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Introduction

Translation regulation plays an important role in regulating gene 
expression in mammalian cells. The principal and primary con-
trol point of translation is the formation of eukaryotic translation 
initiation factor 4F (eIF4F) complex, which are involved in load-
ing ribosomal subunits to the mRNA and starting protein trans-
lation. The eIF4F complex composes of three subunits, scaffold 
protein eIF4G, ATP-dependent helicase eIF4A, and cap-binding 
protein eIF4E. The eIF4E plays a key role in eIF4F complex 
assembly by directly binding with scaffold protein eIF4G and 
the “cap (m7GpppN)” structure. The interaction of eIF4E and 
eIF4G is negatively regulated by the association of eIF4E-bind-
ing proteins (4E-BPs) with eIF4E. 4E-BPs, which share a motif 
with eIF4G allowing it to interact with and sequester eIF4E in a 
competitive fashion, acts as inhibitor of translation initiation.1,2 
4E-BP1 is the best characterized member of 4E-BPs family. The 
interaction of 4E-BP1 with eIF4E is regulated via the phosphory-
lation of several serine/threonine residues by mTORC1, which 
plays an important role in mediating signaling events after exoge-
nous stimuli treatment.3 4E-BP1 phosphorylation is in a stepwise 
manner in response to agents that activate the translation. The 

The essential function of eIF4E-binding protein 1 (4E-BP1) in translation initiation has been well established; however, 
the role of 4E-BP1 in normal cell cycle progression is coming to attention. Here, we revealed the role of 4E-BP1 on 
mitotic regulation and chromosomal DNA dynamics during mitosis. First, we have observed the co-localization of the 
phosphorylated 4E-BP1 at T37/46 with Polo-like kinase 1 (PLK1) at the centrosomes during mitosis. Depression of 4E-BP1 
by small interfering RNA in HepG2 or HeLa cells resulted in an increased outcome of polyploidy and aberrant mitosis, 
including chromosomal DNA misaligned and multipolar spindles or multiple centrosomes. We observed that 4E-BP1 
interacted with PLK1 directly in vitro and in vivo in mitotic cells, and the C-terminal aa 77–118 of 4E-BP1 mediates its 
interaction with PLK1. PLK1 can phosphorylate 4E-BP1 in vitro. Furthermore, the depletion of 4E-BP1 sensitized HepG2 
and HeLa cells to the microtubule disruption agent paclitaxel. These results demonstrate that 4E-BP1, beyond its role 
in translation regulation, can function as a regulator of mitosis via interacting with PLK1, and possibly plays a role in 
genomic stability maintaining.

4E-BP1 participates in maintaining  
spindle integrity and genomic stability  

via interacting with PLK1
Zeng-Fu Shang,1,† Lan Yu,2,† Bing Li,1,† Wen-Zhi Tu,1,3 Yu Wang,1 Xiao-Dan Liu,1 Hua Guan,1 Bo Huang,3  

Wei-Qing Rang3 and Ping-Kun Zhou1,3,*

1Department of Radiation Toxicology and Oncology; Beijing Institute of Radiation Medicine; Beijing, PR China; 2Division of Molecular Radiation Biology;  
Department of Radiation Oncology; University of Texas Southwestern Medical Center at Dallas; Dallas, Texas USA; 3Institute for Environmental Medicine  

and Radiation Hygiene; The College of Public Health; University of South China; Hengyang, PR China

†These authors contributed equally to this work.

Keywords: 4E-BP1, PLK1, spindle, genomic stability, centrosome, cell cycle

phosphorylation of two N-terminal threonines (T37 and T46) 
of human 4E-BP1 subsequently promotes the phosphorylation of 
other sites (T70 and S65), which results in release of eIF4E from 
the eIF4F complex.4

The rates of protein translation are tightly regulated through-
out the cell cycle. Cap-dependent translation initiation is prev-
alent in G

1
/S phase and impaired when cells enter mitosis. In 

contrast to cap-dependent translation, the Internal Ribosome 
Entry Site (IRES) dependent translation is stimulated immedi-
ately and during after the metaphase stage of mitosis.5,6 Hypo-
phosphorylated 4E-BP1, through greater sequestrating with 
eIF4E, can suppress cap-dependent translation and increase 
IRES dependent translation during stress condition.7,8 Therefore, 
4E-BP1 plays an important role in switching between cap and 
IRES -dependent translation, and it could be also hypo-phos-
phorylated during mitosis. However, several articles reported that 
the phosphorylation 4E-BP1 increased during mitosis. Recent 
works reported that the protein rapor, a component of mTORC1, 
could be phosphorylated by cdk1 and GSK3 at multiple sites dur-
ing mitosis. Mitotic-specific phosphorylation of raptor altered the 
activity of mTORC1 and promoted phosphorylation of 4E-BP1 
in mitosis.9 Cyclin B1-cdk1 complex has been implicated in the 
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both PLK1 overexpression and depletion cells.13,14 Since 4E-BP1 
is a substrate of cdk1/cylcin B1 complex during mitosis, we want 
to know whether 4E-BP1 regulates mitotic progression and its 
associated components.

In the present study, we identified that 4E-BP1 is involved 
in maintaining the spindle stability and chromosomal DNA 
dynamics during normal mitosis. Suppression of 4E-BP1 led to 
misaligned chromosome, abnormal centrosomes and polyploidy. 
We further observed that 4E-BP1 could interact with PLK1. 
Most importantly, the localization of phosphorylated 4E-BP1 
T37/46 at centrosomes during mitosis has also been demon-
strated. These observations revealed a new function of 4E-BP1 
in cell cycle regulation.

Results

The phosphorylation of 4E-BP1 occurres and localizes at the 
centrosomes during mitosis. Different phases of synchronized 
HepG2 cells were harvested at different times after released from 
the thymidine-induced blockage of G

1
/S transition, the cell cycle 

progression was monitored by flow cytometry (Fig. 1A and B). 
As shown in Figure 1C, an increased expression of PLK1 was 
observed when the cells entered into G

2
-M phases by western blot 

analysis as expected. Simultaneously, the increased phosphory-
lated 4E-BP1 at Thr-37/46 and Ser-65 was also detected when 
the cells entered into G

2
-M phases using phosphor-specific anti-

body (Fig. 1C). This phosphorylation effect of 4E-BP1 was also 
observed by the treatment of nocodazole, a microtubulin-depo-
lymerizing agent that leads to mitotic arrest (data not shown).

To further determine the spatial distribution of phosphory-
lated 4E-BP1 during mitosis, the normally growing HepG2, 
HeLa (Fig. 1D) and 293T (Fig. S1A) cells were subjected to 
immunofluorescent staining using anti-4E-BP1 pT37/46 specific 
antibody. Intriguingly, the Thr-37/46 phosphorylated 4E-BP1 
specifically appeared at the centrosomes during metaphase  
and colocalized with the centrosome molecular marker γ-tubulin 
as shown in Figure 1D. To further confirm the specificity of the 
targeting-molecule for the pThr-37/46 4E-BP1 antibody in the 
immunofluorescence analysis, we knocked down the 4E-BP1 in 
HepG2 cells by siRNA (Fig. 1F) and found that the immune-
staining signal of the anti- pThr-37/46 4E-BP1 antibody was 
hardly seen at the centrosomes in 4E-BP1 knockdown cells (data 
not shown), suggesting that this antibody can specifically recog-
nize a phosphorylated form of 4E-BP1 in immunostaining analy-
sis. It was suggested that 4E-BP1 phosphorylation at T37 and  
T46 is relatively constitutive, and the phosphorylation at S65 is 
more indicative for its function in mediating cap-dependent trans-
lation initiation.15 So we further performed the immunostaining 
analysis using anti-4E-BP1 pS65 specific antibody. We could  
also find that Ser 65 phosphorylated 4E-BP1 localizes at  
centrosomes during mitosis (Fig. S1B). Moreover, we transfected 
HepG2 cells with the vector of RFP-fused 4E-BP1, and found 
that this 4E-BP1 fusion protein had a diffuse distribution over  
the mitotic cell, but was more concentrated at the spindle  
organelle and also co-localized with γ-tubulin at centrosomes 
(Fig. 1E).

phosphorylation of 4E-BP1 in normal or paclitaxel induced mito-
sis phase.10,11 These reports indicated that phosphorylation of 
4E-BP1 highly associates with the mitotic regulation. However, 
the precise functions of 4E-BP1 in this progression haven’t been 
clearly demonstrated. Transitions through mitosis often require 
the coordination of cdk1 with another important kinase PLK1. 
PLK1 has emerged as a key regulator of mitosis in eukaryotic cells 
and its function involved in a variety of mitotic events including 
the G

2
/M transition, centrosome maturation, spindle formation, 

chromosome segregation, and cytokinesis.12 Normal cell divi-
sion is exquisitely sensitive to the changes of expression level and 
activity of PLK1 protein. Cell division is severely impaired in 

Figure 1. (A–C) Phosphorylation of 4E-BP1 is linked with mitotic 
progression. (A) Representative histograms of flow cytometry analysis 
for the synchronized HepG2 cells. The synchronized HepG2 cells by 
thymidine double-blocking method were released by culturing cells in 
the normal growth medium and were harvested at different time points 
for flow cytometry analysis. (B) Quantitative data of the proportion of 
G2-M-phases cells at different times after released from G1/S blockage. 
(C) Phosphorylated and total 4E-BP1 were analyzed by western blotting 
at indicated times after releasing from G1/S arrest. PLK1 and actin were 
used as mitotic marker and loading control, respectively.
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cells at the concentration of 100 nM (Fig. S2C). Although deple-
tion of 4E-BP1 sensitizes HeLa cells to paclitaxel (Fig. S2B), 
which can only slightly increase the induction of apoptosis by 
100 nM paclitaxel but not statistical significant.

4E-BP1 associates with and is phosphorylated by PLK1. 
Polo like kinase-1 is a key effector of cell division and has been 
recently shown to have crosstalk with mTOR signal pathway.16 
Our data showed that the phosphorylated 4E-BP1 co-localizes 
with PLK1 at centrosomes during mitosis (Fig. 4A), so we 
deduced that 4E-BP1 might have an association with PLK1 dur-
ing mitosis. As we know, PLK1 shows a periodic expression pat-
tern with a markedly increased level in mitotic cells. Indeed, as 
shown in Figure 4B, an endogenous 4E-BP1 and PLK1 inter-
action complex was detected by immunoprecipitation (IP) assay 
in the mitotic cells produced by nocodazole. Importantly, this 
interaction of 4E-BP1 and PLK1 was hardly detected in the asyn-
chronous cells (Fig. 4B). We further confirmed this interaction 
using GST-pull down assay. The Flag-fused PLK1 protein, which 
expressed in 293T cells, was shown to associate with the GST-
fused 4E-BP1 protein, but not with GST control (Fig. 4C), indi-
cating that 4E-BP1 can bind directly to PLK1 in vitro.

To further identify the main domain of 4E-BP1 interact-
ing with PLK1, a series of truncated mutants of 4E-BP1 fused 

Suppression of 4E-BP1 results in aberrant spindles. The 
induction of mitotic phosphorylation of 4E-BP1 and its recruit-
ment into the mitotic spindle apparatus strongly indicate an 
important role of 4E-BP1 in maintaining the normal mitotic 
progression. Consistent with this hypothesis, we found that 
4E-BP1-depressed HepG2 cells showed obvious defects in spin-
dle construction and chromosomal DNA dynamic behaviors 
during mitosis. For control cells, the highly condensed chro-
mosomes align along the equatorial planes during metaphase. 
However, depletion of 4E-BP1 results in obviously misaligned 
chromosomes, and unattached free condensed chromosomal 
DNA were seen spreading throughout whole nuclei in the meta-
phase (Fig. 2A and B). A much higher ratio of mitotic cells 
with multiple centrosomes or multipolar spindles were shown in 
4E-BP1-depleted cells (Fig. 2A and B). Aberrant mitosis spindle 
construction will lead to aneuploidy, so we further analyzed the 
DNA content by flow cytometry and observed an increased pro-
portion of aneuploidy cells in the 4E-BP1 knockdown HepG2 
cells (Fig. 2C and D). The similar aberrant mitotic appearance 
has also observed in 4E-BP1 knockdown HeLa cells (data not 
shown). These results indicate that 4E-BP1 plays a pivotal role 
in mitosis progression and depletion of 4E-BP1 will cause mul-
tiple constructional defects and abnormal chromosomal DNA 
dynamics during mitosis.

Depletion of 4E-BP1 sensitizes cells to paclitaxel. Our data 
revealed that 4E-BP1-depleted cells exhibited increased outcome 
of mitotic catastrophe which associated with mitotic progression 
failure, similar to that microtubule drug treated cells. So we next 
determined whether silencing of 4E-BP1 expression could effec-
tively modulate the sensitivity of HepG2 cells to paclitaxel. 24h 
following transfection with 4E-BP1-targeted siRNA, HepG2 
cells survival was assessed 72h after paclitaxel exposure by using 
the MTT assay of cell proliferation. As shown in Figures 3A, 
4E-BP1 knockdown HepG2 cells were significantly more sen-
sitive to the treatment of 5 to 100 nM paclitaxel than control 
siRNA transfected cells (three asterisks means p < 0.001 com-
pared with control cells). However, depletion of 4E-BP1 has 
no effect on growth speed in the normal growing condition 
(Fig.  S2A). 4E-BP1 knockdown also sensitizes HeLa cells to 
paclitaxel (Fig. S2B). We next investigated the effect of 4E-BP1 
depletion on the induction of apoptosis by paclitaxel. 24 h after 
transfected with 4E-BP1-specific or non-specific control siRNA, 
the cells were treated with 100 nM paclitaxel and apoptosis was 
detected by flow cytometry analysis of Annexin V staining 24 h 
later. 4E-BP1-knokdown HepG2 cells exhibited higher level of 
Annexin V-positive apoptotic cells compared with control cells in 
response to paclitaxel treatment. As shown in Figure 3B, after the 
treatment of 100 nM paclitaxel, the Annexin V-positive apop-
totic cells increased from 12.1 ± 1.5% to 15.6 ± 3.1% for control 
cells and 14.7 ± 1.8% to 22.7 ± 3.9% for 4E-BP1 knockdown 
cells. These observations suggest that the suppression of 4E-BP1 
expression may sensitize HepG2 cells to paclitaxel and provide a 
new sight in which 4E-BP1 seems to be an excellent molecular 
therapeutic target when combination treatment with paclitaxel to 
cancer cells. HeLa cells are obviously more resistant to paclitaxel 
than HepG2 cells, paclitaxel barely induce apoptosis in HeLa 

Figure 1. (D–F) Phosphorylation of 4E-BP1 is linked with mitotic 
progression. (D) HepG2 (upper) and HeLa (lower) cells were immu-
nostained with the antibody of phosphorylated 4E-BP1 /pT37/46 and 
γ-tubulin antibody and were examined by fluorescent microscopy. 
T37/46-phosphorylated 4E-BP1 overlapped with γ-tubulin at the 
centrosomes during mitosis. (E) HepG2 cells transfected with a vector of 
RFP-fused 4E-BP1 were immunestained with anti-γ-tubulin antibodies 
and subjected to fluorescent microscopy observation. RFP-fused 4E-
BP1 protein was shown a diffuse distribution over the mitotic cell, but 
was more concentrated at the spindle organelle and co-localized with 
γ-tubulin at centrosomes. (F) The western blotting analysis of 4E-BP1 
expression in HepG2 cells transfected with anti-4E-BP1 specific siRNA.
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Given that 4E-BP1 interacts with PLK1, and PLK1 is an S/T 
kinase, we assumed that 4E-BP1 might be a substrate of PLK1. 
We expressed and purified GST-fused 4E-BP1 and its deletions 
from bacterial. In vitro phosphorylation assay showed that incu-
bation of PLK1 kinase (commercial) with GST fusion proteins 
and [γ-32P] ATP led to the incorporation of the radioactive 32P 
into the recombinant 4E-BP1 protein. Interestingly, the mutants 
of deleted N-terminal of 4E-BP1 exhibited stronger phosphory-
lation signal than that of the full length 4E-BP1 (Fig. 5). This 
phenomenon suggests that N-terminal of this protein might play 
a negative role in regulating phosphorylation of 4E-BP1 induced 
by PLK1.

Discussion

4E-BP1 is reported as an inhibitive factor of tumor cells sur-
vival and proliferation because of its role as a negative regula-
tor of cap-dependent translation.17 Previous report showed that 
human 4E-BP1 gene localizes at chromosome 8p11–12, which 
is a locus frequently amplified in human cancers specimens.8,18 
Immunohistochemistry (IHC) assay using 4E-BP1-specific anti-
body has revealed that 4E-BP1 is overexpressed in various human 
cancers such as advanced breast cancer, colorectal cancer and pros-
tate cancer.8,19-21 The evidence of 4E-BP1 functioning in switch-
ing from cap-dependent to cap-independent mRNA translation in 
responds to hypoxia possibly gives one reason why 4E-BP1 keeps 
a high level in tumor tissues. Here, our study demonstrated that 
4E-BP1 participates in maintaining spindle stability and mitotic 
progression regulation, seemly giving another clue for the associa-
tion 4E-BP1 with cancers and explaining why its overexpression 
in cancer tissues. Cancer cells grow faster than normal cells, so the 
proteins involved in promotion of mitotic progression often over-
expressed in cancer cells, so does 4E-BP1. In addition to its over-
expression behavior in cancers, the phosphorylation of 4E-BP1 
was identified as a critical signaling event in cancer resistance to 
mTOR kinase inhibitors.22,23 Although 4E-BP1 has been showed 
as a well-characterized substrate of mTORC1,3,22 an mTOR-inde-
pendent phosphorylation of 4E-BP1 has been also suggested to be 
associated with the mTOR kinase inhibitor resistance in cancers.23

Spindle integrity, chromosomal DNA normally aligned and 
precise mitotic progression are important for the genomic sta-
bility. Azar et al. reported that 4E-BP1 promoter was activated 
and 4E-BP1 protein amount increased as culture cells reached 
confluence, suggesting a critical role for 4E-BP1 in density-medi-
ated cell cycle arrest.24 In present study, we have provided the 
direct evidence and partial mechanistic explanation to uncover 
the fundamental role of 4E-BP1 in mitotic progression control 
and genomic stability. Our observation showed that inactiva-
tion of 4E-BP1 by siRNA resulted in outcome of the cells with 
misaligned chromosomal DNA and multipolar spindles/centro-
somes. It has long been known that even subtle incorrect execu-
tion of mitosis might produce cytokinesis failure and subsequent 
tetraploidy. Due to extra centrosomes (= 4), tetraploid cells will 
undergo abnormal mitosis and often become aneuploidy.25 Our 
results also demonstrated that 4E-BP1 deficiency led to increase 
of aneuploidy. More importantly, the direct evidence of 4E-BP1 

Figure 2. Depletion of 4E-BP1 leads to increased outcome of poly-
ploidy, aberrant spindles and misaligned chromosomal DNA in normal 
cultured cells. (A) 48 h after transfection with anti-4E-BP1 specific 
and non-specific siRNA, HepG2 cells were fixed and co-stained with 
antibodies against α-tubulin and γ-tubulin. Mitotic cells with abnormal 
spindles were captured. Representative images indicate the misaligned 
chromosomal DNA (unattached free DNA) and multipolar spindle or 
multiple centrosomes in 4E-BP1-depleted cells. (B) The polyploidy of 
the misaligned chromosomal cells to metaphase cells and multipolar 
spindle cells to mitosis cells were counted (* p < 0.05, ** p < 0.01 as 
compared with control cells). (C) 48 h after transfected with anti-4E-BP1 
specific and non-specific siRNA, HepG2 cells were collected and ana-
lyzed by flow cytometry. (D) Quantitative data of the polyploidy cells 
were presented as the mean and SD from three independent experi-
ments (** sp < 0.01 as compared with control cells).

with GST were constructed and expressed in E. coli (Fig. 4D 
and E). It was demonstrated that the mutants of deleted 
C-terminal aa 77–118 of 4E-BP1 lost its interaction with PLK1 
(Fig. 4E). Moreover, the GST-fused 4E-BP1 could pull down 
the PBD domain of PLK1 protein but not the kinase domain 
(Fig. 4F and G).
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involve in mitosis regulation came from the fact that phosphory-
lated 4E-BP1 at Thr37/46 localized at centrosomes during mito-
sis. Barnhart has ever reported that 4E-BP1 knock-down led to 
a dramatic increase of aberrant mitosis in Rh30 rhabdomyosar-
coma xenografts.26 However, the reason for this phenomenon has 
not yet been elucidated. Our works here suggest a possible mech-
anism in which 4E-BP1 locates and functions at the centrosomes 
and regulates mitotic progression directly.

Although the function of 4E-BP1 in translation regulation 
has been well investigated, relatively little is known about the 
precise mechanism of 4E-BP1 in mitotic regulation. Our study 
has demonstrated that the function of 4E-BP1 in mitosis progres-
sion could be related to its direct interaction with PLK1, a criti-
cal player through the whole mitotic process.27,28 We identified 
that the C-terminus of 4E-BP1 mediated the interaction between 
4E-BP1 and PLK1 PBD domain. PLK1, which plays an essen-
tial role in regulation of mitosis, consists of two signature motifs, 
known as PBD domain at the carboxyl terminus and kinase 
domain localized at N-terminus.13 Interaction of the PBD with 
an exogenous phosphopeptide ligand can cause the release of the 
kinase domain, which converts the kinase to the active form. 
We indeed found that PLK1 phosphorylated 4E-BP1 in vitro. 
Interestingly, N-terminally truncated polypeptide of 4E-BP1 has 
a much stronger phosphorylation signal. It is reported that deplet-
ing the N-terminus, which contains the so-called “RAIP” motif 
(name from the amino acid sequence), results in a low basal level of 
phosphorylation of 4E-BP1 in responds to insulin.29 N-terminus 
specific cleavage of 4E-BP1 mediated by activated p53 increases 
the protein stability of 4E-BP1.30 These reports indicated that 
N-terminus domain plays an important role in regulating func-
tion of 4E-BP1. We speculate that N-terminus of 4E-BP1 may 
play negative role in its phosphorylation by PLK1. Further inves-
tigation should be done to reveal the function of 4E-BP1 phos-
phorylation by PLK1 in mitosis regulation. In addition, 4E-BP1 

Figure 4. (A–C) 4E-BP1 interacts with PLK1. (A) HepG2 cells were im-
munestained with antibodies against pT37/46 of 4E-BP1 or PLK1, and 
were examined by fluorescent microscopy. Phosphorylated T37/46 of 
4E-BP1 co-localizes with PLK1 at centrosomes. (B) HepG2 cells were 
treated with nocodazole (200 ng/ml) for 16 h. Mitotic cells were col-
lected by “shake-off.” Asynchronized and mitotic cells lysates were 
immunoprecipitated using anti-4E-BP1 or PLK1 antibodies. Western 
blot was performed using anti-PLK1 and 4E-BP1 antibodies. (C) GST and 
GST-fused 4E-BP1 recombinant bound to glutathione-Sepharose beads. 
293T cells transfected with pCMV-2Btag-PLK1 lysates were incubated 
with the immobilized GST or GST-fusion protein. Bound fractions were 
analyzed by western blot using anti-Flag antibody.

Figure 3. Depletion of 4E-BP1 sensitized cells to paclitaxel. (A) 24 h following transfection with 4E-BP1 specific siRNA, HepG2 cells were treated with 
paclitaxel at various concentrations. Cell growth potency was analyzed after the 72 h treatment of paclitaxel using MTT assay. The data are the means 
and standard deviations from three independent experiments, ***p < 0.001 as compared with the control siRNA transfected cells under the same 
treatment of paclitaxel. (B) 24 h following transfection with 4E-BP1 specific siRNA, HepG2 cells were treated with 100 nM paclitaxel or DMSO as control 
for 24 h. Apoptotic cells were detected by using the annexin V and propidium iodide double staining method. The data are the means and standard 
deviations from three independent experiments, **p < 0.01 as compared with the control siRNA transfected cells under the same treatment of pacli-
taxel.
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depression of 4E-BP1 resulted in aberrant spindles, multiple cen-
trosomes and chromosomal DNA misaligned, which is a similar-
ity to the appearance by inactivation of PLK1.

Microtubule disrupting drugs such as microtubule-polym-
erizing agent paclitaxel have been widely applied for cancer 
therapy and the use of these combinations confers some sur-
vival advantages in hematological and solid malignancies.33 
However, the resistance of cancer cells to microtubule dam-
age drugs limits the clinic applications and the success of che-
motherapy. A number of reports indicated that targeting the 

shares 60% and 57% identify with 4E-BP2 and 4E-BP3, respec-
tively.31 Elucidation whether 4E-BP2 and 4E-BP3 also contribute 
to mitosis regulation through PLK1 pathway would be followed 
up in future studies. PLK1 is a key player in different stages of 
mitosis and its protein levels are strictly controlled through pro-
tein synthesis and stability. Deletion or mutations of PLK1 cause 
cells arrested at the early stages of mitosis, and subsequently a 
series of mitotic defects. PLK1-overexpressed cells are able to 
enter mitosis, but mitosis progression is transiently delayed, and 
cytokinesis appears to be defected.32 Our study indicated that 

Figure 4. (D–G) 4E-BP1 interacts with PLK1. (D) Schematic representation of 4E-BP1 protein deletion mutants. Red domain represents the interac-
tion domain that mediates 4E-BP1 and PLK1 association identified in this study. (E) Recombinant GST and GST fused 4E-BP1 and its mutants bound to 
glutathione-Sepharose beads were incubated with 293T cells lysates which transfected with pCMV-HA-PLK1 vector. Bound fractions were analyzed 
by western blotting using anti-HA antibody. (F) Schematic representation of PLK1 protein deletion mutants. Design of these mutants was based on 
two main function domains of PLK1. Red minus represents the interaction domain. (G) Recombinant GST and GST-fused 4E-BP1 bound to glutathione-
Sepharose beads. 293T cells transfected with pCMV-HA-PLK1 KD and PBD domain respectively, after 48 h cells were collected and lysate. Lysates were 
incubated with the immobilized GST or GST-fusion protein. Bound fractions were analyzed by western blot using anti-HA antibody.
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ethanol at -20°C for at least 24 h. Then the cells were washed 
twice with PBS solution, incubated with 20 μl RNase A (Sigma) 
(1 mg/ml) for 30 min at 37°C, and stained with 25 μg ml-1 PI 
(Sigma) for 30 min at room temperature. The cell cycle distri-
bution was then analyzed using flow cytometry and more than 
10,000 cells per sample were counted. All experiments were 
repeated three times.

Observation of immunofluorescent microscopy. Cells were 
plated and grew on poly-d-lysine-coated culture slides (BD 
PharMingen), washed in PBS, fixed in 4% paraformaldehyde/
PBS for 30 min, permeabilized in 0.5% Triton X-100/PBS for 
15 min, and blocked in blocking buffer (1% bovine serum albu-
min in PBS) for 30 min. Immunostaining was performed using 
anti-p4E-BP1, anti-γ-tubulin and anti-PLK1 antibodies for 2 h 
at room temperature in a humidified chamber. After three 10 
min washes, the cells were incubated with anti-mouse/rabbit 
rhodamine-conjugated (1:200) and anti-mouse/rabbit FITC-
conjugated (1:200) secondary antibodies. DNA was stained 
using 4',6-diamidino-2-phenylindole (DAPI, Sigma) in mount-
ing solution. Confocal immunofluorescence microscopy observa-
tion was performed using an LSM 510 laser-scanning confocal 
microscope (Zeiss). The expression level of pThr37/46 4E-BP1 
at centrosomes of HepG2 NC and KD cells during mitosis was 
quantified using Image-Pro Plus software. Three independent 
experiments were performed.

Immunoprecipitation and GST pull-down assays. For immu-
noprecipitation assay, cells were lysed with the lysis buffer [50 
mmol/L Tris (pH8.0); 50 mmol/L NaCl; 0.1% Nonidet P-40; 
protease inhibitor cocktail (Roche)] for 45 min and centrifuged 
at 12000 g for 10 min at 4°C. Cells lysates were incubated with 
anti-4E-BP1 antibody and protein A/G Sepharose overnight and 
the Sepharose beads were washed with lysis buffer for three times 
and resuspended in SDS-PAGE loading buffer for western blot-
ting analysis using anti-PLK1 antibodies.

regulators of mitosis is a successful strategy of sensitizing cancer 
cells to taxane chemotherapy.34,35 4E-BP1 is frequently upregu-
lated in various cancers and our data indicated that 4E-BP1 is 
a mitotic regulator. Therefore, targeting 4E-BP1 may sensitize 
cancer cells to paclitaxel. Actually, 4E-BP1 has already attracted 
increasing attention in the field of cancer therapy. Knockdown 
of 4E-BP1 displayed increased baseline level of autophagy and 
sensitized the MYC-expressing prostate cancer cells to rapamy-
cin.36 Discodermolide is a microtubule-stabilizing agent that 
induces accelerated cell senescence, and it has recently been 
shown that reintroduction of 4E-BP1 even a nonphosphorylat-
able mutant (Thr-37/46 Ala) of 4E-BP1 can revert the resis-
tance of the 4E-BP1-defective cancer cells to discodermolide 
via restoration of induced accelerated senescence.37 Our data 
here showed that depression of 4E-BP1 sensitized HepG2 cells 
to paclitaxel, and which is partially attributed to the increased 
induction of apoptosis. Although depletion of 4E-BP1 also 
sensitizes HeLa cells to paclitaxel, no significant apoptosis was 
induced in response to paclitaxel treatment even with the know-
down of 4E-BP1. Mitotic catastrophe is an effective cell death 
pathway as the consequence of the mitotic machinery disruption 
with the typical appearance of multipolar spindle, multiple cen-
trosomes and multiple micronuclei.38 As the important role of 
4E-BP1 in mitotic progreaaion, depletion of 4E-BP1 sensitizes 
HeLa cells to paclitaxel may through a mechanism associated 
with mitotic catastrophe.

Materials and Methods

Cell lines and treatment. The cell lines HepG2 and HeLa were 
maintained in DMEM (Invitrogen) supplemented with 10% fetal 
bovine serum (HyClone), 10 mM HEPES and 1 mM sodium 
bicarbonate in a humidified incubator at 37°C with 5% CO

2
. 

The sequence of siRNA against 4E-BP1 was described in previous 
report.39 Paclitaxel (PTX) was purchased from Sigma, its stock 
solution was prepared in DMSO. Cells were treated with various 
concentrations of paclitaxel and harvested 48h after treatment.

Cells were synchronized using the thymidine (Sigma) dou-
ble-blocking method. HepG2 cells were plated in 60 mm Petri 
dishes, and thymidine was added to a final concentration of 2 
mM after cell adherence. The cells were treated for 16 h. After 
removal of the thymidine, cells were cultured for 10 h in the 
thymidine-free fresh DMEM solution, thymidine was added in 
the same concentration for an additional 16 h. After removal of 
thymidine, the synchronized cells were cultured in fresh growth 
DMEM and harvested at different time points for cell cycle and 
western blotting analyses.

Antibodies. All of the antibodies were purchased commercial: 
anti-4E-PB1 total, anti-phosphorylated 4E-BP1 (Thr37/46), 
anti- phosphorylated 4E-BP1 (Ser65) (Cell Signaling), anti-
PLK1 and anti-γ-tubulin (Abcam), β-actin. Secondary antibod-
ies were horseradish peroxidase (HRP)-conjugated anti-rabbit 
IgG (H+L) or HRP-conjugated anti-mouse IgG (H+L) purchased 
from Zhongshan Golden Bridge Biotechnology.

Flow cytometric analysis of the cell cycle. After washing 
twice with PBS solution, cells were collected and fixed using 75% 

Figure 5. PLK1 phosphorylates 4E-BP1 in vitro. A recombinant GST, GST 
fused full-length and truncated 4E-BP1 were incubated with a com-
mercial purified PLK1 protein in the presence of [32P]-γ-ATP in the kinase 
reaction buffer. Proteins were analyzed by SDS–PAGE and visualized by 
autoradiography (Kinase assay) or Coomassie blue staining (Staining). 
Casein was used as positive control.
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Conclusion

The phosphorylated 4E-BP1 localizes at the centrosomes during 
mitosis, and interacts with PLK1. Depression of 4E-BP1 results 
in a series of defects in mitotic machinery and progression. Our 
work has shed new light on the function of 4E-BP1 in maintain-
ing spindle integrity and genomic stability, and suggests 4E-BP1 
as an attractive target for treatment of the cancers with overex-
pressed 4E-BP1.
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The GST fused full length and truncated 4E-BP1 protein 
were expressed in E. coli BL21 (DE3) cells grown at 37°C in 
1 L of LB media to an optical density at 600 nm of 0.5 and 
then induced with 0.1 mM isopropyl-D-thiogalactopyranoside 
(IPTG) for 6 h at 25°C. Cells were washed twice with phosphate-
buffered saline solution (PBS). Cells were lysed on ice by soni-
cation. Theexpressions of GST and GST-fusion proteins were 
purified by GST-Sepharose beads (Pharmacia) according to man-
ufacturer’s guidelines. 293T cells transfected with pCMV-2Btag-
PLK1 (or PLK1 PBD and KD domain) lysates were incubated 
with the immobilized GST or GST-fusion protein at 4°C for 3 h. 
The beads washed with lysis buffer for 4 times and resuspended 
in SDS-PAGE loading buffer for western blotting analysis using 
anti-Flag antibodies. The deletions of 4E-BP1 was described in 
Figure 4D.

Protein kinase production and kinase assays. The purified 
PLK1 protein was purchased from Cell Signaling Technology. 
GST-4E-BP1 and its deletion mutants protein were expressed 
in and purified from E. coli BL21 strain. Kinase and substrates 
(GST fused 4E-BP1 and truncated proteins) were incubated in 
kinase reaction buffer (20 mM Hepes, pH 7.4, 150 mM KCl, 10 
nM MgCl

2
, 1 mM EGTA, 0.5 mM dithiothreitol, 5 mM NaF, 

10 μM ATP, 5 μCi γ-32P) for 30 min at 30°C. Reactions were 
stopped by the addition of 2 × SDS sample buffer. Then samples 
were heated for 10 min to 95°C before analyses by SDS-PAGE 
and autoradiography.
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