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Introduction

Cellular mitosis requires highly concerted actions of a network 
of regulatory proteins involved in cell cycle progression and pro-
teolysis to ensure proper chromosomal segregation. For example, 
D-type cyclins are needed for G

1
/S cell cycle progression by inter-

acting with cyclin-dependent kinases (Cdk 2, Cdk 4, Cdk 5 and 
Cdk 6).1 Specifically, active cyclin D/Cdk 4 and cyclin D/Cdk 6 
partially phosphorylate retinoblastoma tumor suppressor protein 
(Rb), thereby reducing its binding to E2F. This promotes cell 
progression to the S phase by allowing E2F-mediated activation 
of cyclin E gene transcription.2,3 Of the three major cyclin D 
family members (cyclin D1, cyclin D2 and cyclin D3), cyclin D1 
has been well-studied, especially with regard to its role in G

1
/S-

phase progression and in multi-organ tumorogenesis.4-6 Cyclin 
D1 protein is destabilized by a process involving its ubiquitina-
tion and proteosomal degradation. In particular, the F-box pro-
teins within the SCF (Skp1-Cullin1-F-box) E3 ligase ubiquitin 
complex (FBXO4, FBXW8 and FBXO31) directly associate with 
and ubiquitinate cyclin D1.7-9 Unlike cyclin D1, less is known 
regarding the function and molecular control of cyclin D2 and 
cyclin D3. Cyclin D2 and cyclin D3 appear to display other roles 
in cellular division and intracellular signaling in addition to 
G

1
/S-phase transition.10 Cyclin D3 appears unique in that it also 

partakes in G
2
/M-phase transition by interacting with CDK11p58 

kinase during cell cycle progression.11 CDK11p58 promotes centro-
some maturation and bipolar spindle formation, and its interac-
tion with cyclin D3 preserves CDK11p58 activity. Thus, the cyclin 
D3-CDK11p58 interaction appears to be vital during mitosis, and 
its abrogation could lead to G

2
 arrest.11,12

Mitotic progression is regulated by ubiquitin E3 ligase complexes to carefully orchestrate eukaryotic cell division. Here, 
we show that a relatively new E3 ligase component belonging to the SCF (Skip-Cullin1-F-box protein) E3 ligase family, 
SCFFBXL2, impairs cell proliferation by mediating cyclin D3 polyubiquitination and degradation. Both cyclin D3 and FBXL2 
colocalize within the centrosome. FBXL2 overexpression led to G2/M-phase arrest in transformed epithelia, resulting in 
the appearance of supernumerary centrosomes, tetraploidy and nuclei where condensed chromosomes are arranged 
on circular monopolar spindles typical of mitotic arrest. RNAi-mediated knockdown of cyclin D3 recapitulated effects of 
SCFFBXL2 expression. SCFFBXL2 impaired the ability of cyclin D3 to associate with centrosomal assembly proteins [Aurora A, 
polo-like kinase 4 (Plk4), CDK11]. Thus, these results suggest a role for SCFFBXL2 in regulating the fidelity of cellular division.
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The SCF superfamily of ubiquitin E3 ligase proteins appear 
to be fundamentally involved in regulating cell cycle progression 
and mitosis.13-15 The SCF machinery consists of a catalytic core 
comprised of Skp1, Cullin1 and the E2 ubiquitin-conjugating 
(Ubc) enzyme.16,17 Within the SCF complex is a key receptor sub-
unit, termed F-box protein, that binds to its substrates, usually 
through phosphospecific domain interactions.18 Of the nearly 70 
F-box proteins described, only ~6 have defined roles in cellular 
processes.19 Of note, the gene encoding the orphan F-box protein 
FBXL2 was strongly repressed in human lung adenocarcinoma.20 
After its initial description,21 FBXL2 was shown to interact with 
the hepatitis C virus nonstructural protein 5A (NS5A), and this 
association was required for viral RNA replication.22 NS5A and 
the phospholipid biosynthetic enzyme cytidylyltransferase are the 
only known targets of FBXL2, and its effects within the mitotic 
pathway have not been investigated.23

Herein, we demonstrate that FBXL2 overexpression leads to 
cyclin D3 ubiquitination and its subsequent degradation in a 
SV40-tumorogenic cell line, resulting in mitotic arrest, an effect 
recapitulated by cyclin D3 knockdown. FBXL2 was localized to 
the centrosome, where it targets cyclin D3 for its ubiquitination. 
FBXL2-mediated ubiquitination and depletion of centrosomal 
cyclin D3 disrupted its association with CDK11p58 kinase and 
the multifunctional serine/threonine kinase, Aurora kinase, thus 
resulting in mitotic arrest.

Results

Overexpression of FBXL2 induces G
2
/M arrest and polyploidy 

by degrading cyclin D2 and cyclin D3. We investigated FBXL2’s 
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two-color FACS after various times. The results indicate a signifi-
cant increase in a cell poplulation within the G

2
/M phase, which 

accumulated over time. Interestingly, overexpression of FBXL2 
tended to reduce the diploidal cell population and increase num-
bers of polyploidal cells in a time-dependent manner (Fig. 1C). 
To investigate the mechanism by which FBXL2 induced G

2
/M 

arrest, we analyzed immunoreactive levels of cell cycle regulatory 
proteins after FBXL2 overexpression. Overexpression of the SCF 
subunit markedly reduced the levels of cyclin D2 and cyclin D3, 
two G

1
/S-phase regulators (Fig. 1D). In contrast, levels of other 

G
1
 cyclins and the G

2
/M regulators cyclin A and cyclin B were 

unaffected. FBXL2 overexpression did not alter levels of other 

effects on cell proliferation, first using human adenocarcinoma 
cells (A549) and then extended studies using a transformed 
murine lung epithelial (MLE) cell line. A plasmid encoding 
FBXL2 was first overexpressed in A549 cells, and after various 
times, cells were collected and stained with Annexin V, a marker 
of apoptosis, prior to FACS analysis (Fig. 1A). To assess endog-
enous FBXL2, A549 cells were transfected with either scrambled 
RNA or siRNA targeting FBXL2, and cells were processed simil-
iarly (Fig.  1B). The results indicate that expression of FBXL2 
reduces cell numbers, whereas knockdown of FBXL2 increased 
numbers of viable cells. Next, MLE cells were transfected with 
FBXL2, labled with BrdU and harvested for processing by 

Figure 1. Overexpression of FBXL2 induces G2/M arrest by selectively degrading cyclin D2 and cyclin D3. (A) FACS analysis of A549 cells transfected 
with either empty vector or FBXL2 plasmid; viable cells were quantified and graphed (n = 3). (B) FACS analysis of A549 cells transfected with either 
scrambled RNA or FBXL2 siRNA; viable cells were quantified and graphed (n = 3). (C) Cell cycle analysis. MLE cells were transfected with FBXL2 and cells 
analyzed over time. At each time point, cells were analyzed by BrdU uptake and 7-AAD staining; 2n, 4n and 8n DNA contents were then quantitated 
and graphed after expression of FBXL2. (D) Immunoblotting showing levels of cyclins and negative control protein actin after control (CON) plasmid or 
FBXL2 expression (n = 2 experiments). (E) In vitro ubiquitination assay. Purified SCF complex, including FBXL2, were incubated with V5-cyclin D3 and 
the full complement of ubiquitination reaction components. Reactions products were processed for SDS-PAGE and immunoblotting.
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increased when cyclin D3 was depleted, mimicking effects of 
FBXL2 overexpression.

FBXL2 and cyclin D3 colocalize within the centrosome 
during mitosis. As expressed, FBXL2 appears to impair mitosis; 
we investigated its subcellular localization throughout the cell 
cycle. We co-stained synchronized MLE cells with antibodies 

Cdks or negative control proteins 
(data not shown). To confirm that 
FBXL2 is an authentic E3 ligase and 
that its ability to decrease cyclin D3 
mass may involve its ubiquitination, 
we conducted in vitro ubiquitina-
tion assays. Purified SCF complex, 
including FBXL2, was incubated 
with V5-cyclin D3 and the full com-
plement of ubiquitination reaction 
components. Importantly, SCFFBXL2 
with the full complement of E1 and 
E2 enzymes plus ubiquitin was suf-
ficient to generate polyubiquitinated 
cyclin D3 in vitro (Fig. 1E).

RNAi-mediated knockdown 
of cyclin D3 induces G

2
/M arrest 

and polyploidy. MLE cells were 
transfected with either scrambled 
RNA or siRNA targeting cyclin 
D2 or cyclin D3. 72  h later, cells 
were harvested, and lysates were 
resolved on SDS-PAGE prior to 
immunoblotting (Fig. 2A). In other 
experiments, cells were labled with 
BrdU and processed by two-color 
FACS. The results show that RNAi-
mediated knockdown of cyclin D3, 
but not cyclin D2, resulted in a sig-
nificant increase in a cell polulation 
within the G

2
/M phase (Fig. 2B). 

Specifically, cells within the G
2
/M phase from cyclin D2 siRNA 

treatment showed a slight increase (34%) compared with con-
trol cells (31%), whereas the G

2
/M-phase population from cyclin 

D3 siRNA showed a substantial increase (47%) compared with 
control. Interestingly, the proportion of polyploidal cells also 

Figure 2. RNAi-mediated knockdown of cyclin D3 induces G2/M arrest and polyploidy. (A) MLE cells were transfected with either scrambled RNA or cy-
clin D2 siRNA or cyclin D3 siRNA. 72 h later, cells were harvested; lysates were resolved on SDS-PAGE prior to cyclin D2 or cyclin D3 immunoblotting. (B) 
Transfected cells were analyzed by BrdU uptake and 7-AAD staining; 2n, 4n and 8n DNA contents were quantitated and graphed (n = 2 experiments).

Figure 3. FBXL2 is localized on the centrosome during mitosis. MLE cells (2 x 105) were plated for 48 h 
then washed with PBS and fixed with 4% paraformaldehyde for 20 min. Cells were co-immunostained 
for FBXL2 and γ-tubulin. Nuclei were counterstained using DAPI. Green, γ-tubulin; red, FBXL2; blue, 
DAPI. The far right column shows a graphic distribution of protein colocalization indicated by the white 
arrow. White scale bar indicates 10 μm.
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Overexpression of FBXL2 causes 
centrosomal and mitotic aberra-
tions. We next examined the integ-
rity of the centrosome and mitotic 
spindles after expression of FBXL2. 
Abnormal cells with several repre-
sentative mitotic abnormalities were 
detected after FBXL2 expression 
(Fig. 6A). We observed the circu-
lar prophase and prometaphase-like 
configurations (Fig. 6B, upper part) 
together with anaphase figures, in 
which chromosomes appear to be 
arranged in circles around both poles 
(Fig. 6B, lower right part). One clas-
sic phenotype of the circular chromo-
some configuration is that circular 
figures are arranged on monopolar 
spindles around large centrosomes. 
We also observed polyploidy in cells 
with metaphase, where multiple cen-
trosomes were identified after FBXL2 
expression (Fig. 6B, lower left part). 
Events in which numbers of mitotic 
cells with both monopolar or multi-
polar spindles with lagging chromo-
somes significantly increased after 
FBXL2 expression were quantified 
(Fig. 6C).

Overexpression of FBXL2 
impairs assembly of the cyclin D3/

CDK11 complex. As stated above, the cyclin D3-CDK11p58 
interaction appears to be critical to ensure mitotic progression, 
and its abrogation leads to G

2
 arrest. CDK11 also recruits polo-

like kinase 4 (PLK4) and Aurora A to the centrosome, which also 
regulates mitotic events and chromosomal stability.24 Thus, to 
determine the mechanism of mitotic aberrations upon FBXL2 
overexpression, the interaction between cyclin D3 and CDK11 
was assessed. Cells were transfected with either empty plasmid or 
FBXL2, cells were harvested, and lysates were resolved on SDS-
PAGE prior to CDK11 immunoblots. Overexpression of FBXL2 
did not alter total immunoreactive levels of the p110 and p58 
subunits of CDK11 (Fig. 7A). Next, cellular transfectants were 
immunoprecipitated with IgG or cyclin D3 antibodies, followed 
by CDK11, PLK4 and Aurora A immunoblotting (Fig.  7B). 
The results indicate that overexpression of FBXL2 disrupts the 
interaction between cyclin D3 and CDK11 and association with 
PLK4 and Aurora A.

Discussion

The results from this study provide the first evidence that high 
levels of F-box protein FBXL2 appear to impair G

2
/M transition 

and, thus, might serve as a key growth inhibitory signal. F-box 
protein degradation of cyclin D2 and cyclin D3 resulting in 

Figure 4. Cyclin D3 is localized on the centrosome during mitosis. MLE cells (2 x 105) were plated for 
48 h, cells were then washed with PBS and fixed with 4% paraformaldehyde for 20 min. Cells were co-
immunostained for cyclin D3 and γ-tubulin. Nucleus was counterstained using DAPI. Green, cyclin D3; 
red, γ-tubulin; blue, DAPI. The far right column shows a graphic distribution of protein colocalization 
indicated by the white arrow. White scale bar indicates 10 μm.

to FBXL2 and the centrosomal marker, γ-tubulin. FBXL2 anti-
body decorated cells in a punctate pattern but, interestingly, with 
specific localization within the centrosome throughout mitosis 
(Fig.  3). We next investigated the subcellular localization of 
cyclin D3. Endogenous cyclin D3 localizes primarily within the 
nucleus in the G

1
-S phase as overexpressed cyclin D3 (data not 

shown). We co-stained synchronized MLE cells with antibodies 
to cyclin D3 and γ-tubulin. Cyclin D3 antibody decorated cells 
in a punctate pattern during interphase and at the early prophase 
within the cytosol; progression into prometaphase was marked by 
an increase in signal intensity that colocalized with centrosomes. 
In general, cyclin D3 colocalized with γ-tubulin throughout the 
mitotic event (Fig. 4).

Overexpression of FBXL2 depletes cyclin D3 on the centro-
some. As FBXL2 and cyclin D3 localized on the centrosome, we 
next investigated the effect of FBXL2 overexpression on cyclin 
D3. MLE cells were first transfected with either empty plasmid 
or a plasmid encoding FBXL2. Cells were then immunostained 
with FBXL2 and γ-tubulin. As shown in Figure 5A, overexpres-
sion of FBXL2 increased its expression in a region that colocalized 
with the centrosome. In other studies, cells were then immunos-
tained with cyclin D3 and γ-tubulin. Overexpression of FBXL2 
depleted both cytosolic cyclin D3 and cyclin D3 within the cen-
trosome (Fig. 5B).
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FBXL2 expression and triggering cyclin D3 degradation (unpub-
lished observations). Thus, FBXL2 targeting cyclin D3 might 
be a new mechanism by which cells modulate proliferation. As 
stated above, cyclin D3-dependent CDK11p58 activity is essen-
tial for mitosis, but excessive CDK11p58 levels also repress cellular 
proliferation and induce apoptosis.12 Hence, cyclin D3 targeting 
by the SCFFBXL2 complex during the transition to mitosis might 
be an exquisite mechanism to balance CDK11p58 levels, thereby 
regulating cell proliferation.

Methods and Materials

Materials. The sources of the transformed murine lung epi-
thelial (MLE) cell line, A549 cell line, were described previ-
ously in reference 32 and 33. Cyclin and Cdk sampler kits and 
γ-tubulin, Aurora A and PLK antibodies were purchased from 
Cell Signaling. Mouse monoclonal cyclin D2, cyclin D3 and 
CDK11 antibodies and were from Abcam. Lipofectamine 2000, 
mouse monoclonal V5 antibody and DAPI nuclear staining kits 
were from Invitrogen. The F-box protein FBXL2 cDNA was 
purchased from OpenBiosystems. Nucleofector transfection kits 
were from Amaxa. Immobilized protein A/G beads were from 
Pierce. Cell viability based on Annexin V staining was assayed 
using an Annexin V kit from Roche. Goat polyclonal FBXL2 
antibody, scrambled RNA and siRNAs were from Santa Cruz 
Biotechnology. Rabbit polyclonal FBXL2 antibody was custom 

G
2
/M arrest was unexpected (Fig. 1C), as these cyclins regulate 

G
1
/S transition, and knockdown of cyclin D3 has been shown 

to induce G
1
 arrest.25 However, both cyclin D2 and cyclin D3 

may be necessary for G
2
/M-phase progression.11,26 Moreover, 

cyclin D3 is a multifunctional protein that directly interacts with 
and confers activity for CDK11p58,11,12 a key cyclin-dependent 
kinase that controls centrosome maturation and bipolar spindle 
formation.24 The results shown here suggest that one mecha-
nism whereby FBXL2 might induce mitotic arrest is by deplet-
ing cyclin D3, leading to absence of its interactions with critical 
effectors that assemble within the centrosomal-mitotic apparatus 
(Fig. 7C).

During mitosis, there are several mediators involved in 
spindle assembly checkpoint, ensuring the correct distribution 
of sister chromatids in anaphase prior to completion of cyto-
kinesis by abscission.27,28 Our data show that both cyclin D3 
and FBXL2 are localized within the centrosome during mitosis 
(Figs. 3 and 4), and that expression of FBXL2 reduces cyclin D3 
expression within this organelle (Fig. 5B). As with FBXL2 in 
cells, knockdown of CDK11p58 results in G

2
 arrest and apoptosis; 

significant CDK11 depletion results in misaligned and lagging 
chromosomes, permanent mitotic arrest and cell death.29 Hence, 
SCFFBXL2-mediated ubiquitination and degradation of cyclin D3 
would potentially impair its association with CDK11p58 and 
reduce its activity. In support of this, overexpression of FBXL2 
does not decrease total cellular CDK11 protein levels (Fig. 7A), 
but reduces assembly of the cyclin D3-CDK11p58 complex 
(Fig. 7B). One additional function of CDK11 is to recruit polo-
like kinase 4 (PLK4) and Aurora A to the centrosome, which also 
regulates mitotic events and chromosomal stability.24 Knockout 
of PLK4 results in increased centrosome number and aneu-
ploidy,30 and expression of a defective mutant Aurora protein 
prevents centrosome separation, leading to formation of mono-
polar spindles.31 These features were also observed after FBXL2 
expression in cells (Fig. 6). Collectively, these results suggest that 
one explanation for G

2
/M-phase delay and mitotic abnormalities 

might involve SCFFBXL2 inactivation of CDK11p58 by depletion of 
cyclin D3. This mechanism would dislocate PLK4 and Aurora A, 
causing mitotic arrest (Fig. 7C).

Compared with cyclin D2, cyclin D3 is more dominant 
in MLE cells, as RNA silencing of cyclin D3 showed signifi-
cant increases (~50%) in the G

2
 phase, whereas knockdown 

of cyclin  D2 showed limited effects. Similiar to overexpressed 
FBXL2, knockdown of cyclin D3 and, to a lesser extent, 
cyclin  D2, resulted in G

2
/M arrest and appearance of super-

numerary centrosomes and tetraploidy (Fig. 2B). Because both 
cyclins are highly conserved and exert some redundant functions, 
a more modest phenotype observed with cyclin D2 knockdown 
might be because of compensation by cyclin D3. This would 
occur especially if lower levels of cyclin D2 are present in MLE 
cells compared with cyclin D3 as seen with A549 cells and CHO 
cells (data not shown). The data presented here suggest a new 
mechanism whereby F-box protein FBXL2 regulates mitotic 
events through control of cyclin D3 abundance. Interestingly, 
in separate studies, the chemotherapeutic agent vinorelbine 
increases apoptosis of human lung carcinoma cells by inducing 

Figure 5. Overexpression of FBXL2 depletes cyclin D3 on the centro-
some. MLE cells (2 x 105) were plated for 24 h, then transfected with 
FBXL2 for an additional 24 h. Cells were then washed with PBS and fixed 
with 4% paraformaldehyde for 20 min. Cells were co-immunostained 
for either γ-tubulin or FBXL2 (A), or cyclin D3 and γ-tubulin (B). Cells 
were counterstained with DAPI to visualize the nucleus. White arrows 
indicate centrosomes. White scale bar indicates 2 μm.
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0.025% sodium azide and 1 mM phenylmethylsulfonyl fluoride 
(Buffer A) at 4°C. 

In vitro ubiquitin conjugation assay. The ubiquitination of 
V5-cyclin D3 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 FBXL2. Reaction products were pro-
cessed for V5 immunoblotting.

Expression of recombinant protein and RNAi. All plasmids 
were delivered into cells using nucleofection or lipofectamine 

made from Rockland Immunochemicals Inc. All DNA sequenc-
ing was performed by the University of Pittsburgh DNA Core 
Facility.

Cell culture. MLE cells were cultured in Dulbecco’s modified 
Eagle medium-F12 (Gibco) 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 aphidi-
colin. Cell lysates were prepared by brief sonication in 150 mM 
NaCl, 50 mM Tris, 1.0 mM EDTA, 2 mM dithiothreitol, 

Figure 6. Overexpression of FBXL2 causes centrosomal and mitotic aberrations. (A) MLE cells (2 x 105) were plated for 24 h, then transfected with 
FBXL2 for additional 24 h. Cells were then immunostained for γ-tubulin and counterstained with DAPI to visualize the nucleus. White arrows represent 
cells in mitotic arrest where condensed chromosomes are arranged on circular monopolar spindles. Specific chromosomal anomalies are presented 
in (B). (C) 100 cells from three individual experiments were counted from experiments in (A) for abnormal centrosomal phenotypes and are presented 
graphically. *p < 0.05 vs. empty.
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manufacturer’s protocols (BD Biosciences). FACS samples were 
analyzed with the AccuriC6 system. DNA content was analyzed 
using FCS3 express software (De Novo Software). Cells were 
counted, and the percentage of cells with 2N, 4N and 8N DNA 
content was expressed as a percentage of total cells. Cells were also 
stained with annexin V for 15 min following the manufacturer’s 
protocol (Roche). Viable cells were counted and quantified.

Statistical analysis. Statistical comparisons were performed 
with the Prism program, version 4.03 (GraphPad Software, Inc.) 
using an ANOVA 1 or an unpaired two-tailed t-test with p < 0.05 
indicative of significance.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank A.F. Stewart for critical review of the manuscript and 
helpful suggestions. This material is based upon work supported, 
in part, by the US Department of Veterans Affairs, Veterans 
Health Administration, Office of Research and Development, 
Biomedical Laboratory Research and Development. This 
work was supported by a Merit Review Award from the US 
Department of Veterans Affairs and National Institutes of 
Health R01 grants HL096376, HL097376 and HL098174 (to 
R.K.M.). The contents presented do not represent the views 
of the Department of Veterans Affairs or the United States 
Government.

2000.34,35 Cellular expression of green fluorescent-tagged plas-
mids using this device was achieved at > 90% efficiency. For 
siRNA studies, 1 x 106 cells were transfected using lipofectamine 
2000 with 10 μg of RNA and harvested after an additional 48 h.

Co-immunoprecipitation and binding assays. 250 μg of total 
protein from cell lysates was precleared with 20 μl of protein A/G 
beads for 1 h at 4°C. Five μg of primary antibody was added for 
18 h incubation at 4°C. 40 μl of protein A/G beads were added 
for an additional 6 h of incubation. Beads were slowly centri-
fuged and washed five times using 50 mM HEPES, 150 mM 
NaCl, 0.5 mM EGTA, 50 mM NaF, 10 mM Na

3
VO

4
, 1 mM 

phenylmethylsulfonyl fluoride, 20 μM leupeptin and 1% (v/v) 
Triton X-100 (RIPA) buffer, as described in reference 36. The 
beads were heated at 100°C for 5 min with 80 μl of protein sam-
ple buffer prior to SDS-PAGE and immunoblotting.

Immunostaining. Cells (2 x 105) were plated at 70% 
confluence on 35 mm MatTek glass-bottom culture dishes. 
Immunofluorescent cell imaging was performed on a Nikon A1 
confocal microscope using 405 nm, 458 nm, 488 nm, 514 nm 
or 647 nm wavelengths. All experiments were done with a 60x 
oil differential interference contrast objective lens. Cells were 
washed with PBS and fixed with 4% paraformaldehyde for 20 
min, then exposed to 15% BSA, 1:500 primary antibodies and 
1:1,000 Alexa 488 or Alexa 647 labeled goat anti-mouse or rabbit 
secondary antibody sequentially for immunostaining.

Cell cycle and apoptosis analysis. Transfected cells were incu-
bated with BrdU (20 μM) for 40 min, fixed and stained following 

Figure 7. Overexpression of FBXL2 dissociates the cyclin D3/CDK11 complex. (A) MLE cells were transfected with either empty or FBXL2 plasmid. 
Twenty-four h later, cells were collected, lysed and immunoblotted with antibodies to the indicated proteins. (B) Cyclin D3 was immunoprecipitated 
from lysates in (A), followed by immunoblotting to the indicated proteins.
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