting. The results of average values of three independent experiments (B). D: L-EV, L-Axin and L-Axin2 cells were treated with
doxycyclin and Aurora kinase inhibitor (AKI) for 24 or 48 h and subjected to DNA analysis. Horizontal bars indicate area of subG1 population and percent proportions of subG1

population is also presented.
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48 h after AKI treatment (Supplementary Fig. S1B). In addition, DNA
analysis showed that AKI treatment generated polyploid cells in
all three cell types at 24 h of AKI treatment. The sub-G1 proportion
of L-Axin cells was elevated to about 24% at 48 h of AKI treatment,
whereas L-EV and L-Axin2 cells showed only a slight increase (less
than 39%; Fig. 1D). These results suggest that Axin1 over-expression
facilitates AKI-induced cell death more efficiently than Axin2.
To verify the effects of Axin2 on AKI-induced cell death, several cell
lines that showed an increase in Axin2 expression were analyzed.
Axinl over-expression in naturally occurring cell lines is rarely
observed. In Axin2-expressing cell lines such as SW480, AGS,
and SNU 475 cells, only a small proportion of cells (i.e., 1-6%)
died within 48 h of AKI treatment (Supplementary Fig. S2). These
results might suggest that Axin2 over-expression does not influence
AKI-mediated cytotoxicity.

AKI-INDUCED CELL DEATH IS ACCOMPANIED BY CELL
MEMBRANE RUPTURE

To investigate the features of AKI-induced cell death, time-lapse
analysis was performed. AKI-treated L-Axin cells showed abnormal
mitosis with incomplete cytokinesis, resulting in polyploid cells.

Further cultivation resulted in cells entering mitosis, at which stage
they appeared to be arrested, followed by cell death with cell
membrane rupture (Fig. 2A and Supplementary Movie 1). As most
dead cells did not contain GFP, rupture of the cell membrane may
release GFP. However, some cells with intact cell membranes
(i.e., GFP expressing) were positively stained by TUNEL assay and
contained micronuclei, suggesting that cell death was initiated
before membrane rupture (Fig. 2B,C). Subsequent time-lapse
analysis following Hoechst dye staining showed chromatin
condensation in cells with GFP expression (Fig. 3A), which then
underwent membrane rupture and GFP release. To confirm whether
membrane rupture was the cause of cell death or an accompanying
event, we performed FACS analysis using Annexin V and 7-AAD
staining. Annexin V-staining appeared to increase slightly within
the GFP-positive fraction (R3) in a time-dependent manner, whereas
the proportion of double-negative cells (R2) remained low
throughout the experiment (Fig. 3B). These results suggest that
Annexin V-staining preceded membrane rupture (GFP release). The
increase of 7-AAD and GFP double-positive cells was difficult to
observe. Most GFP-negative cells showed weak 7-AAD staining
(Fig. 3B), suggesting that 7-AAD did not efficiently stain these cells.

Intact Ruptured

GFP TMR-red

Merge

Fig. 2.  Aurora inhibition of L-Axin cells induced cell membrane rupture. A: L-Axin cells were treated with doxycyclin and Aurora kinase inhibitor (AKI) and subjected to time-
lapse imaging for 20 h beginning at 10 h posttreatment. Bar: 20 um. B,C: AKI-treated L-Axin cells were TUNEL-stained (B) or stained with Hoescht dye (C). Cells with both intact
and ruptured cell membranes (presence or absence of GFP, respectively) showed positive staining of TUNEL or micronuclei formation (arrows). Phs and Chr indicate phase

contrast image and Chromatin staining by Hoescht dye. Bar: 20 pm.
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Aurora kinase inhibitor (AKI) treatment of L-Axin cells induced chromatin condensation, followed by cell membrane rupture. A: L-Axin cells were treated with AKI in

addition to doxycyclin, and then underwent time-lapse imaging, after which Hoescht dye was added to the medium; fluorescence and phase contrast images were taken for 1 h.
The membranes of some cells with chromatin condensation were disintegrated. Bar: 10 um. B: AKI-treated L-Axin cells were stained with Annexin V and 7-AAD and subjected
to FACS analysis. Annexin V or 7-AAD stained cells were categorized into three fractions on the basis of GFP expression (x-axis): R1, Annexin- or 7-AAD-positive and
GFP-negative cells; R2, double-negative cells; R3, GFP-positive cells. Result is a representative of two experiments.

All these results suggest that membrane rupture may accompany,
rather than cause, cell death.

AKI INDUCES PARP ACTIVATION IN L-AXIN CELLS
Previous studies have shown that PARP is involved in either necrosis
or apoptosis [Koh et al.,, 2005; Heeres and Hergenrother, 2007].

Among PARP family which is consisted of 17 members, PARP-1 is
the prototypic and abundant nuclear protein. Cells devoid of PARP-
1 are more sensitive to DNA damaging agents, such as alkylating
drugs, suggesting a protective role from genotoxic stress.
Conversely, in response to high levels of DNA damage, PARP-1
over-activation can lead to metabolic disturbance through
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consumption of a substantial amount of cellular NAD™, which
results in necrotic cell death. Since AKI-induced cell death had
necrotic cell death characteristics, such as cell membrane rupture,
we examined PARP activity in AKI-treated L-Axin cells. PARP
catalyses the transfer of the ADP-ribose moiety from NAD" to
numerous proteins, including histones or PARP itself. Exposing
L-Axin cells to AKI for 48 h induced a greater increase in poly(ADP-
ribosyl)ation (PARylation) of cellular proteins than L-EV or L-Axin2
(Fig. 4A,B). Massive PARylation is known to result in rapid depletion
of NAD" and ATP pools, which if not regulated, can lead to cellular
dysfunction and cell death. A more profound reduction of cellular
ATP levels was observed in AKI-treated L-Axin cells than other cells
(Fig. 4C). This PARylation of proteins and ATP depletion were
attenuated by PARP inhibitor in AKI-treated L-Axin cells (Fig. 5A,B
and Supplementary Fig. S3), indicating that AKI treatment of L-Axin
cells induced PARP activation to a greater extent than in other cells.
Subsequent phase contrast observation showed that PARP inhibi-
tion reduced the dead cell proportion in AKI-treated L-Axin cells
(Fig. 5C and Supplementary Fig. S4A). Similarly, TUNEL assay
and DNA analysis demonstrated a reduction in cell death (Fig. 5D
and Supplementary Fig. S4B). These results suggest that AKI-
induced cell death may be mediated by PARP activation in L-Axin
cells. Considering that PARP-1 is known to be the most abundant
PARP in cells, specific knock-down of PARP-1 was performed using
two PARP-1 specific siRNAs. Both siRNAs reduced PARP-1
expression efficiently in L-Axin cells (Fig. 6A) but reduction of
AKI-induced PARylation of cellular proteins (Fig. 6A) and cell death
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(Fig. 6B) were not clear in comparison to effects of PARP inhibitor.
These results suggest that activation of PARP-1 was not enough and
other PARP isotype might be involved in AKI-induced cell death.

AKI INDUCES MITOCHONDRIAL AIF RELEASE IN L-AXIN CELLS

Over-activation of PARP induces metabolic disturbances that
cause necrosis. Also, PARP activation is required for AIF-mediated
apoptosis [Heeres and Hergenrother, 2007; Wang et al., 2009]. PARP
activation induces the translocation of AIF from mitochondria
to the nucleus where AIF interacts with cyclophilin A to form a
degradosome that favors chromotinolysis. This apoptotic process is
known to be caspase-independent. To explore the precise mechan-
ism of AKI-induced cell death, involvement of caspase-3 was
analyzed. Neither PARP cleavage nor caspase-3 activation was
observed in AKI-treated L-Axin cells, although staurosporine (STS)
induced both events (Fig. 7A). Furthermore, immunoblot analysis of
cell lysates after subcellular fractionation also showed an absence of
cytochrome c release, but an increase of cytoplasmic AIF was
observed in AKI-treated L-Axin cells (Fig. 7B). For this assay, the
nuclear fraction was omitted, as the AKI-induced cell death featured
signs of mitotic catastrophe (Fig. 2C), and mitotic cells differ from
interphase cells in subcellular compartmentation. Subsequent IF
analysis revealed a speckled pattern of AIF staining in L-EV and L-
Axin cells, but AKI-treated L-Axin cells were homogenous whereby
only speckled patterns of cytochrome ¢ were observed even in AKI-
treated L-Axin cells (Fig. 7C,D). These results suggest that AIF was

L-EV L-Axin L-Axin2

Chr

Fig. 4. Aurora inhibition induces PARP activation in L-Axin cells. A,B: L929 cells were treated with AKI in addition to doxycyclin, and then subjected to immunoblot (A) or
immunofluorescence (B) analysis using anti-PAR antibody. EV indicates L~EV cell lysates. Ax and Ax2 indicate L-Axin and L-Axin2 cell lysates. Expression of ectopic Axin and
amount of protein loading were verified using anti-Myc tag and anti-Actin antibody. Bar in (B): 100 um. C: L929 cells were treated with AKI in addition to doxycyclin, and then
subjected to cellular ATP measurement. This result is an average of three independent experiments. Horizontal dashed line indicates putative threshold of cellular ATP amount

for cell viability.
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Fig. 5. PARP inhibition attenuates Aurora inhibition-induced cell death in L-Axin cells. A: L-EV and L-Axin cells were treated with AKI and PARP inhibitor (PI) and then
subjected to immunoblot analysis using anti-PAR antibody. L indicates L929 cell lysates. EV and Ax indicate L-EV and L-Axin cell lysates, respectively. B: L-Axin cells were
treated with AKI and PI together and then subjected to cellular ATP measurement. This result is an average of three experiments. C: L-Axin cells treated with AKI and Pl were
subjected to phase-contrast microscopic observation and dead cells were counted directly and quantitiated. This result is an average of three experiments. Representative phase-
contrast of images were shown in supplementary Figure S4A. D: L-Axin cells treated with AKI and Pl were subjected to TUNEL assay. A proportion of TUNEL positive cells was

reduced by PARP inhibition. Bar: 100 pwm.

released from mitochondria but not cytochrome c. To know if AIF
release from mitochondria was required for AKI-induced cell death
in L-Axin cells, an AIF knockdown experiment was performed using
two kinds of AIF siRNA. Transfection of these AIF siRNAs reduced
AIF expression (Fig. 8A and Supplementary Fig. S5B) and also
reduced AKI-induced subG1 population in L-Axin cells (Fig. 8B). In
addition, TUNEL-positive cells were reduced in AIF knockdown
cells, compared to their level in scrambled siRNA transfected cells
(Fig. 8C and Supplementary Fig. S5A,C). Moreover, inhibition of
PARP activity blocked AIF release from mitochondria (Fig. 8D),
which suggested that AKI treatment of L-Axin cells induced AIF-
dependent cell death through PARP activation.

In conclusion, our results showed that Axinl over-expression
facilitates cell death induced by the inhibition of Aurora kinase
activity, and that this effect was much weaker under the Axin2 over-
expression condition. AKI treatment of L-Axin cells lead to PARP
activation, which induced depletion of cellular ATP as well as
released AIF from mitochondria. Eventually, these events produced
cell death with mixed features of necrosis and apoptosis.

Axinl has been reported to be the concentration-limiting factor in
regulating the efficiency of the B-catenin destruction complex and

level of Wnt signaling activity [Salahshor and Woodgett, 2005].
Biochemical studies have shown that the intracellular concentration
of Axin is approximately 1,000-fold less than that of B-catenin, and
Wnt signaling promotes the degradation of Axin1 [Willert et al.,
1999; Leung et al., 2002]. Axin2 is known to be a major transcription
target of the B-catenin/TCF complex and Axin2 expression is
higher than that of Axinl in several colon cancer cell lines (see
Supplementary Fig. 2). These observations suggest a negative
feedback function of Axin2 for Wnt signaling activity. However, cell
lines expressing Axin2 seem to retain high a level of Wnt signaling
activity, as antagonizing Wnt signaling in SW480 cells in the
absence of Wnt3a-stimulation showed further inhibition of Wnt-
responsive luciferase reporter activity [Huang et al., 2009]. These
observations suggested that Axin2 may have a less efficient
concentration-limiting regulatory function for Wnt signaling than
Axinl. In addition, subtle differences between Axinl and Axin2
have been described. For example, centrosomal localization of
Axin2 were differently observed in several laboratories. Hadjihan-
nas et al. showed that only Axin2 localize to centrosome/mitotic
spindles and play a role in generation of chromosomal instability.
In contrast, other report described that Axinl, but not Axin2
plays a role in microtubule nucleation through complex formation
with y-tubulin [Fumoto et al., 2009], whereas Axin2 regulates
centrosome cohesion through interaction with C-Nap1 [Hadjihan-
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Fig. 6. Knockdown of PARP-1 does not suppress AKI-induced cell death. A: Two PARP-1 siRNAs were transfected to L-Axin cells and PARP-1 expression was monitored by
immunoblot analysis. Both siRNAs transfection reduced PARP-1 expression but PARylation of cellular proteins was only slightly reduced. Expression of Myc-tagged Axin
was not affected. P1a and P1b indicate PARP-1a and PARP-1b siRNA. B: L-Axin cell transfected by siRNAs PARP-1 were analyzed after AKI treatment for 48 h using phase
contrast microscopy. Bar: 100 um.
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Fig. 7. Aurora inhibition induces mitochondrial AIF release but not mitochondrial cytochrome crelease and caspase-3 activation. A: AKI or staurosporine (STS)-treated L-EV
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and L-Axin cells were subjected to immunoblot analysis using anti-PARP, anti-active caspase-3 antibodies. CBBS, Coomassie brilliant blue stain. B: L-EV or L-Axin cells were
treated with AKI for 48 h, then subjected to subcellular fractionation. Immunoblot analysis using indicated antibodies was performed on organellar fractions, including the
mitochondrial (Mito) and cytoplasmic (Cyto). Expression of cyclooxygenase IV (CoxIV) and GAPDH were used for verification of subcellular fractionation. C,D: AKI-treated L-EV
or L-Axin cells were subjected to fluorescence labeling using anti-cytochrome c antibody (C) or anti-AIF antibody (D). Bar: 20 um.
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Aurora kinase inhibitor (AKI) treatment induces AlIF-mediated cell death. A: L929 cells were transfected with AIF siRNA-1 (siAIF-1), harvested after indicated

incubation, and then subjected to imunoblot analysis using anti-AIF and anti-Actin antibody. B: L-Axin cells were transfected by scrambled siRNA (SCR) or siAlF-1 and
cultivated 48 h, then subjected to DNA analysis. Transfection of siAIF-1 RNA increased polyploid cells without a subG1 population. C: L-Axin cells were transfected with SCR or
siAIF-1 RNA, cultivated 48 h, and then subjected to TUNEL analysis. Triplicate TUNEL assay experiments were quantitated by direct counting. The proportion of TUNEL-positive
cells is shown in the graph. Representative result of TUNEL images were shown in supplementary Figure S8A. D: L-EV and L-Axin cells were treated with PARP inhibitor
(P1) together with AKI for 48 h and then subjected to fluorescence labeling using anti-AIF antibody. Bar: 20 pm.

nas et al., 2010]. These results suggested that Axin1 and Axin2 may
conduct different functions according to different conditions. In our
experimental condition, increased expression of Axinl rendered
cells sensitive to cell death stimulation by Aurora kinase inhibition,
and these effects were less efficient in cells with Axin2 expression.

Generally, various cellular properties influence the mechanism
of cell death. Aurora kinase inhibition produces different cell
phenotypes in a variety of cell types, among which is the failure of
proper chromosome segregation, coupled with the development of
polyploidy in interphase cells [Ditchfield et al., 2003; Yang et al.,
2005; Girdler et al., 2006]. Polyploid cells appear to be detected and
eliminated at a p53-dependent postmitotic checkpoint [Margolis
et al., 2003]. If the p53-dependent postmitotic checkpoint function
was compromised, however, cells bypassed the postmitotic
checkpoint and enhanced endoreduplication, leading to an
accumulation of >4N DNA content, followed by cell death
[Harrington et al., 2004; Gizatullin et al., 2006]. In our model,
the AKI-induced cell death of L-Axin cells appeared to occur in a
p53-dependent manner, as L929 cells have wild-type p53 alleles,
and endoreduplication of L-Axin cells (>4N) was difficult to observe
(Fig. 1C). These speculations were further supported by previous
observations that Aurora A inhibition seems to increase sensitivity
to apoptosis by stabilizing p53 via the inhibition of Mdm2-mediated
p53 proteolysis [Katayama et al., 2004]. In addition, Axinl can
activate p53 in cooperation with Daxx and HIPK2, and the

formation of a complex of Axin1, Pirh2, Tip60, HIPK2, and p53 may
affect cell fate determinations [Li et al., 2007, 2009].

In terms of apoptosis, L929 cells show a distinct characteristic in
the cell death mechanism. Although tumor necrosis factor (TNF)
induces typical apoptotic death in many cell types, TNF caused non-
apoptotic cell death in 1929 cells [Vercammen et al., 1998a].
Treatment with caspase inhibitors, including zDEVD and zVAD,
increased the sensitivity of L929 cells to TNF-mediated cell death
[Vercammen et al., 1998a]. TNF-induced cell death 0f1.929 cells may
be mediated by PARP activation because TNF mediated PARP
activation and PARP inhibitor suppressed TNF-induced cell death
and the sensitizing effect of zVAD [Los et al., 2002]. Since Fas-
transfected L929 cells showed rapid anti-Fas mAb-induced caspase-
3-like protease activation, TNF-induced cell death of 1929 cells is
not resulted from null function of caspase-3 [Vercammen et al.,
1998b]. On the consideration of these observations, AKI-induced
phenotypes appeared similar to those of TNF-induced cell death of
L929 cells. In fact, our similar experiments using HaCaT cells which
were derived from skin keratinocytes and have mutant type p53
gene, showed that Axin1 overexpression and AKI treatment induced
caspase-3 activation and PARP cleavage (Supplementary Fig. S6).
These results suggested that PARP mediated cell death of L-Axin
cells is at least in part based on the specific features of L929 cells.

AKI treatment of L-Axin cells induced cell membrane rupture,
which is a hallmark of necrotic cell death. This observation led us to
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investigate PARP activity in AKI-treated cells because PARP is
involved in necrosis as well as apoptosis [Koh et al., 2005; Heeres
and Hergenrother, 2007; Wang et al., 2009]. PARP activity was
significantly elevated in AKI-treated L-Axin cells and inhibition of
PARP activity reduced cell death effects of AKI. Among PARPs
belonging to a family of 17 members, PARP-1 is the most abundant
member and thus, PARP-1 activation by AKI treatment was initially
expected. However, in our results, PARP-1 Knockdown failed to
suppress AKI induced cell death of L-Axin cells although PARP
inhibitor suppressed efficiently. In addition, AKI-induced cell death
was not suppressed by treatment of classical RARP inhibitor, 3-
aminobenzamide. In literature, 5-iodo-6-amino-1,2-benzopyrone
which was used in this study inhibits PARP activity, but appears to
have distinct biochemical properties [Papeo et al., 2009]. For
examples, 5-iodo-6-amino-1,2-benzopyrone protects peroxyni-
trite-induced cytotoxicity in addition to hydroxyl radicals. These
results implicated AKI treatment of L-Axin cells might induce
atypical PARP activation, suggesting that PARP other than PARP-1
might be involved in AKI-induced cell death.

Previously, direct interaction of Axin with tankyrase (PARP-5)
was described [Huang et al., 2009]. Tankyrase PARylates both Axin1
and Axin2, which is followed by ubiquitination and proteosomal
degradation. Therefore, tankyrase inhibitions using siRNA or
chemical inhibitors stabilize both Axins. In our results, AKI
treatment induced cell death in L-Axin cells more efficiently than
in L-Axin2 cells. Considering tankyrase interacts both Axin-1 and
Axin-2 [Huang et al., 2009], Axin stabilizing effect of tankyrase may
not be involved in AKI-induced cytotoxicity under Axin over-
expressing condition. Several tetracycline antibiotics, including
doxycyclin, have inhibitory effects on PARP-1 activity [Alano et al.,
2006]. Because our system used the same amount of doxycyclin for
induction of Axin and GFP expression in all three cells, low levels of
PARP activation in L-Axin2 cells might not have been due to the
inhibitory effects of doxycyclin.

Several reports showed that PARP is required for the transloca-
tion of AIF from the mitochondria to the nucleus and that AIF is
necessary for PARP-dependent cell death [Wang et al., 2009]. Cell
death signals frequently induce mitochondrial AIF release together
with cytochrome c¢, but AIF appeared to be released from the
mitochondria by a mechanism distinct from that of cytochrome c
[Cregan et al., 2002]. In an ischemia model of cortical neurons, a
caspase-3 inhibitor (DEVD) suppressed oxygen/glucose deprivation-
induced mitochondrial cytochrome c release, but AIF release was not
affected [Singh et al., 2010]. Considering these observations, PARP
activation in our system may only stimulate mitochondrial release
of AIF.

Given that Axinl is regarded as a concentration-limiting
regulator for Wnt signaling, changes in Axinl expression level
may critically influence various Axinl-involved events. For
example, studies have shown that retinoic acid (RA) inhibits glioma
cell proliferation, which is accompanied by up-regulation of Axinl
expression and altered subcellular distribution of B-catenin [Lu
et al., 2008], suggesting that RA induces the trans-repressing of Wnt
signaling. In lung cancer specimens, Axinl expression was
significantly lower in non-small-cell lung cancer (NSCLC) tissues
than in normal lung tissues, but X-radiation increased Axinl

expression in NSCLC tissues [Han et al., 2009]. Thus, an increase of
Axinl expression weakens cell proliferation and viability.

In conclusion, our results suggest that Axinl expression
facilitates cell death induced by mitotic defects, especially when
Aurora kinase activity is suppressed.
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