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Introduction

One of the most critical events during cellular mitosis is mitotic 
spindle formation and proper chromosome segregation.1,2 
During this process, spindle checkpoint proteins ensure the 
correct distribution of sister chromatids in anaphase before the 
completion of cytokinesis by abscission.3,4 Among the network 
of regulatory proteins involved in spindle formation, several 
serine/threonine protein kinases play an essential role in phos-
phorylating structural and motor proteins required for bipolar 
spindle formation.5 Due to their important roles in mitosis, 
Aurora family members Aurora A and Aurora B were exten-
sively studied in the last decade.6 Aurora B kinase is a multi-
role protein that localizes at different cell organelles. Aurora B 
has been shown to localize at the mitotic chromosome, specifi-
cally associating with kinetochores in metaphase, but dislocates 
at anaphase and later accumulates on the midzone and mid-
body.7,8 Aurora A, however, only localizes to centrosomes and 
the mitotic spindle during mitosis.9 The function of Aurora A is 
also drastically different from Aurora B; previous studies have 
shown that the major role of Aurora A is mitotic spindle for-
mation, chromosome alignment and separation.10 Mammalian 
cells are extremely sensitive to Aurora A modulation, as chemi-
cal inhibition or siRNA knockdown of Aurora A lead to similar 
phenotypes, including chromosomal misalignment and cytoki-
nesis failure.11-13

Aurora A is modulated and regulated by a variety of post-
translational modifications, such as phosphorylation, dephos-
phorylation and, perhaps most importantly, ubiquitination.14 
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Unlike Aurora B kinase, which is degraded by the proteasome 
via many ubiquitin E3 ligases, including the anaphase-promot-
ing complex (APC, Cdc27) pathway, BCR (KLHL9-KLHL13-
KLHL21) E3 ubiquitin ligase, CUL3/KLHL E3 ligase 
complex and BRCA1-associated ring domain protein E3 ligase 
(BRAD1), little is known regarding ubiquitin-mediated dis-
posal of Aurora A.7,15-19 There are many studies on SCF E3 
ligase (Skp-Cullin1-F-box protein) complex functions during 
mitosis, especially with regard to centrosome expression, rais-
ing the possibility that this E3 ligase family targets Aurora A. 
For example, the SCFβ-trcp complex has roles in centrosome 
stability and mitotic progression;20,21 SCFFBXL17 complex is 
involved in cell cycle regulation during male gametogenesis in 
Arabidopsis thaliana;22 SCFcyclinF complex controls centrosome 
homeostasis and mitotic fidelity through CP110 degradation,23 
and SCFFBXW5 E3-ubiquitin ligase targets HsSAS-6 to control 
centrosome duplication.24 However, thus far, only one special-
ized ubiquitin ligase, APC/Cdh1, has been shown to ubiquiti-
nate Aurora A. There are two signal motifs within the Aurora A 
primary sequence: the destruction box (D-box) and the three 
residue KEN signatures, both of which are well-characterized 
APC targeting signals.25 The SCF machinery has a catalytic core 
complex consisting of Skp1, Cullin1 and the E2 ubiquitin-con-
jugating (Ubc) enzyme.26,27 The SCF complex also contains an 
adaptor subunit, termed F-box protein, that targets hundreds of 
substrates through phosphospecific domain interactions.28 F-box 
proteins have two domains: an NH

2
-terminal F-box motif and 

a C-terminal leucine-rich repeat (LRR) motif or WD repeat 
motif. The SCF complex uses the F-box motif to bind Skp1, 
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Results

Ectopic expression of FbxL7 induces the polyubiquitination 
and degradation of Aurora A in the proteasome. We first screened 
18 novel F-box proteins that might be involved in Aurora A deg-
radation. As shown in Figure 1A and b, 18 randomly selected 
F-box proteins (FBXL, FBXW family members) were ectopi-
cally expressed in a transformed murine lung epithelial (MLE) 
cell line. Twenty-four h later, cells were collected, and cell lysates 
were analyzed for expression of F-box protein and endogenous 
Aurora A. Interestingly, compared with all other F-box proteins, 
only expression of FBXL7 decreased Aurora A steady-state lev-
els. We next examined Aurora A half-life after FBXL7 knock-
down. Knockdown of FBXL7 markedly increased Aurora A t

1/2
 

(Fig. 1C). We also observed extended Aurora A t
1/2

 upon protea-
somal inhibitor MG132 treatment (Fig. 1D). To further evaluate 
this, cells were transfected with increasing amounts of FBXL7 
plasmid, as shown in Figure 1E. Aurora A was degraded in a 

whereas the leucine-rich/WD repeat motif is used for substrate 
recognition.29 Of the nearly 70 F-box proteins described, only a 
few of them have defined roles in cellular processes.30 In fact, our 
recent study showed that another novel F-box protein, FBXL2, 
regulates CDK11p58 kinase, PLK4 and Aurora A kinase local-
ization on the centrosome.31 However, a single F-box protein 
appears to target many substrates, and a single protein can be 
targeted by multiple E3 ligases that could potentially modulate 
mitotic progression.

Herein, we uncovered an orphan protein, FBXL7, which 
displays E3 ligase activity. We demonstrate that FBXL7 over-
expression leads to Aurora A ubiquitination and its subsequent 
degradation in a SV40 tumorogenic cell line, resulting in G

2
/M 

arrest. Interestingly, FBXL7 colocalizes with Aurora A through-
out the cell cycle but only binds and ubiquitinates Aurora A dur-
ing mitosis. FBXL7-mediated ubiquitination and depletion of 
centrosomal Aurora A disrupts normal mitotic spindle formation, 
thereby resulting in mitotic arrest and apoptosis.

Figure 1. ectopic expression of FBXL7 induces the polyubiquitination and degradation of aurora a. (a and B) MLe cells were transfected with 18 V5 
tagged F-box proteins including 9 of each FBXL and FBXW family members. Cells were collected and cell lysates were analyzed for V5, aurora a and 
β-actin immunoblotting (n = 2). (C) aurora a protein half-life determination after FBXL2 knockdown using FBXL7 siRNa or scrambled RNa [CoN] (n = 
2). (D) aurora a protein half-life determination after MG132 treatment (n = 2). (e) MLe cells were transfected with increasing amounts of FBXL7 plasmid. 
Cells were collected and cell lysates were analyzed for V5, aurora a and β-actin by immunoblotting (n = 3). (F) MLe cells were transfected with an 
inducible FBXL7 plasmid under control of exogenous doxycycline. Cells were treated with doxycycline for various times, cells were then collected and 
cell lysates were analyzed for FBXL7, aurora a and β-actin by immunoblotting. (G) In vitro ubiquitination assays. purified sCFFBXL7 or purified sCFFBXL18 
were incubated with purified aurora a or purified aurora B and the full complement of ubiquitination reaction components.
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upon FBXL7 overexpression, ~30% of cells contained two or 
more nuclei 24 h after quantitative analysis.

Overexpression of FbxL7 induces apoptosis and decreases 
proliferation. We investigated FBXL7 effects on cell prolifera-
tion first using human adenocarcinoma cells (A549) and then 
extended studies using transformed MLE cells. A plasmid encod-
ing FBXL7 was first overexpressed in A549 cells in a dose-depen-
dent manner; cells were collected and stained with Annexin V, 
a marker of apoptosis, prior to FACS analysis (Fig. 3A and C). 
The results indicate that expression of FBXL7 induces a 3-fold 
increase in apoptotic cells (40% vs. 13% in control). To fur-
ther test this, pTRE-FBXL7 and pTET-advanced plasmids were 
co-transfected in A549 cells; 24 h after transfection, cells were 
treated with doxycycline for an additional 24 h. Cells were then 
collected and stained with Annexin V, a marker of apoptosis 
prior to FACS analysis (Fig. 3b and D). The results indicate 
that expression of FBXL7 induces a 3-fold increase in apoptotic 
cells (44% vs. 12% in control). We also performed a prolifera-
tion study, where MLE cells were transfected with either empty 
plasmid or a plasmid encoding FBXL7. Viable cells were counted 
using trypan blue staining at indicated time points and quanti-
fied, showing that overexpression of FBXL7 markedly inhibited 
the growth of cells in culture (Fig. 3E).

FbxL7 and Aurora A colocalize within the centrosome dur-
ing mitosis. To confirm the specific localization of Aurora A and 

dose-dependent manner in correlation with FBXL7 overexpres-
sion. FBXL7 was also expressed in MLE cells using a doxycycline-
inducible plasmid; Aurora A was degraded in a time-dependent 
manner in correlation with doxycycline treatment (Fig. 1F). To 
confirm the specificity of FBXL7 targeting, we performed an in 
vitro ubiquitination assay using purified Aurora A as a substrate. 
Importantly, inclusion of purified SCFFBXL7 with the full comple-
ment of E1 and E2 enzymes plus ubiquitin was sufficient to gen-
erate polyubiquitinated Aurora A species in vitro (Fig. 1G,  upper 
left). The level of Aurora A ubiquitination also displayed increases 
in a dose-dependent manner with purified SCFFBXL7 (Fig. 1G, 
lower left). As specificity controls, FBXL7 did not induce polyu-
biquitination of Aurora B (Fig. 1G, upper right). Also, a randomly 
selected F-box protein FBXL18 did not ubiquitinate Aurora A 
under similar experimental conditions (Fig. 1G, lower right).

Overexpression of FbxL7 induces G
2
/m-phase accumu-

lation and polyploidy. First, MLE cells were transfected with 
FBXL7, then cells were labled with BrdU and harvested for pro-
cessing by two-color FACS (Fig. 2A and b). The results indi-
cate a significant increase in a cell poplulation within the G

2
/M 

phase that accumulated over time (35% vs. 15% in control cells). 
Interestingly, overexpression of FBXL7 tended to reduce the dip-
loidal cell population and increase the number of polyploidal cells 
(Fig. 2C, red arrow). We also observed that ectopically expressed 
FBXL7 induced binucleate cell formation (Fig. 2D). Specifically, 

Figure 2. overexpression of FBXL7 induces G2/M phase arrest and polyploidy. (a–C) Cell cycle analysis. MLe cells were transfected with 5 μg of control 
plasmid or FBXL7 plasmid for 24 h, cells were analyzed by BrdU uptake and 7-aaD staining, 2n, 4n and 8n DNa contents were then quantitated and 
graphed after expression of FBXL7. Red arrow indicates 8N DNa. Results from (a–C) are representative of 1 experiment, where consistency was seen 3 
times (n = 3). (D) Multi-nucleate cells (arrows, middle part) after FBXL7 overexpression were quantified and graphed (right). White scale bar indicates 25 
μm. (n = 150 cells, *p < 0.05 vs. con).
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and b). FRET is indicative of protein interaction between two 
partners when the donor emission (CFP) signal increases after 
a nearby acceptor fluorophore (YFP) is inactivated by irrevers-
ible photobleaching. The emission fluorescence of both the donor 
CFP-Aurora A and acceptor YFP-FBXL7 before and after accep-
tor photobleaching, are shown; the region of interest around the 
centrosome is marked (red arrow) (Fig. 5A and b, upper images 
and lower plots). The results from three independent experi-
ments indicate that upon bleaching, there is decreased accep-
tor fluorescence (YFP-FBXL7) coupled with increased donor 
emission fluorescence (CFP-Aurora A), consistent with FBLX7 
interaction with Aurora A while the cell is in mitosis (i.e., meta-
phase) (Fig. 5A). However, when cells are in interphase, although 
both CFP-Aurora A and YFP-FBXL7 still colocalize within the 
centrosome, we do not observe the increase in donor emission 
fluorescence (CFP-Aurora A) upon photobleaching the acceptor 

FBXL7 in cells, we first transfected MLE cells with only 2 μg 
of FBXL7-YFP plasmid (to limit mitotic arrest), then co-stained 
synchronized cells with antibodies to Aurora A and the centro-
somal marker, γ-tubulin. Cells were also counterstained with 
DAPI to visualize DNA. Aurora A antibody decorated cells in 
a punctate pattern but with specific localization within the cen-
trosome throughout mitosis. Interestingly, YFP-labeled FBXL7 
decorated cells with specific localization within the centrosome 
from prometaphase to telophase. Hence, Aurora A and FBXL7 
colocalize on the centrosome during key phases of the mitotic 
program (Fig. 4).

FbxL7 binds and depletes Aurora A on the centrosome. 
Next, we examined whether FBXL7 engages Aurora A specifi-
cally during mitosis. CFP-Aurora A (green) and YFP-FBXL7 
(red) were co-transfected into cells. Cells were analyzed by fix-
ing followed by irreversible photobleaching using FRET (Fig. 5A 

Figure 3. overexpression of FBXL7 induces apoptosis and decreases cell proliferation. (a–C) FaCs analysis of a549 cells transfected with either empty 
vector or FBXL7 plasmid in a dose dependent manner, viable cells were quantified and graphed in C (n = 3). (B) a549 cells were transfected with an in-
ducible FBXL7 plasmid under control of doxycycline (DoX) for 24 h. Cells were treated with or without doxycycline for additional 24 h. Cells were then 
collected and viable cells were quantified and graphed in D (n = 3). (e) proliferation assay. MLe cells were first transfected with 5 μg of either control or 
FBXL7 plasmid, and at each time point, cells were collected and stained with trypan blue; live cells were quantified and graphed (n = 3).
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mitotic abnormalities were also detected after FBXL7 expres-
sion (Fig. 6b). We observed the circular prophase configura-
tions (Fig. 6b, upper left part). One classic phenotype of the 
circular chromosome configuration is that circular figures are 
arranged on monopolar spindles around large centrosomes. We 
also observed polyploidy in cells during metaphase and anaphase, 
where multiple centrosomes were identified after FBXL7 expres-
sion (Fig. 6b, upper part). Events were quantified in which num-
bers of mitotic cells with both monopolar or multipolar spindles 
with lagging chromosomes significantly increased after FBXL7 
expression (Fig. 6C).

Discussion

Cellular mitosis requires highly concerted actions within a net-
work of regulatory proteins involved in cell cycle progression and 
proteolysis to ensure proper chromosomal segregation. As dys-
regulated mitotic events are linked to neoplasia, it is reasonable 
that one of these regulatory proteins might serve as a potential 
target for chemotherapeutic intervention. Due to the important 
role of Aurora A during mitosis, its robust expression in many 
types of cancer with high proliferative rates and its link to poor 
outcomes in patients with cancer, results of these studies sug-
gest a potential role for Aurora A small-molecule inhibitors.32-34 
One advantage of using Aurora A inhibitors with chemothera-
peutic agents is their selectively toward dividing cells, therefore 

YFP-FBXL7 (Fig. 5b). Together, these results suggest that molec-
ular interactions between FBXL7 and Aurora A during mitosis 
may regulate FBXL7-mediated Aurora A ubiquitination and deg-
radation. These single cell interaction studies were supplemented 
with co-immunoprecipitation experiments. MLE cells were 
lysed and subjected to FBXL7 immunoprecipitation (i.p.), and 
Aurora A was detected in FBXL7 immunoprecipitates by immu-
noblotting (Fig. 5C). The results suggest that FBXL7 interacts 
with Aurora A in cells. Last, we investigated effects of FBXL7 
overexpression on Aurora A labeling on the centrosome. MLE 
cells were transfected with either empty plasmid or a plasmid 
encoding FBXL7; cells were then immunostained with Aurora A 
and γ-tubulin. Overexpression of FBXL7 specifically depleted 
Aurora A within the centrosome (Fig. 5D). Quantification of 
Aurora A fluorescent intensity on the centrosome indicated that 
FBXL7 expression decreased Aurora A levels by ~65% (Fig. 5E).

Overexpression of FbxL7 causes centrosomal and mitotic 
aberrations. Next, we examined the integrity of the centro-
some and mitotic spindles after expression of FBXL7. We first 
investigated the subcellular localization of FBXL7 upon vigor-
ous transfection (6 μg of FBXL7-YFP plasmid). MLE cells were 
co-stained with antibody to α-tubulin to visualize the mitotic 
spindle. Interestingly, we observed that YFP-labeled FBXL7 not 
only localizes within the centrosome throughout mitosis, but 
also specifically appears on the tubulin spindle structure during 
metaphase (Fig. 6A). Abnormal cells with several representative 

Figure 4. FBXL7 and aurora a colocalize within the centrosome during mitosis. MLe cells (2 x 105) were first transfected with 2 μg of YFp-FBXL7 plas-
mid (green) before being plated for 48 h; cells were then washed with pBs and fixed with 4% paraformaldehyde for 20 min. Cells were immunostained 
for γ-tubulin (blue) and aurora a (red). Nuclei were counterstained using DapI (white). Green: FBXL7, Red: aurora a, Blue: γ-tubulin and White: DapI. 
White scale bar indicates 10 μm.
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mitosis but not in interphase (Fig. 5A and b). Thus the SCFFBXL7 
complex targeting Aurora A during mitosis might be an exqui-
site mechanism to balance Aurora A levels, thereby regulating 
cell division. To further support this hypothesis, we analyzed 
mRNA levels of FBXL7 in cancer subjects through Genecards 
(www.genecards.org). Of note, in many types of cancer (hepatic, 
lung, ovary and testicular), FBXL7 expression is strongly sup-
pressed in affected subjects compared with matched controls 
(data not shown). These observations further implicate FBXL7 
as an authentic regulator of the mitotic program and provide one 
possible explanation for elevated immunoreactive Aurora A levels 
in many types of cancer.

Thus far, prior studies have not evaluated the F-box protein, 
FBXL7 and its potential substrates. Here, FBXL7 has a specifc 
target, Aurora A, within the centrosome. Although Aurora B 
shares a certain degree of sequence similarity with Aurora A, we 
did not observe Aurora B ubiquitination by SCFFBXL7 (Fig. 1G). 
Interestingly, our previous studies suggest that FBXL2 colocal-
izes with cyclin D3 within the centrosome;31 however, we did 

reducing the severity of adverse side effects compared with tra-
ditional anticancer agents. The results from this study provide 
the first evidence that overexpression of F-box protein FBXL7 
appears to impair mitosis and thus might serve as a key growth 
inhibitory signal. We demonstrate that one mechanism whereby 
FBXL7 might induce mitotic arrest is by Aurora A depletion, 
leading to absence of its interactions with critical downstream 
effectors that assemble within the centrosomal-mitotic apparatus. 
Thus, FBXL7 small-molecule mimics might eventually provide a 
new strategy in neoplastic therapy.

During mitosis, there are many proteins involved in the 
spindle assembly checkpoint, which ensures the correct distri-
bution of sister chromatids in anaphase before completion of 
cytokinesis by abscission.35,36 Our data show for the first time 
that both Aurora A and FBXL7 are localized within the cen-
trosome from prometaphase to telophase during mitosis (Fig. 
4), and that expression of FBXL7 reduces Aurora A expression 
within this organelle (Fig. 5D and E). Interestingly, our FRET 
experiment suggests that FBXL7 only engages Aurora A during 

Figure 5. FBXL7 binds and depletes aurora a on the centrosome. (a and B) MLe cells were co-transfected with CFp-aurora a and YFp-FBXL7 for 48 h, 
cells were washed with pBs and fixed with 4% paraformaldehyde for 20 min and observed using a confocal microscope. FBXL7-aurora a interaction 
at the single cell level was imaged using laser-scanning microscopy before and after photobleaching ((a) Mitosis. (B) Interphase). shown in the upper 
sets of parts is single cell imaging before and after acceptor photobleaching fluorescence with intensities of YFp and CFp in parts. Bottom, the same 
FRet in each part was confirmed quantitatively and shown graphically. (C) MLe cells were collected and lysed followed by co-immunoprecipitation of 
endogenous FBXL7 and then aurora a immunoblotting. (D) MLe cells were transfected with FBXL7 for 48 h. Cells were then washed with pBs and fixed 
with 4% paraformaldehyde for 20 min. Cells were co-immunostained for γ-tubulin and aurora a. Cells were counterstained with DapI to visualize the 
nucleus. White scale bar indicates 10 μm. (e) Fluorescent intensity of centrosomal aurora a levels within cells was quantified using imageJ software 
and graphed (n = 25).
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Aurora A antibodies were from Abcam. Lipofectamine 2000, 
mouse monoclonal V5 antibody, DAPI nuclear staining kits, 
pcDNA3.1D cloning kit, E. coli One Shot Top10 competent cells, 
pENTR Directional TOPO cloning kits and Gateway mam-
malian expression system were from Invitrogen. FACS kit was 
purchased from BD Biosciences. pTRE, pTET-advanced, YFP 
plasmid and doxycycline were from Clontech. The F-box pro-
teins cDNA was purchased from OpenBiosystems. Nucleofector 
transfection kits were from Amaxa. Cell viability based on 
Annexin V staining was assayed using an Annexin V kit from 
Roche. All DNA sequencing was performed by the University of 
Pittsburgh DNA Core Facility.

Cell culture. MLE cells were cultured in Dulbecco’s modi-
fied Eagle medium-F12 (Gibco) and supplemented with 10% 
fetal bovine serum (DMEM-F12 10%). A549 cells were cultured 
in MEM (Gibco) supplemented with 10% fetal bovine serum 
(MEM-10). Cells in some studies were synchronized using serum 
starvation (DMEM-F12) for 48 h or treatment with nocodazole 
or aphidicolin. Cells lysates were prepared by brief sonication in 
150 mM NaCl, 50 mM Tris, 1.0 mM EDTA, 2 mM dithioth-
reitol, 0.025% sodium azide and 1 mM phenylmethylsulfonyl 
fluoride (Buffer A) at 4°C.

In vitro ubiquitin conjugation assay. The ubiquitination of 
purified Aurora A was performed in a volume of 25 μl containing 
50 mM Tris pH 7.6, 5 mM MgCl

2
, 0.6 mM DTT, 2 mM ATP, 

1.5 ng/μl E1, 10 ng/μl Ubc5, 10 ng/μl Ubc7, 1 μg/μl ubiqui-
tin (Calbiochem), 1 μM ubiquitin aldehyde, 4–16 μl of purified 
Cullin1, Skp1, Rbx1 and FBXL7. Reaction products were then 
processed for Aurora A immunoblotting.

Expression of recombinant protein. All plasmids were deliv-
ered into cells using nucleofection or lipofectamine 2000.39,40 

not observe Aurora A degradation upon FBXL2 overexpression 
either. These studies suggest that SCF-based E3 ligases have very 
specific substrates. Aurora A exhibits an extended half-life upon 
FBXL7 knockdown, which further supports that this F-box pro-
tein controls local concentrations of Aurora A in cells. However, 
we also observe that FBXL7 localizes within the midbody region 
at the end of telophase (Fig. 4, last part). Moreover, overexpressed 
FBXL7 is associated with the microtubular bundle within the 
mitotic spindle (Fig. 6A). Thus, we cannot rule out that FBXL7 
might have other important substrates during mitotic events.

In conclusion, our data suggest that the SCF-based E3 ligase 
subunit FBXL7 localizes at the centrosome during mitosis. This 
E3 ligase component ubiquitinates and degrades Aurora A in 
vitro and likely within the centrosome during cellular division; 
further depletion of Aurora A by FBXL7 overexpression leads to 
G

2
/M-phase arrest and mitotic abnormalities. Although exactly 

how FBXL7 translocates to the centrosome, its recognition sig-
nals and regulation will require investigation, this study provides 
a springboard for additional work on the molecular regulation 
of Aurora A in mitosis. We speculate that Aurora A targeting by 
the SCFFBXL7 complex during the transition to mitosis might be 
a fundamental mechanism to balance Aurora A levels, thereby 
regulating cell proliferation.

Methods and Materials

materials. The sources of the transformed murine lung epithe-
lial (MLE) cell line and A549 cell line were described previously 
in references 37 and 38. Purified SCFFBXL7 was purchased from 
Abnova. MG132, purified ubiquitin, E1, E2 were purchased from 
Calbiochem. Purifed Aurora A protein, γ-tubulin, α-tubulin and 

Figure 6. overexpression of FBXL7 causes centrosomal and mitotic aberrations. (a) MLe cells (2 x 105) were plated and transfected with YFp-FBXL7 
(6 μg plasmid) for 48 h. Cells were then immunostained for α-tubulin and counterstained with DapI to visualize the nucleus. White arrows represent 
cells in mitotic arrest with abberant centrosomes. (B) MLe cells (2 x 105) were plated and transfected with FBXL7 (6 μg plasmid) for 48 h. Cells were then 
immunostained for γ-tubulin and counterstained with DapI to visualize the nucleus. specific chromosomal anomalies are presented. (C) 100 cells from 
three individual experiments were counted from experiments in (B) for abnormal centrosomal phenotypes and are presented graphically. White scale 
bar indicates 10 μm. *p < 0.05 vs. CoN.
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