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Abstract
The Aurora-A kinase gene is frequently amplified and/or over-expressed in a variety of human
cancers, leading to major efforts to develop therapeutic agents targeting this pathway. Here we
demonstrate that Aurora-A is targeted for ubiquitination and subsequent degradation by the F-box
protein FBXW7 in a process that is regulated by GSK3β. Using a series of truncated Aurora-A
proteins and site directed mutagenesis, we identified distinct FBXW7 and GSK3β binding sites in
Aurora-A. Mutation of critical residues in either site substantially disrupts degradation of Aurora-
A. Furthermore, we show that loss of Pten results in the stabilization of Aurora-A by attenuating
FBXW7-dependent degradation of Aurora-A through the AKT/GSK3β pathway. Moreover,
radiation-induced tumor latency is significantly shortened in Fbxw7+/− Pten+/− mice as compared
to either Fbxw7+/− or Pten+/− mice, indicating that Fbxw7 and Pten appear to cooperate in
suppressing tumorigenesis. Our results establish a novel posttranslational regulatory network in
which the Pten and Fbxw7 pathways appear to converge on the regulation of Aurora-A level.
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Introduction
Aurora-A kinase, a key regulator of chromosome segregation and cytokinesis (1), is
frequently amplified in a variety of human carcinomas, including breast, colorectal,
pancreatic, and bladder cancers (2-5). Overexpression of Aurora-A in tumors is correlated
with clinically aggressive disease (6). A wealth of functional data exists showing that
overexpression of Aurora-A leads to centrosome amplification, chromosomal instability and
oncogenic transformation (5, 7). Furthermore, overexpression of Aurora-A in transgenic
mouse models result in the development of mammary gland tumors (8). Taken together,
these data indicate that Aurora-A possesses oncogenic activity and may be a valuable
therapeutic target in cancer therapy (6, 9). Consequently, several small-molecule inhibitors
of Aurora-A kinase have been developed and are currently undergoing clinical trials.

FBXW7 is a p53-dependent tumor suppressor that undergoes deletion and/or mutation in a
number of human neoplasms, including those from the breast, colon, endometrium, stomach,
lung, ovary, pancreas, and prostate (10). The FBXW7 gene encodes an F-box protein
essential for ubiquitination of several well-defined oncoproteins including c-Myc (11),
Cyclin E (12), Notch (13), c-Jun (14), and mammalian target of rapamycin (mTor) (15).
Previous studies have shown that FBXW7 binds Aurora-A in cell lines (16), and that
depletion of Fbxw7 results in increased Aurora-A expression (17); however, the mechanism
by which Fbxw7 controls Aurora-A level remains unknown. In the present study, we show
that Fbxw7 physically binds Aurora-A and facilitates the ubiquitination and degradation of
Aurora-A through the proteasome pathway. Furthermore, we demonstrate that this process
occurs in a Gsk3β-dependent manner, similar to what has been observed for several
oncoproteins that undergo FBXW7-mediated ubiquitination.

Prior studies indicate that GSK3β is inactivated through phosphorylation at the Ser-9
position (18), which occurs through PI3K/AKT signaling. Since the PI3K/AKT pathway is
crucial in tumorigenesis and is regulated by the tumor suppressor PTEN, we further
investigated whether PTEN is able to regulate Aurora-A via the PI3K/AKT/GSK3β
pathway. Our results reveal that similar to Gsk3β inhibition, downregulation of Pten by
shRNA increased the level and half-life of Aurora-A by blocking its ubiqutination. Finally,
we show that the deletion of one copy of either Fbxw7 or Pten leads to the increase in
protein levels of Aurora-A in vivo, and mice heterozygous for both Fbxw7 and Pten
(Pten+/−Fbxw7+/−) display significantly shortened latency for tumor development when
compared to either Pten+/− mice or Fbxw7+/− mice, indicating that simultaneous loss of Pten
and Fbxw7 has a synergic effect in tumorigenesis. In summary, our data establish a novel
regulatory pathway in which interactions between Fbxw7, Pten and Gsk3β ultimately
regulate Aurora-A levels in a post-translational manner. We also demonstrate that disruption
of multiple components of this regulatory pathway can accelerate tumor development.

Materials and Methods
Cells and cell culture

NIH3T3 (mouse embryonic fibroblast), C5N (mouse keratinocyte cell line) and HEK293T
were maintained in Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented with
10% fetal calf serum (Invitrogen). HCT116 and HCT116 FBXW7−/− cell lines were a gift
from Dr. Bert Vogelstein.

Antibodies and Reagents
The antibodies and reagents used were from the following sources: anti-PTEN rabbit
polyclonal (1:1,000), anti-Akt rabbit polyclonal (1:1,000), anti-phospho-Akt (Ser473) rabbit
polyclonal (1:1,000), anti-Gsk3β rabbit polyclonal (1:1,000), and anti-phospho-Gsk3β
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(Ser9) rabbit polyclonal (1:1,000) antibody were from Cell Signaling; anti-Aurora-A (IAK1)
mouse monoclonal antibody (1:2,000) was from BD Sciences; anti-Flag-M2 Affinity gel,
anti-HA-Affinity gel, and anti-β-actin mouse monoclonal antibody (1:5,000) were from
Sigma; cycloheximide (C4859) was from Sigma; MG132 and Gsk3β inhibitor VIII were
from Calbiochem.

Plasmids construction and site-directed mutagenesis
pCG-N-HA-FBXW7 was a gift from Prof. K.I. Nakayama, and pCG-N-HA-Ubiquitin was a
gift from Dr. O. Tetsu. Full-length and truncated Aurora-A were amplified by PCR and
subcloned into Bgl II/Xha I sites of p3xFlag-CMV-10 (Sigma). The Aurora-A mutants
(T217A/E221A, S226A/E230A, S245A, S387A, and S245A/S387A) were generated by site-
directed mutagenesis (Stratagen). The primers for constructing and mutagenesis were listed
in Supplementary Table 1. All the constructs were validated by DNA sequencing.

shRNA constructs and retrovirus production
A shRNA with high Pten knockdown efficiency was cloned into pSuper.Retro-puro
(Oligoengine). The shRNA sequence for Pten is 5′-GACCATAACCCACCACAGC-3′.
NIH3T3 and C5N cell lines were infected with high-titer retroviral stocks produced by the
transient transfection of 293T ecotropic Phoenix cells. After infection with the
pSuper.Retro.puro retrovirus, which allowed the expression of the shRNA, cells were
selected with 1-2 μg ml of puromycin in the culture medium. pSuper.Retro.puro vector
without shRNA was used as control.

Immunoblotting and immunoprecipitation
Cells were collected by washing with cold PBS at 4°C. Total protein extracts were prepared
from cells and normal and tumor tissues with RIPA lysis buffer (1% Triton X-100, 0.1%
SDS, 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate,10 mM NaF)
supplemented with 2 mM PMSF, 2 mM Na3VO4, and complete protease inhibitors (Roche).
The lysates were fractionated by SDS-PAGE and electoblotted on to PDVF membrane
(Millipore). The membranes were then incubated for 1 hr in TBS-Tween-20 (0.1%)
containing 5% nonfat skim milk, then with primary antibodies for 1 hr at RT or overnight at
4°C, and the target antigens were identified with the appropriate horseradish peroxidase-
labeled secondary antibody (Amersham) in the presence of SuperSignal West Pico
Chemoluminiscent substrate (Pierce).

For immunoprecipitation, 293T cells were transiently transfected using lipofectamine
2000™ with p3xFlag-Aurora-A and pCGN-HA-Fbxw7. Forty-eight hours after transfection,
MG132 (10 μM) and Gsk3β inhibitor (25 μM) were added to the media. Six hours later,
cells were lysed on ice in NG lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10%
Glycerol, 1% NP-40, 10 mM NaF, 2 mM PMSF, 2 mM Na3VO4, plus “complete protease
inhibitors” (Roche). The lysates were incubated with anti-Flag-M2 affinity gel (Sigma) or
anti-HA (3F10, Roche) with protein-G-sepharose (GE Healthcare). Immuno-complexes
were isolated, fractionated by SDS-PAGE and identified by immunoblot using anti-Flag,
anti-HA, or anti-Gsk3β.

Ubiquitination assay
Cells were transfected with a plasmid encoding a HA-ubiquitin. Twenty-four hours after
transfection, the proteasome inhibitor MG132 (10 μM) was added. Six hours later, anti-HA
immunoprecipitates were recovered and immuniblotted with anti-Aurora-A antibody.
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Analysis of mRNA
Total RNA was purified using TRIzol (Invitrogen) according to the manufacturer’s
instructions and then 5 μg of each sample was reverse transcribed using the SuperScript II
RNaseH first-strand synthesis system (Invitrogen). PCR was performed with 2 μl of cDNA
from each sample using Extaq DNA polymerase (TAKARA). Primers for Flag-tagged
Aurora-A were as follows: sense 5′-GACTACAAAGACCATGACGGT-3′ (for Flag) and
antisense 5′-TGGTGCATATTCCAGAATTAGG-3′ (Aurora-A 621-642).

Mice and tumor induction
Fbxw7 and Pten single or double heterozygous knockout (KO) mice were generated by
crossing Fbxw7+/− heterozygous KO mice (C57BL/6J) with Pten+/− heterozygous KO mice
(C57BL/6J) purchased from Jax Laboratories. 5-week old mice of both sexes were exposed
to a single dose of 4Gy whole body γ-irradiation and monitored daily until moribund, then
killed and autopsied. Mice were bred and treated under UCSF LARC regulations.

Statistical Analysis
The Kaplan-Meier method was used to compare the survival time post-radiation between
different genotypic groups of mice using the SPSS statistical package.

Results
Fbxw7 binds to and targets Aurora-A for ubiquitin-mediated degradation

We previously showed that depletion of Fbxw7 resulted in increased Aurora-A expression
(17); however, the mechanism by which this regulation occurs is unknown. Previous study
suggests that FBXW7 binds Aurora-A in immunoprecipitation assays (16). We hypothesize
that FBXW7 may physically interact with Aurora-A to regulate its ubiquitination and
turnover by proteasomal degradation. To address this, 293T cells were co-transfected with
Flag-tagged Aurora-A and HA-tagged FBXW7. Next, immunoprecipitation and subsequent
immunoblot analyses using antibodies directed against the Flag or HA tag were performed
and revealed that HA-tagged FBXW7 coimmunoprecipitated with Flag-tagged Aurora-A,
indicating a physical interaction between the two proteins (Figure 1A and B). Moreover, we
found that HA-tagged FBXW7 also co-immunoprecipitated with endogenous Aurora-A
(Figure 1C).

Next, we determined whether the regulation of Aurora-A by Fbxw7 is through the
proteasome-dependent degradation pathway. NIH3T3 and C5N cells were treated with the
proteasome inhibitor MG132. Proteasome inhibition caused a significant increase in Aurora-
A levels in both cell lines (Figure 2A), suggesting that Aurora-A is regulated in a post-
translational manner. To examine whether the ubiquitination status of Aurora-A is Fbxw7-
dependent, HCT116 FBXW7 wild-type (WT) and FBXW7−/− cells were transfected with a
vector containing CMV promoter-driven HA-ubiquitin. Immunoprecipitation of HA
followed by immunoblot analysis of Aurora-A showed that Aurora-A ubiquitination was
only found in HCT116 FBXW7 WT cells, but not in HCT116 FBXW7−/− cells (Figure 2B),
consistent with previous findings (19). In summary, these results suggest that FBXW7 binds
to Aurora-A and targets Aurora-A for ubiquitin-mediated degradation through the
proteosome.

Fbxw7 mediates ubiquitination of Aurora-A in a Gsk3β dependent manner
Since Fbxw7-mediated ubiquitination of most substrates (such as Cyclin E, Jun, and Myc)
occurs in a Gsk3β-dependent manner, we examined whether Fbxw7 ubiquitination of
Aurora-A is also dependent on Gsk3β activity. First, Gsk3β co-immunoprecipitated with

Kwon et al. Page 4

Mol Cancer Res. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



both Flag-tagged Aurora-A and HA-tagged Fbxw7 (Figure 1A and 1B), suggesting that
Gsk3β may exist in a complex with Aurora-A and Fbxw7. Additionally, in the presence of
Gsk3β inhibitor, the binding between Fbxw7 and Aurora-A was dramatically reduced
(Figure 1A and 1B, lane 3), indicating that physical interaction between Fbxw7 and Aurora-
A is dependent on Gsk3β activity. Moreover, Gsk3β inhibitor treatment of both NIH-3T3
and C5N cell lines resulted in a significant increase in Aurora-A levels (Figure 3A). The
protein levels of both endogenous and exogenous Aurora-A increased even further in cells
treated with both the proteasome and Gsk3β inhibitors (Figure 3B). Gsk3β inhibitor
treatment also dramatically increased the stability and half-life of Aurora-A (Figure 3C and
3D). Finally, we investigated whether Gsk3β inhibitor treatment blocked Aurora-A
ubiquitination by Fbxw7. 293T cells were transfected with a vector containing CMV
promoter-driven HA-ubiquitin and were then treated with Gsk3β inhibitor.
Immunoprecipitation of HA followed by immunoblot analysis of Aurora-A showed that
Aurora-A ubiquitination was dramatically reduced in the cells following Gsk3β inhibitor
treatment (Figure 3E). Taken together, these results indicate that Gsk3βis able to physically
interact with both Fbxw7 and Aurora-A and that Gsk3β is required for Fbxw7-mediated
ubiquitination of Aurora-A.

Mapping the FBXW7-binding site within Aurora-A
The consensus CDC4 phosphodegron (CPD) sequence I/L-I/L/P-S/T-P-XXXX (where
lysine and arginine are unfavorable in the X locations) of FBXW7 was not found in Aurora-
A using bioinformatics analysis. In order to identify the region within Aurora-A that is
responsible for interaction with FBXW7, we made serial truncations of Aurora-A (Figure
4A), coexpressed them with HA-tagged Fbxw7 in HEK293T cells, and tested the ability of
the truncated proteins to bind to FBXW7 by immunoprecipitation. FBXW7 bound to ΔN1-
ΔN6 and ΔC1-ΔC3, but not to ΔN7 (Figure 4A and B, Supplementary Figure S1),
implicating residues 202-230 of Aurora-A as the critical region necessary for interaction
with FBXW7. Closer inspection of this region showed that two potential sites are similar to
the FBXW7 CPD (Figure 4C). To investigate the significance of each individual site for
binding FBXW7, we generated two mutants: T217A/E221A and S226A/E230A. S226A/
E230A retained the ability to bind FBXW7 although this interaction was significantly
reduced as compared to wild type Aurora-A (Figure 4D). On the other hand, FBXW7
binding capability was completely abolished in T217A/E221A, indicating that the
T217E221 site is largely responsible for the physical interaction between Aurora-A and
FBXW7.

Mapping the GSK3β-binding site within Aurora-A
In order to map the GSK3β binding region in Aurora-A, we used the same serial truncated
proteins of Aurora-A described above to test their ability to bind to GSK3β. Only ΔC2 and
ΔC3 were not able to bind GSK3β, indicating that the 173 C-terminal residues of Aurora-A
are required for interaction with GSK3β (Figure 4A and 4B, Supplementary Figure S1).
Using the PhosphoMotif Finder software, we found that this C-terminal region of Aurora-A
(amino acids 230-403) harbors two potential GSK3β phosphorylation sites (Figure 5A). To
investigate the significance of each individual phosphorylation site, we systematically
disrupted each potential sites with alanine substitutions (Figure 5A). Although both single
site Aurora-A mutants S245A and S387A interacted with GSK3β, the S245A/S387A double
mutant completely lost the capacity to bind to GSK3β (Figure 5B). Interestingly, the S245A/
S387A double mutant also displayed significantly reduced binding capability to FBXW7
(Figure 4D).
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FBXW7- and GSK3β-binding sites within Aurora-A are crucial for proteasome-dependent
degradation of Aurora-A

Since FBXW7 appears to mediate ubiquitination of Aurora-A in a GSK3β-dependent
manner, we investigated whether disruption of the interactions between FBXW7/Aurora-A
and GSK3β/Aurora-A would block proteasome-dependent degradation of Aurora-A. First,
293T cells were transfected with either flag-tagged wild type Aurora-A, T217A/E221A,
S226A/E230A, or S245A/S387A mutants. Subsequent immunoblot analysis with anti-flag
antibody revealed that while wild type and the S226A/E230A mutant exhibited low levels of
expression, the T217A/E221A and S245A/S387A mutants displayed significantly greater
protein levels (Figure 5C, left panel), suggesting that disruption of either FBXW7- or
GSK3β-binding site within Aurora-A substantially stabilizes (or decreases turnover of)
Aurora-A. In contrast, when these cells were treated with the proteasome inhibitor MG132,
all groups displayed comparably high levels of Aurora-A protein (Figure 5C, right panel).
When comparing M132 treated and untreated cells, a significant increase in levels of wild
type Aurora-A and the S226A/E230A mutant occurred following M132 treatment, while
levels of the T217A/E221A and S245A/S387A mutants did not change. In order to verify
that the observed differences in Aurora-A levels resulted from post-translational regulation,
transcript levels of the wild type and mutant forms of Aurora-A were measured by semi-
quantitative RT-PCR, which showed no differences between any of the Aurora-A variants
(Supplementary Figure S2). As a whole, these data suggest that the interactions of Aurora-A
with FBXW7 and GSK3β are crucial for proteasome-dependent turnover of Aurora-A.

Loss of Pten stabilizes Aurora-A via the Akt/Gsk3β pathway
Pten is a negative regulator of the Pi3k/Akt pathway (20). Activation of Pi3k/Akt signaling
leads to the phosphorylation (Ser-9) and inactivation of Gsk3β (18). Thus, we investigated
whether Pten could regulate Aurora-A via the Akt/Gsk3β pathway. In order to examine the
effects of Pten down-regulation on Aurora-A level and stability, we designed a short hairpin
RNA (shRNA) against Pten (shPten) and generated stable transfectants in NIH3T3 and C5N
cells. The shRNA effectively reduced Pten protein expression in both cell lines (Figure 6A).
Down-regulation of Pten led to the increase in Aurora-A levels as compared to controls
(Figure 6A). We also analyzed levels of other Fbxw7 substrates that were shown to be
ubiquitinated in a Gsk3β-dependent manner. Levels of c-Jun were unaffected in both cell
lines (Figure 6A). c-Myc was undetectable in NIH3T3 cells even after downregulation of
Pten, while levels of c-Myc increased in C5N cells with shPten (Figure 6A). The expression
levels of p-Akt (serine-473) were also significantly increased in shPten transfected cells and
presumably were responsible for the inactivation of Gsk3β. Indeed, the level of p-Gsk3β
(Ser-9) increased dramatically with down-regulation of Pten. In contrast, the total level of
Gsk3β did not change. As expected, the level of p-mTor (Ser2448) increased whereas the
level of total mTor did not change (Figure 6A). Furthermore, in NIH3T3 cells with shPten,
Gsk3β inhibitor treatment did not cause an increase in Aurora-A levels, indicating that Pten
regulates Aurora-A via the Akt/Gsk3β pathway (Figure 6B).

The stability of Aurora-A was also examined in shPten cells after treatment with
cycloheximide. Aurora-A was much more stably maintained in shPten cells as compared to
the control cells (Figure 6C and D). Furthermore, down-regulation of Pten blocked Aurora-
A ubiquitination (Figure 6E). In summary, these findings are similar to those that were
observed with Gsk3β inhibitor treatment, further suggesting that loss of Pten attenuates the
degradation of Aurora-A by Fbxw7 through the Akt/Gsk3β pathway.

Pten synergizes with Fbxw7 in radiation-induced tumor development
We have previously used a mouse model of radiation-induced lymphoma to demonstrate
that haploinsufficiency for P53, Pten or Fbxw7 confers susceptibility to lymphoma
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development (21-23). Since we have established that Pten and Fbxw7 pathways both impact
Aurora-A levels and mTor signaling; therefore, we speculate that simultaneous loss of Pten
and Fbxw7 may result in a synergistic effect on tumor development in vivo. In order to
investigate this possibility, we crossed Fbxw7+/− mice with Pten+/− mice to generate
Pten+/−Fbxw7+/− mice. 24 Pten+/−Fbxw7+/−, 26 Fbxw7+/−, 31 Pten+/−, and 30 wild-type
mice were exposed to a single dose of 4Gy whole body γ irradiation at 5 weeks of age.
Within 65 weeks, none of wild type mice developed any tumors (Figure 7A). In contrast, a
significant portion of Fbxw7+/− (40%) and Pten+/− (95%) mice developed tumors by 65
weeks post-irradiation (p-value <0.0001) (Figure 7). Interestingly, the double heterozygous
Fbxw7+/−Pten+/− mice developed tumors much faster than either Fbxw7+/− or Pten+/− mice
(p-value < 0.0001) (Figure 7). These data indicate that Pten synergizes with Fbxw7 in
suppressing radiation-induced tumorigenesis.

Next we investigated the effects of loss of either Fbxw7 or Pten on Aurora-A protein levels
in the normal and tumor tissues by Western blotting. One consistent observation was that
normal tissues from Fbxw7+/− mice had higher protein levels of Aurora-A than the
equivalent tissue from wild-type mice (Figure 7B). Similar observations were made with the
tissues from Pten+/− mice (Figure 7B). It is also found that tumors retained the higher
starting levels of endogenous Aurora-A protein, but few tumors from Pten+/− mice showed
the lower Aurora-A level (Figure 7C). These data together with our previous findings (15)
suggests a novel interaction between the Fbxw7 and Pten tumor suppressor pathways that
controls the levels of the oncoprotein Aurora-A kinase and mTor, but we could not fully
exclude the possibility of other oncogenes, such as Myc. Additional studies will be granted.

Discussion
Aurora-A controls chromosome segregation during mitosis, and is amplified and/or over-
expressed in a large proportion of human tumors. However, the frequency of Aurora-A
overexpression in human cancers is much higher than that of its amplification. For example,
in breast cancers, Aurora-A is amplified in 12% of cases whereas it is overexpressed in 98%
of cases. The discrepancy between overexpression and amplification suggests that elevated
Aurora-A levels are likely mediated through other mechanisms such as post-translational
modifications. In this study, we demonstrate that two tumor suppressor genes, Fbxw7 and
Pten, regulate Aurora-A levels in a post-translational manner.

Our results reveal that Aurora-A is targeted for ubiquitin-dependent degradation by FBXW7
in a process that is regulated by GSK3β. A recent study showed that overexpression of
Aurora-A in AGS and SNU1 gastric cancer cells led to increased phosphorylation and
inactivation of Gsk3β (24), suggesting that a positive feedback loop exists between Gsk3β
and Aurora-A. This process may be mediated through Akt since it has been shown that
Aurora-A can activate Akt through phosphorylation (24, 25). As a result, it is possible that
Aurora-A activates Akt followed by Akt inactivation of Gsk3β resulting in the increase of
Aurora-A levels. Furthermore, based on our results that Pten negatively regulates Aurora-A
through AKT/GSK3β, together with the recent report by Taga et. al. (26) that long-term
overexpression of Aurora-A in cells leads to degradation of Pten, it appears that yet another
layer of positive feedback may be operating within this complex signaling network
(Supplementary Figure S3).

Unlike other FBXW7 targets, the consensus CDC4 phosphodegron motif was not found in
Aurora-A. Using a series of Aurora-A truncated proteins, we have now identified residues
202 to 230 of the Aurora-A as the minimal region required for binding to FBXW7, which is
located within Aurora-A catalytic domain. Moreover, the residues T217/E221 have been
defined critical for binding to FBXW7 as our results showed that mutation of these two
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residues totally abolished the interaction between Aurora-A and FBXW7. Interestingly,
recent studies showed that T217 is an important residue for developing small inhibitors that
are highly selective for targeting Aurora-A (27, 28).

In this study, we also found two GSK3β binding sites in Aurora-A. Our results indicate that
both sites are equivalently important for the interaction between Aurora-A and
GSK3βMutation of either site alone is insufficient to block their interaction. Surprisingly,
we found that the GSK3β binding sites in Aurora-A are distinct from the FBXW7 binding
site, which differs from what is found in other FBXW7 targets, such as c-Myc and CCNE1.
Mutation of the GSK3β binding sites within Aurora-A or pharmacologic inhibition of
GSK3β reduces the binding affinity between Aurora-A and FBXW7, suggesting that
GSK3β binding to Aurora-A promotes the interaction between Aurora-A and FBXW7.
Nevertheless, both GSK3β and FBXW7 binding sites play an equivalent role in degradation
of Aurora-A. Mutation of critical residues in either sites substantially stabilizes Aurora-A.

In conclusion, we have identified a novel interaction between the Fbxw7 and Pten tumor
suppressor pathways that controls the levels of the oncoprotein Aurora-A kinase. We show
that Fbxw7 degrades Aurora-A through physical interaction. Like most of the other known
Fbxw7 substrates, ubiquitination of Aurora-A by Fbxw7 is a GSK3β-dependent event.
Furthermore, we demonstrate that loss of Pten also increases the stability of Aurora-A
through the Akt/GSK3β pathway. Using a genetic mouse model, we report that mice
heterozygous for both Fbxw7 and Pten have significantly reduced tumor latency compared
to mice heterozygous for either Fbxw7 or Pten, and normal tissues from Fbxw7+/− or Pten+/−

mice have higher protein levels of Aurora-A than the equivalent tissue from wild-type mice.
Moreover such higher starting levels of endogenous Aurora-A protein sustained in the
tumors generated from Fbxw7+/− and Fbxw7+/−Pten+/− mice and in most of tumors from
Pten+/− mice. In view of the toxicity of presently available inhibitors of Aurora-A kinase in
clinical trials, these findings may lead to the design of alternative approaches to manipulate
the levels of Aurora-A kinase protein for cancer therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aurora-A interacts with FBXW7 and GSK3β. (A and B) Coimmunoprecipitation of Flag-
tagged Aurora-A and HA-tagged FBXW7 in transiently transfected 293T cells.
Immunoprecipitations were performed with either (A) anti-Flag or (B) anti-HA antibodies.
Immunoprecipitates were fractionated by SDS-PAGE and subsequently immunoblotted with
(A) anti-HA or (B) anti-Flag antibodies. Coimmunoprecipitation of endogenous GSK3β was
also detected using anti-GSK3β antibody. Lower panel shows the input levels of FBXW7,
GSK3β and Aurora-A in the lysates. (C) Coimmunoprecipitation of HA-tagged FBXW7
with endogenous Aurora-A. 293T cells were transiently transfected with HA-tagged
FBXW7. Immunoprecipitation was performed with anti-HA antibody and subsequently
immunoblotted with anti-Aurora-A antibody. Lower panel shows the input levels of
FBXW7 and Aurora-A in the lysates. All results are representative of three independent
experiments.
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Figure 2.
Aurora-A ubiquitination is Fbxw7-dependent. (A) NIH3T3 and C5N cells show increased
endogenous Aurora-A levels upon treatment with proteasome inhibitor MG132. (B)
HCT116 FBXW7 WT and HCT116 FBXW7−/− cells were transfected with HA-ubiquitin.
Immunoprecipitation of HA followed by Western blot analysis of Aurora-A showed that
ubiquitination of Aurora-A was only seen in the HCT116 FBXW7 WT cells (column 2), and
not in HCT116 FBXW7−/− cells (column 4). All results are representative of three
independent experiments.
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Figure 3.
GSK3β regulates the ubiquitination and degradation of Aurora-A by Fbxw7. (A) NIH3T3
and C5N cells show increased Aurora-A levels upon treatment with Gsk3βinhibitor VIII.
(B) NIH3T3 cells transfected with Flag-tagged Aurora-A show increased endogenous and
exogenous Aurora-A levels upon treatment with MG132. Further increase in Aurora-A
levels is observed when cells were treated with both MG132 and Gsk3β inhibitor VIII. (C)
Gsk3β inhibitor VIII treatment stabilizes Aurora-A protein. CHX indicates hours post
cycloheximide treatment. (D) Quantification of Aurora-A protein levels shown in panel (C).
(E) Gsk3β inhibitor VIII treatment dramatically reduces ubiquitination of Aurora-A. All
results are representative of three independent experiments.
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Figure 4.
Identification of the FBXW7-binding site within Aurora-A. (A) Schematic representation of
full length Aurora-A and its truncated forms that were tested for their ability to bind Fbxw7.
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Numbers in brackets indicate the amino acids that comprise the various truncated Aurora-A
proteins. “+” indicates that the truncated Aurora-A is able to bind to FBXW7 or GSK3β
while “−” indicates that the truncated Aurora-A is unable to bind to FBXW7 or GSK3β. (B)
Coimmunoprecipitation of the truncated forms of Flag-tagged Aurora-A with either HA-
tagged Fbxw7 or GSK3β. HA-tagged FBXW7 and truncated forms of Flag-tagged Aurora-A
were expressed in 293T cells, followed by immunoprecipitation with anti-Flag antibodies
and immunoblotting with antibodies against HA or GSK3β. Lower panel shows the input
levels of GSK3β, FBXW7, and Aurora-A proteins in the lysates. (C) Potential FBXW7-
binding sites within Aurora-A. Numbers indicate the amino acid residues that were
substituted with alanines to generate the corresponding mutant Aurora-A. (D)
Coimmunoprecipitation of HA-tagged Fbxw7 with wild type or mutant forms of Flag-tagged
Aurora-A in transiently transfected 293T cells. Immunoprecipitations were performed with
anti-Flag antibody and subsequently immunoblotted with anti-HA antibodies. Lower panel
shows the input levels of FBXW7 and Aurora-A proteins in the lysates.
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Figure 5.
Identification of GSK3β–binding sites within Aurora-A. (A) Potential GSK3β binding sites
within Aurora-A. Numbers indicate the amino acid residues that were substituted with
alanines to generate the corresponding mutant Aurora-A. (B) Coimmunoprecipitation of
endogenous GSK3β with wild type or mutant forms of Flag-tagged Aurora-A in transiently
transfected 293T cells. Immunoprecipitations were performed with anti-Flag antibody and
subsequently immunoblotted with anti-GSK3β antibodies. Lower panel shows the input
levels of GSK3β and Aurora-A proteins in the lysates. (C) Mutations at the Fbxw7- and
GSKβ-binding sites within Aurora-A result in increased levels of Aurora-A. This effect is
abolished in the presence of proteasome inhibitor MG132.
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Figure 6.
Pten regulates Aurora-A by attenuating Aurora-A degradation by Fbxw7. All results are
representative of three independent experiments. (A) shRNA knockdown of PTEN results in
higher levels of Aurora-A in both NIH3T3 and C5N cells. (B) Upon treatment with Gsk3β
inhibitor VIII, Aurora-A levels remain the same following shRNA knockdown of PTEN in
NIH3T3 cells. (C) shRNA knockdown of PTEN stabilizes Aurora-A. CHX indicates hours
post cycloheximide treatment. (D) Quantification of Aurora-A levels shown in panel (C).
(E) shRNA knockdown of PTEN abolishes ubiqutination of Aurora-A.
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Figure 7.
Pten interacts with Fbxw7 in suppressing radiation-induced tumorigenesis. (A) Radiation-
induced tumor latency is significantly shortened in Fbxw7±Pten+/− mice as compared to
either Fbxw7+/− or Pten+/− mice. Wild-type (open squares; n=30), Fbxw7+/− Pten+/− (open
circles; n=24), Fbxw7+/−Pten+/+ (open triangles; n=26), and Fbxw7+/+Pten+/− (open
diamonds; n=31) mice were exposed to a single dose of 4 Gy whole body γ irradiation at 5
weeks of age and followed up for 65 weeks post-radiation. (B) Western blot showing
increased Aurora-A level when deletion of one copy of either Fbxw7 or Pten in normal
thymus, spleen, lung and liver tissue. (C) Detection of Aurora-A protein level in radiation-
induced tumors from Fbxw7+/−, Pten+/− and Fbxw7+/−Pten+/− mice by Western blotting.
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