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Pericentrin, a conserved centrosomal component, provides the structural scaffold to anchor numerous centrosom-
al proteins, and thus plays an essential role in the organization and function of the centrosome and the mitotic spin-
dle. Although pericentrin was shown to localize in the cytoplasm and reported to be sensitive to leptomycin B (LMB), 
a specific inhibitor of Crm1, the regions within pericentrin that serve as signals for transporting in and out of the 
nucleus have not yet been identified. In this study, we identified five novel nuclear export signals (NESs) in pericen-
trin with diverse export activities. All of the five NESs could bind to Crm1 in a LMB-sensitive way when mediating 
the nuclear export of pericentrin. We also demonstrated that the region of amino acids 8-42 in pericentrin contains a 
tripartite nuclear localization signal (NLS) consisting of three clusters of basic amino acids. The NLS of pericentrin 
binds to importin β directly or via the adaptor importin α to form the import complex, which could be disrupted by 
RanQ69L, a dominant-negative Ran GTPase possessing high affinity for importin β. Furthermore, we found that 
mutation of the NESs in full-length pericentrin results in both nuclear and cytoplasmic localization, and mutation of 
the NLS abolishes the nuclear import of pericentrin. On the basis of these results, we suggest that the NESs and NLS 
of pericentrin are essential for its subcellular localization and nucleocytoplasmic trafficking during the cell cycle.
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Introduction

Pericentrin is a conserved component of the pericen-
triolar matrix that supplies the structural scaffold for 
anchoring numerous proteins and plays a crucial role 
in organization and function of centrosomes and mi-
totic spindles [1-3]. It targets centrosomes via its PACT 
domain, and is located at the centrosomes throughout 
the whole cell cycle [4]. Similar to the yeast homolog, 
Spc110p, pericentrin anchors γ-tubulin ring complex to 
centrosomes through interaction with γ-tubulin complex 
proteins 2 and 3, providing the microtubule nucleation 
sites and mediating the spindle organization in mitotic 
cells [5, 6]. Several other proteins including cAMP-
dependent protein kinase (PKA), protein kinase C (PKC) 

and disrupted-In-schizophrenia 1 (DISC-1) are also re-
cruited to centrosomes by pericentrin [7-9]. Moreover, 
pericentrin could form functional complex with pericen-
triolar material 1 (PCM1) at centrosomes [10].

Recent studies have revealed new functions of peri-
centrin in the maintenance of cell cycle integrity and 
regulation of DNA damage checkpoint. It was indicated 
that mutations in the gene PCNT result in Majewski 
osteodysplastic primordial dwarfism type II (MOPD II) 
and Seckel syndrome, two diseases in humans that are 
characterized by short stature and small brain size [11-
13]. It was suggested that the centrosome abnormality 
caused by PCNT mutations would be the main reason for 
cell growth restriction in MOPD II and Seckel syndrome. 
However, besides reduction or loss of centrosomal peri-
centrin and dysfunction of mitotic spindles, missegrega-
tion of chromosomes and defects in DNA damage signal-
ing pathway are also present in patient cells, suggesting a 
link between pericentrin and the nucleus. Although there 
is no direct evidence to show that pericentrin is active in 
the nucleus, the finding of the interaction between peri-
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centrin and chromodomain helicase DNA-binding pro-
tein 3/4 (CHD3/4), components of the multiprotein nu-
cleosome remodeling deacetylase complex, suggests that 
pericentrin might have a nuclear function [14]. A recent 
study has found that pericentrin could accumulate into 
the nucleus after the treatment of leptomycin B (LMB), 
a specific inhibitor of Crm1-mediated nuclear export 
[15]. However, whether pericentrin contains functional 
nuclear export signals (NESs) and nuclear localization 
signals (NLSs), and how pericentrin shuttles between the 
nucleus and the cytoplasm have not been addressed.

Nucleocytoplasmic trafficking is an efficient mecha-
nism to control the subcellular localization of proteins, 
and regulates cell proliferation and tumorigenesis [16]. 
Proteins with masses that exceed 40 kD shuttle between 
the nucleus and cytoplasm in an active, signal-mediated 
pathway. Nuclear entry of a protein is determined by the 
presence of NLSs that interact with importin β directly 
or via the adaptor importin α for recognition [17]. The 
NLS sites typically contain clusters of positively charged 
basic amino acids of lysine (K) and/or arginine (R) [17]. 
Most of NLSs consist of either one (monopartite) or two 
(bipartite) stretches of basic amino acids (e.g., 126PKK-
KRRV132 in the SV40 large T-antigen for monopartite 
NLS and 155KRPAATKKAGQAKKKK170 in nucleo-
plasmin for bipartite NLS) [18, 19]. Few proteins, like 
the epidermal growth factor receptor (EGFR), contain 
unusual tripartite NLS that has three clusters of basic 
amino acids [20]. Conversely, nuclear exit of proteins is 
facilitated by the presence of NESs, which are character-
ized by the presence of leucines and other hydrophobic 
residues [21]. The nuclear export process depends on 
the nuclear export receptor Crm1 to recognize NES se-
quences of proteins [21]. Both nuclear import and export 
of proteins are regulated by the Ran GTPase [22].

In this study, we identified an unusual tripartite NLS 
and five classical NESs in pericentrin. We demonstrated 
that the NLS and NESs of pericentrin are essential for its 
cytoplasmic localization and nucleocytoplasmic shuttling 
during the cell cycle.

Results

The nucleocytoplasmic trafficking of pericentrin is medi-
ated by Crm1 and importin β under the regulation of Ran 
GTPase

A previous study has shown that pericentrin was 
sensitive to LMB, a specific inhibitor of Crm1, and ac-
cumulated in the nucleus in LMB-treated cells [15]. To 
confirm that pericentrin is a nucleocytoplasmic shuttling 
protein, we treated HeLa cells with 10 nM LMB for 6 
h, and investigated the subcellular localization of peri-

centrin before and after LMB treatment. The immuno-
fluorescence microscopy results showed that pericentrin 
predominantly localized in the cytoplasm with a strong 
focus on centrosomes in HeLa cells, and that the nuclear 
pericentrin was increased greatly after treatment with 
LMB, supporting the notion that pericentrin is exported 
from the nucleus to the cytoplasm in a Crm1-mediated 
pathway (Figure 1A). Since pericentrin is a large protein, 
which could not diffuse from the cytoplasm to nucleus 
passively, we proposed that pericentrin enters the nucleus 
by active nuclear import. To address this hypothesis, we 
immunoprecipitated endogenous pericentrin from HeLa 
cell lysates using the anti-pericentrin antibody and ana-
lyzed the pericentrin-binding proteins by western blot 
for the export receptor Crm1, the nuclear import recep-
tor importin β and the regulation factor of nucleocyto-
plasmic transport Ran GTPase. The results showed that 
Crm1, importin β and Ran GTPase were all co-immuno-
precipitated with pericentrin (Figure 1B), indicating that 
pericentrin was able to bind Crm1 and importin β in vivo 
under the regulation of Ran GTPase. To further confirm 
these results, we performed the GST pull-down assays 
using both GST-Crm1 and GST-importin β proteins in the 
lysates of the HA-pericentrin-expressing HeLa cells, and 
found that both GST-Crm1 and GST-importin β could 
specifically pull-down HA-pericentrin in the cell lysates 
(Figure 1C). Taken together, these data indicate that peri-
centrin shuttles between the cytoplasm and the nucleus, 
mediated by the nuclear transport receptors Crm1 and 
importin β under the regulation of Ran GTPase.

Identification of multiple NESs in pericentrin
Active nuclear export of proteins is usually mediated 

by NESs. A classical NES is a sequence consisting of 
about four hydrophobic amino acids (usually leucines), 
with a defined spacing between them [23]. In searching 
for the potential NESs in pericentrin, we analyzed the 
amino acid sequence of human pericentrin and probed 
eight candidate NESs (cNESs) in pericentrin (Table 1). 
To test whether these sequences are functional NESs, we 
constructed a series of pericentrin fragments fused with 
the GFP tag, as shown in the schematic diagrams, and 
observed their distribution in cells before and after LMB 
treatment (Figure 2A). Because cNES2 and cNES3, 
cNES4 and cNES5 are closely located, we tested them in 
one single fragment, respectively (Figure 2A). To ensure 
that the cytoplasmic localization of the fragments was 
caused by their cNESs instead of other sequences, we 
also constructed a series of ΔcNES fragments as control 
(Figure 2A). Since a protein larger than 40 kD would be 
difficult to diffuse through nuclear envelope freely, we 
limited the truncated proteins with GFP tag within 40 kD 
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to allow them diffuse freely if they do not contain spe-
cial localization sequences. Our results showed that the 
fragments PCNT1-268 (containing cNES1), PCNT1146-1302 

(containing cNES4 and cNES5), PCNT1420-1558 (containing 
cNES6) and PCNT1596-1764 (containing cNES7) exhibited 
specifically cytoplasmic distribution, and relocated into 
the nucleus when cells were treated with LMB (Figure 
2B); in contrast, the fragments PCNT997-1158 (contain-
ing cNES2 and cNES3) and PCNT1761-1880 (containing 
cNES8) distributed throughout the whole cells, regard-
less of the LMB treatment (Figure 2B and 2C). To test 
whether only the fragments containing functional NESs 
were bound to Crm1, we performed a pull-down assay 
using GST-Crm1 protein in the lysates of HeLa cells 
expressing the cNESs fragments. As expected, we found 
that only PCNT1-268, PCNT1146-1302, PCNT1420-1558 and 
PCNT1596-1764 could be pulled down by GST-Crm1 (Figure 
2D), suggesting that these fragments were exported from 
the nucleus to the cytoplasm through interacting with 
Crm1. Taken together, these data indicate that cNES1, 
cNES4, cNES5, cNES6 and cNES7, which appeared sen-

PCNT DNA PCNT                           DNA

Lysate lgG α-PCNTIP:

Figure 1 Pericentrin shuttles between the nucleus and cytoplasm. (A) Pericentrin is sensitive to LMB treatment. HeLa cells 
were treated with 10 nM LMB for 6 h before fixing with paraformaldehyde, and immunostained with anti-pericentrin antibody 
(green). The nuclei were stained with DAPI (blue). Bar, 20 µm. (B) Pericentrin binds to Crm1, importin β and Ran in vivo. 
HeLa cells were lysed with 1% NP-40-TB buffer and centrifuged for the supernatant. The cell lysates were incubated with 
protein A beads immobilized with anti-pericentrin antibody or rabbit IgG as a control at 4 °C for 2 h. The bound proteins on 
beads were analyzed by western blot using anti-pericentrin, Crm1, importin β and Ran antibodies. (C) Pericentrin binds to 
GST-Crm1 and GST-importin β in vitro. HeLa cells were transfected with HA-pericentrin for 48 h and then lysed using 0.5% 
NP-40-TB buffer. The cell lysates were incubated with GST (as a control), GST-Crm1 and GST-importin β beads at 4 °C for 2 h. 
The bound proteins on beads were analyzed by western blot using anti-HA antibody.

Table 1 Potential NLS and candidate NESs detected in pericentrin
Signal Sequence
PCNT potential NLS
8 RRRKVEAGRTKLAHFRQRKTKGDSSHSEKKTAKRK 42

PCNT candidate NES
  cNES1 245 LELEALRLSL 254

  cNES2 1102 VQQLKDQVLSL 1112

  cNES3 1140 LLSMLKADVNL 1150

  cNES4 1158 LQDALRRLLGL 1168

  cNES5 1169 FGETLRAAVTL 1179

  cNES6 1540 LDEFNELAI 1548

  cNES7 1745 VIEKLQHELSL 1755

  cNES8 1817 LAELERNVAL 1826

NES consensus Φ X(1-3) Φ X(2-3) Φ X Φ 
(Φ: L, I, V or F and X: any amino acid) 

NLSs are rich in arginine and lysine, while classical NESs consist of 
four hydrophobic amino acid residues with a defined spacing between 
them. Through analysis, a potential NLS and eight candidate NESs 
(cNESs) were detected in pericentrin. Critical residues for NLS and 
cNESs are indicated in bold.
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Figure 2 Identification of functional NESs in pericentrin. (A) Schematic diagrams of pericentrin truncated mutants. (B and 
C) The subcellular localization of the truncated mutants in the absence and presence of LMB. HeLa cells were transfected 
with the GFP-tagged truncated mutants. After 24 h, the cells transfected with truncated mutants containing the cNESs were 
treated with 10 nM LMB for 3 h. All the cells were fixed using paraformaldehyde for observation. The percentages of cells with 
predominantly nuclear (N>C), nuclear and cytoplasmic (N=C) or cytoplasmic (N<C) localization were depicted. At least 200 
cells were evaluated for each sample. Data were averages of three independent experiments shown as mean ± SD. Bar, 20 
µm. (D) GST-Crm1 pulls down the truncated mutants of pericentrin containing NESs specifically. HeLa cells were transfected 
with a series of truncated mutants of pericentrin showed in A for 24 h, and lysed with 0.5% NP-40-TB buffer. The cell lysates 
were incubated with GST-Crm1 beads for 2 h at 4 °C. The beads were washed four times with TB buffer and the bound pro-
teins were analyzed by western blot using anti-GFP antibody.
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sitive to LMB, would be functional NESs mediated by 
Crm1, while cNES2, cNES3 and cNES8 do not function 
as NESs in the nuclear export.

Characterization of the cNESs in pericentrin
Next, we examined the nuclear export activities of 

the functional NESs in pericentrin through the in vivo 
nuclear export assay. The nuclear export assay using 
NES-deficient vector Rev1.4-GFP was reported previ-
ously and has been recognized to be an effective method 
to test the nuclear export activity of functional NESs [24]. 
To confirm that the nuclear export assay was doable, 
we first used it to test seven defined NESs whose export 
activities are known, including NESs from MAPKK, 
RanBP1, c-ABL, FMRP, IκB, hdm2 and p53. The results 
showed that the NESs of MAPKK and RanBP1 have the 
strongest nuclear export activity (score 9+ and 8+/7+, 
respectively); the NESs of c-ABL and FMRP have a 
medium export activity (score 7+/6+ and 5+/4+, respec-
tively), whereas the NESs of IκB, hdm2 and p53 have a 
relatively weak export activity (score 3+/2+, 2+ and 1+, 
respectively) (Supplementary information, Figure S1). 
Our data were consistent with previous findings [24] and 
indicated the validity of the nuclear export assay.

To test the nuclear export activity of pericentrin 
cNESs, we inserted the cNESs containing short segments 
of pericentrin into pRev1.4-GFP vector and expressed 
the fusion proteins in HeLa cells first (Figure 3A). We 
found that the insertion of cNES7 resulted in a majority 
of cytoplasmic relocation of Rev 1.4-GFP proteins ex-
cept for some nucleolus accumulation, whereas cNES1, 
cNES4, cNES5 and cNES6 showed progressively 
weaker activity (Figure 3B). To observe the nuclear ex-
port activity of these cNESs more clearly, we treated the 
transfected cells with actinomycin D (Act.D) to prevent 
the nuclear import process of Rev1.4-cNES proteins. The 
results showed that the cNES7-Rev1.4-GFP in nucleolus 
was greatly reduced after Act.D treatment, indicating 
that cNES7 has strong export activity, while the fusion 
proteins of Rev1.4-GFP with cNES1, cNES4, cNES5 
and cNES6 were more or less situated in the cytoplasm 
after treatment, suggesting that their export activities are 
relatively weak (Figure 3B). Additionally, when the cells 
were treated with LMB, all the fusion proteins of Rev1.4-
GFP with cNESs were retained in the nucleus, indicating 
that all of them were sensitive to LMB treatment (Figure 
3B). By comparing with the scoring system standard, 
we determined that cNES7 (residues 1 745 to 1 755) is 
a relatively strong NES (scoring 7+), whereas cNES1 
(residues 245 to 254), cNES4 (residues 1 158 to 1 168), 
cNES5 (residues 1 169 to 1 179) and cNES6 (residues 1 
540 to 1 548) are weak (scoring 3+, 2+, 2+/1+ and 1+, 

cNES1 WT:
MT:

cNES4 WT:
MT:

cNES5 WT:
MT:

cNES6 WT:
MT:

cNES7 WT:
MT:

Rev1.4(NLS) Tested NES GFP

Rev1.4 cNES1 cNES4 cNES5 cNES6 cNES7

–Act.D

+Act.D

+LMB

cNES1 cNES4 cNES5 cNES6 cNES7
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Export 
activity – 3+ 2+ 2+/1+ 1+ 7+

B

C
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1158
1158
1169
1169
1540
1540
1745
1745

254
254

1168
1168
1179
1179

1548
1548

1755
1755

A

Figure 3 Analysis of the export activities of pericentrin NESs. (A) 
The sequences of the tested cNESs and their point mutations 
that were inserted into pRev (1.4)-GFP. The hydrophobic amino 
acids were shown in bold and the mutated sites were shown in 
red. (B) The cNESs of pericentrin exhibit different nuclear ex-
port activities. The cNESs of pericentrin were cloned into vector 
pRev (1.4)-GFP. HeLa cells were transfected with vectors for 24 
h, and then treated with 5 µg/ml Act.D or with 10 nM LMB for 3 h. 
Bar, 20 µm. (C) The point mutations of cNESs lose the nuclear 
export activities. The mutants of cNESs were cloned into vector 
pRev (1.4)-GFP. HeLa cells were transfected with wild-type and 
mutants of cNESs for 24 h, and then treated with 5 µg/ml Act.
D for 3 h. The subcellular localizations of these mutants were 
examined and compared with the wild-type NESs. Bar, 20 µm.

respectively) but functional NESs. To further confirm 
these identified NESs, we performed a mutation analysis. 
As the last two hydrophobic residues in NES sequences 
are generally the most conserved and most important 
ones for the nuclear export activity, these two residues of 
Rev1.4-GFP fusion proteins with cNESs were replaced 
by alanines, and the localization of these cNES-mutant 
proteins was tested in the nuclear export assay (Figure 
3A). As expected, these cNES-mutant proteins localized 
in the nucleus even when the cells were treated with Act.
D (Figure 3C), indicating that their NES functions were 
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abolished by the mutation.
Taken together, we demonstrated that pericentrin con-

tains five functional nuclear export sequences distributed 
in its N-terminal and middle regions with various nuclear 
export activities.

A nuclear localization signal locates at the N-terminus 
of pericentrin

In studying the NESs of pericentrin, we noticed that 
more than 80% of GFP-PCNT1-235 protein localized in 
nucleus, while the GFP-PCNT1-268 protein, which con-
tains an NES sequence (cNES1), remained in the cy-
toplasm (Figure 2B), indicating that the N-terminus of 
pericentrin contains a NLS. We analyzed the sequence of 
pericentrin and found that the residues from 8 to 42 are 
rich in lysines and arginines (Table 1). To test whether 
it is a potential NLS, we constructed a few GFP-tagged 
truncated mutants within N-terminus of pericentrin and 
investigated their nuclear import activities in HeLa cells 
(Figure 4A). The data showed that, distinct from GFP-
PCNT50-235, which distributed throughout the whole 
transfected cells, both GFP-PCNT1-235 and GFP-PCNT1-50 
accumulated in the nucleus of the transfected cells (Fig-
ure 4B and 4C), indicating that the amino acid residues 
from 8 to 42 are responsible for the nuclear localization. 
In contrast, GFP-PCNT1-268, which contains an NES, 
showed cytoplasmic localization (Figure 4B and 4C). 
Since the nuclear import process is usually mediated 
by the nuclear import receptor importin β, we further 
tested the interaction of pericentrin NLS with importin 
β. Sepharose beads immobilized with GST-importin β 
protein were incubated with cell lysates from HeLa cells 
transfected with GFP, GFP-PCNT1-50, GFP-PCNT50-235 
or GFP-PCNT1-235, respectively. The beads were isolated 
and analyzed by western blot with anti-GFP antibody. 
We found that GFP-PCNT1-50 and GFP-PCNT1-235 could 
efficiently bind importin β, while GFP-PCNT50-235 and 
the control GFP did not have any affinity for this nuclear 
import receptor (Figure 4D). These results suggest that 
pericentrin has a functional NLS located in its N-terminal 
region.

As the amino acid sequence from 8 to 42 consists of 
three basic amino acids-rich clusters, which are amino 
acids 8 to 11, 16 to 28 and 36 to 42 (Figure 4A), we de-
cided to check which cluster is crucial for the nuclear 
localization through expressing the truncated mutants in 
cells. The results showed that both GFP-PCNT8-28 and 
GFP-PCNT23-42 were located in nucleus efficiently, as 
observed for PCNT1-50, but the shorter truncated mutants 
PCNT6-13, PCNT14-30 and PCNT 34-44 appeared to be less 
distributed in the nucleus, indicating that pericentrin 
NLS needs at least two of the three clusters to localize 

the protein in the nucleus.

Functional analysis of pericentrin NLS
The classical NLSs are typically composed of several 

positively charged amino acids, but not all of these ami-
no acids contribute equally to the NLS function. To fur-
ther investigate which amino acids in the NLS were es-
sential for the nuclear import of pericentrin, we mutated 
lysine and arginine to neutral amino acid alanine within 
the fragment PCNT1-235 (Figure 5A). The results showed 
that the mutants R8A/R9A, R23A/R25A and K40A/
R41A/K42A abolished PCNT1-235 nuclear accumulation 
(Figure 5B and 5C); in contrast, mutants R10A/K11A, 
R16A/K18A and K36A/K37A showed no obvious effect 
on the nuclear localization of PCNT1-235 (Figure 5B and 
5C). Interestingly, mutation of K26A/K28A induced a 
subset of PCNT1-235 to localize unusually to the nucleolus 
(Figure 5B and 5C), suggesting that pericentrin might be 
involved in the function of the nucleolus. To further in-
vestigate the interaction of these mutants with importin β, 
we performed a GST-importin β pull-down assay using 
cell lysates of GFP-PCNT1-235 fusion protein-expressing 
HeLa cells. As shown by western blot, the mutants R8A/
R9A, R23A/R25A and K40A/R41A/K42A were either 
unable to bind or only weakly bound GST-importin β, 
whereas the other mutants could still strongly bind with 
GST-importin β (Figure 5D). These results indicate that 
the basic amino acid residues R8, R9, R23, R25, K40, 
R41 and K42 play crucial roles in the nuclear import of 
pericentrin via interacting with importin β.

The classical NLSs usually consist of one or two basic 
amino acid clusters, which are termed as monopartite or 
bipartite NLS [25]. However, our mutagenesis analysis 
demonstrated that the critical amino acids of pericentrin 
NLS locate in three basic amino acid clusters, and all 
these clusters of pericentrin NLS are necessary for the 
nuclear import process, suggesting that pericentrin con-
tains an unusual tripartite NLS, which is quite different 
from the classical NLSs. Although GFP-PCNT8-28 and 
GFP-PCNT23-42 also showed nuclear localization, we 
propose that this might be due to their small sizes. Nev-
ertheless, the transport of the macromolecule pericentrin 
protein from the cytoplasm into the nucleus does require 
the three clusters containing full NLS.

The nuclear import of pericentrin is mediated by import-
in α/β or importin β alone, and regulated by Ran GTPase 
cycle

Most basic charged NLS-containing proteins are 
thought to be imported into the nucleus via the importin 
α/β heterodimer. However, some NLS-containing pro-
teins can directly interact with importin β [25, 26]. To 
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Figure 4 Identification of the NLS in the N-terminus of pericentrin. (A) The map for amino acids sequence of the NLS in 
pericentrin and schematic diagrams of truncated mutants within the N-terminus of human pericentrin. The positively charged 
amino acids lysine and arginine are shown in red. (B) The subcellular localizations of pericentrin-truncated mutants. HeLa 
cells were transfected with pericentrin-truncated mutants. After 24 h, cells were fixed for observation. Bar, 20 µm. (C) The 
nuclear accumulation percentages of pericentrin-truncated mutants were analyzed. At least 30 cells were evaluated for each 
sample. Data were averages of three independent experiments, shown as mean ± SD. (D) Importin β binds to GFP-PCNT1-50 
and GFP-PCNT1-235, but does not have any affinity with GFP or GFP-PCNT50-235. HeLa cells were transfected with GFP, GFP-
PCNT1-50, GFP-PCNT50-235 and GFP-PCNT1-235 for 24 h. The cells were lysed to form suspension and mixed with GST Sephar-
ose beads with immobilized importin β for 2 h at 4 °C. After washing four times, the proteins that were bound to beads were 
eluted and analyzed by western blot using anti-GFP antibody.
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Figure 5 Mutational analysis of pericentrin NLS. (A) The map for mutational sites in the NLS of pericentrin. The positions of 
the lysine and arginine replaced by alanine in the NLS mutants are indicated. (B) The subcellular localizations of wild-type (WT) 
NLS (PCNT1-235) and its mutants in HeLa cells. Bar, 20 µm. (C) The nuclear accumulation percentages of pericentrin NLS and 
its mutants were analyzed. At least 30 cells were evaluated for each sample. Data were averages of three independent ex-
periments, shown as mean ± SD. (D) The pull-down assay using GST-importin β. HeLa cells were transfected with wild-type 
and site-directed mutations of PCNT1-235 for 24 h, lysed and mixed with GST-importin β beads for 2 h at 4 °C. After washing 
four times, the proteins bound to beads were eluted and analyzed by western blot using anti-GFP antibody.
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β were present, the quantity of importin α and β bound to 
PCNT1-235 beads increased dramatically by about three-
fold (Figure 6C-6F). These results indicate that, although 
pericentrin NLS can bind importin β directly, importin 
α may facilitate the interaction between pericentrin NLS 
and importin β. Taken together, we propose that the 
nuclear import of pericentrin is mediated mainly by the 
importin α/β heterodimer, but without importin α, peri-
centrin can also be imported into the nucleus directly via 
importin β.

Ran GTPase is an essential factor for the nucleocy-
toplasmic transport [23, 26]. In the nucleus, RanGTP 
binds to importin β and disrupts the import complex by 
changing the conformation of importin β [23, 26]. To 
determine whether the nuclear import process of peri-
centrin is under the regulation of Ran, we treated cells 
transfected with RFP-RanQ69L (a mutant defective in 

GTPase activity and therefore locked in the GTP-bound 
form) with LMB. The results showed that pericentrin 
in the transfected cells became insensitive to LMB and 
remained in cytoplasm even after LMB treatment (Fig-
ure 7A), demonstrating that RanQ69L inhibits the im-
port process of endogenous pericentrin. We further co-
transfected HeLa cells with GFP-PCNT1-235 and RFP-
RanQ69L, and found that RanQ69L obviously prevented 
the nuclear localization of GFP-PCNT1-235 (Figure 7B). 
Next, we analyzed the quantity of the bound importin α/
β on GFP-PCNT1-235 CNBr beads in the presence of gra-
dient concentrations of RanQ69L. The results showed 
that importin α/β dissociated from GFP-PCNT1-235 rap-
idly along with the increase of RanQ69L (Figure 7C 
and 7D). These data support that RanQ69L inhibited the 
nuclear import of pericentrin by disrupting the import 
complex of pericentrin.

Figure 6 Interaction of pericentrin with importin α/β in vitro. (A) PCNT1-235 bound to importin α directly in vitro. In 200 µl TB 
buffer, gradient concentration of importin α (from 0.02 to 0.5 nM) was incubated with His-GFP-PCNT1-235-immobilized CNBr 
beads for 2 h at 4 °C. The beads were washed four times and the bound proteins were analyzed by SDS-PAGE. (B) PCNT1-

235 bound to importin β directly in vitro. The experiment was performed similar to that shown in A. (C) Importin β facilitated the 
interaction between PCNT1-235 and importin α in vitro. In 200 µl TB buffer, gradient concentration of importin α (from 0.02 to 0.5 
nM) and 0.1 nM importin β were incubated with His-GFP-PCNT1-235-immobilized CNBr beads for 2 h at 4 °C. The beads were 
washed four times and the bound proteins were analyzed by SDS-PAGE. (D) Importin α facilitated the interaction between 
PCNT1-235 and importin β in vitro. The experiment was performed similar to that shown in C. (E) The quantitative analysis of 
pericentrin NLS-importin α affinity in vitro. (F) The quantitative analysis of pericentrin NLS-importin β affinity in vitro.
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Figure 7 The import process of pericentrin is regulated by Ran GTPase. (A) The endogenous pericentrin was insensitive to 
LMB treatment when RanQ69L was overexpressed. Cells were transfected with RFP-RanQ69L for 24 h, and then treated 
with LMB for 6 h. The cells before and after LMB treatment were fixed and immunostained with anti-pericentrin antibody. The 
arrows showed the transfected cells and the arrowheads showed the untransfected cells. Bar, 20 µm. (B) GFP-PCNT1-235 
changed the distribution in cells when RFP-RanQ69L was present. GFP-PCNT1-235 was transfected into HeLa cells alone or 
together with RFP-RanQ69L. After 24 h, cells were fixed for observation. Bar, 20 µm. (C) The interaction between PCNT1-235 

and importin α/β in vitro was inhibited by RanQ69L. In 200 µl TB buffer, gradient concentration of His-RanQ69L (from 0 to 2 
nM), 0.1 nM importin α and 0.1 nM importin β were incubated with His-GFP-PCNT1-235-immobilized CNBr beads for 2 h at 4 
°C. The beads were washed four times and the bound proteins were analyzed by SDS-PAGE. (D) The quantitative analysis 
of pericentrin NLS-importin α/β affinity in vitro when RanQ69L was present.
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Mutation of the NLS or NESs caused mis-localization of 
full-length pericentrin

To assess the role of the NLS and NESs in the local-
ization of the whole pericentrin molecule, we generated 
point mutations in the NLS and the NESs of full-length 
pericentrin. As expected, the wild-type pericentrin lo-
cated in the cytoplasm, and shuttled between the nucleus 
and cytoplasm (Figure 8). We found that none of single-
NES mutations could change the cytoplasmic localiza-
tion of pericentrin (data not shown). However, when the 
entire NESs were mutated, the amount of the mutant was 
increased in the nucleus (Figure 8). Conversely, dysfunc-
tion of the NLS had almost no effect on the cytoplasmic 
distribution of pericentrin, but caused a defect in the 
nuclear entry of the molecule, as probed by LMB treat-
ment (Figure 8). More importantly, our data indicated 
that both NESm-PCNT and NLSm-PCNT lost the activ-
ity to shuttle between the nucleus and cytoplasm. Thus, 
we suggest that the NESs of pericentrin are required for 
its cytoplasmic localization, and both NESs and NLS of 
pericentrin are essential for its nucleocytoplasmic traf-
ficking.

Discussion

Previous studies have shown that pericentrin is sen-
sitive to LMB, a specific inhibitor of Crm1-dependent 
nuclear export, raising the possibility that pericentrin 
might be a nucleocytoplasmic trafficking protein [15]. 
In this study, we confirmed that pericentrin localizes 
predominantly in the cytoplasm and this subcellular dis-
tribution is sensitive to LMB. Through construction of 
truncated mutants and nuclear export assays using the 
Rev1.4-GFP system, we detected five functional NESs 
within pericentrin, including NES1 (245LELEALRLSL254), 
NES2 (1158LQDALRRLLGL1168), NES3 (1169FGETL-
RAAVTL1179), NES4 (1540LDEFNELAI1548) and NES5 
(1745VIEKLQHELSL1755) (Table 2). There is accumulating 
evidence that large nucleocytoplasmic shutting proteins 
usually contain more than one NES in their sequences. 
For example, FANCA (Fanconi anemia group A protein, 
containing 1 455 amino acids) was reported to have five 
NESs [27]; colon cancer-associated protein APC (ad-
enomatous polyposis coli, containing 2 845 amino acids) 
contains two NESs [28, 29]. In this study, we found that 
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Figure 8 Nucleocytoplasmic assays of wild-type and NLS- and NESs-deficient mutants of pericentrin. (A) The immunofluorescence of 
wild-type and NLS- and NESs-deficient mutants of pericentrin in cells treated with LMB for 3-6 h and LMB withdrawn for 3-12 h after-
ward. Wild-type pericentrin (WT), NESs-deficient mutant (NESm) and NLS-deficient mutant (NLSm) of pericentrin with HA tag were 
transfected with HeLa cells for 36 h, then the cells were treated with 10 nM LMB for 3-6 h, and after wash with PBS four times to remove 
LMB, the cells were grown in the fresh medium without LMB for further 3-12 h. All the cells were fixed and immunostained with anti-
HA antibody. The nuclei were stained with DAPI (blue). Bar, 20 µm. (B) The cytoplasmic accumulation percentages of WT, NLSm and 
NESm pericentrin were analyzed. At least 30 cells were evaluated for each sample. Data were averages of three independent experiments, 
shown as mean ± SD.
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pericentrin contains five NESs and all of these sequences 
contribute to the nuclear export of this protein, although 
these sequences vary in the nuclear export activity. We 
also observed that a single-NES mutation was not suffi-
cient to block the nuclear export of pericentrin, but, when 
all of the five NESs were mutated, the protein failed to 
be retained in cytoplasm. Therefore, we propose that in-
creasing numbers of the NESs would be an efficient way 
to enhance the interaction between pericentrin and Crm1 
and facilitate its effective nuclear export. However, we 
noticed that there were still less than 40% of the NESm-
PCNT proteins localized in cytoplasm. A possible reason 
might be that the PACT domain, which is responsible for 
its centrosomal targeting [5], remains intact in NESm-
PCNT. As a result, at least a part of the mutant protein 
can be ‘held’ on centrosomes stably. Moreover, many 
pericentrin-associated proteins, such as dynein and PKC 
[8, 30], predominantly localize in cytoplasm and could 
retain pericentrin in cytoplasm by interacting with it, al-
though its NES signals were destroyed.

Although pericentrin appears predominantly cytoplas-
mic, it can still shuttle between the cytoplasm and the 
nucleus. In this study, we detected one NLS at the N-ter-
minus of pericentrin. The classical NLS is characterized 
by one or two clusters of basic amino acids separated by 
a linker and recognized by importin α [31]. However, the 
NLS of pericentrin (from amino acids 8 to 42) consists 
of three clusters of basic amino acids and all of the three 
clusters are essential for its nuclear localization. It was 
reported that EGFR also contains a tripartite NLS [20]. 
Moreover, the first two clusters of the EGFR tripartite 
NLS were sufficient to target GFP fusion protein into the 
nucleus, but the nuclear targeting was weak when the 
fusion partner is a large protein [20]. Interestingly, we 
found similar results with the NLS of pericentrin: GFP-
PCNT8-28, which contains the first two clusters of the 
NLS of pericentrin, showed nuclear localization, whereas 

Table 2  The functional NLS and NESs in pericentrin

Signal Sequence

PCNT NLS 8 RRRKVEAGRTKLAHFRQRKTKGDSSH 
 SEKKTAKRK 42

PCNT NES
  NES1 245 LELEALRLSL 254

  NES2 1158 LQDALRRLLGL 1168

  NES3 1169 FGETLRAAVTL 1179

  NES4 1540 LDEFNELAI 1548

  NES5 1745 VIEKLQHELSL 1755

Pericentrin contains one NLS and five NESs in its sequence

the K40A/R41A/K42A mutant of GFP-PCNT1-235 failed 
to target the nucleus. On the basis of these data, we sug-
gest that moving the large molecule of pericentrin into 
the nucleus should require full tripartite NLS. The classi-
cal NLSs are usually recognized by importin α and inter-
act with importin β for translocation from the cytoplasm 
to nucleus through the nuclear pore complex. Unlike 
the classical ones, the NLS of pericentrin could bind to 
importin β directly, although importin α facilitates their 
interaction, again showing that the NLS of pericentrin is 
not a typical NLS. The advantage of having two nuclear 
import pathways would be that the nuclear import pro-
cess can be carried on even when importin α is absent in 
cells. Although pericentrin was demonstrated to interact 
with CHD3/4 and MTA2, components of a nuclear com-
plex, it remains unclear whether the centrosomal pericen-
trin has function in nucleus [14]. Our findings about the 
NLS of pericentrin at least indicate that pericentrin can 
shuttle into the nucleus, and support the hypothesis that 
pericentrin plays a role in nucleus. However, when and 
why pericentrin enters the nucleus is still unclear.

Previous study demonstrated that overexpression of 
pericentrin induces a series of mitotic defects, including 
centrosome and spindle disorganization, chromosome 
misalignment, genomic instability and cytokinesis failure 
[30]. Recent studies of the human dwarfism MOPD II 
and Seckel syndrome implicated pericentrin in the regu-
lation of cell cycle progression [12, 13]. We also found 
that overexpression of wild-type pericentrin would lead 
to G2/M transition delay (data not shown). Dynamic 
nucleocytoplasmic trafficking of proteins is a common 
regulatory mechanism for many cellular processes such 
as cell cycle progression and signal transduction. In 
fact, many proteins involved in cell cycle checkpoints 
and maintenance of genome integrity such as cyclin B1, 
BRCA1 and p53 were shown to be regulated, at least in 
part, by nucleocytoplasmic transport [32-34]. Although 
we mainly report the nucleocytoplasmic transport of 
pericentrin in this work, this protein may also play an 
important role in the cell cycle regulation, and further 
studies of the detailed mechanism for its roles in the cell 
cycle control will be needed.

In summary, we identified for the first time five func-
tional NESs and one tripartite NLS within pericentrin 
that are important for its subcellular localization and its 
nucleocytoplasmic trafficking during the cell cycle (Table 
2).

Materials and Methods

Plasmid construction
The cDNA coding (NCBI AF515282) for human pericentrin 

was amplified from the Human HEK 293 cDNA library (Clontech) 
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by PCR. The truncated mutants PCNT1-235, PCNT1-268, PCNT1-50, 
PCNT50-235, PCNT997-1101, PCNT997-1158, PCNT1146-1302, PCNT1188-1302, 
PCNT1420-1533, PCNT1420-1558, PCNT1596-1739, PCNT1596-1764, PCNT1827-

1880 and PCNT1761-1880 were amplified from pericentrin. All these 
pericentrin DNA fragments were inserted into pEGFP-C2 vector. 
A series of NLS mutants were generated by site-directed mutagen-
esis from truncated mutant PCNT1-235. The NLS-deficient mutant 
and NESs-deficient mutant of full-length pericentrin were gener-
ated by site-directed mutagenesis. The truncated mutants PCNT8-28, 
PCNT23-42, PCNT6-13, PCNT14-30 and PCNT34-44 were generated by 
annealing the sense and the antisense oligonucleotides and insert-
ing them into pEGFP-C2 vector.

The pRev1.4-GFP vector was kindly provided by Dr Zhi-
gang Lu. The cNESs sequences of pericentrin (cNES1, 245LE-
LEALRLSL254; cNES4, 1158LQDALRRLLGL1168; cNES5, 
1169FGETLRAAVTL1179; cNES6, 1540LDEFNELAI1548; and cNES7, 
1745VIEKLQHELSL1755) and their site-directed mutants (cNES1-mt, 
245LELEALRASA254; cNES4-mt, 1158LQDALRRLAGA1168; cNES5-
mt, 1169FGETLRAAATA1179; cNES6-mt, 1540LDEFNEAAA1548; and 
cNES7-mt, 1745VIEKLQHEASA1755) were generated by annealing 
the sense and the antisense oligonucleotides and inserted into the 
EcoRI and SalI sites of pRev1.4-GFP vector.

Human importin β and Crm1 were cloned into pGEX4T-1. Hu-
man importin α1 and the truncated mutant PCNT1-235 were cloned 
into pET28a. RanQ69L was cloned into monoRFP and pET28a.

Protein purification
Escherichia coli strain BL21 (pLysS) was transformed with pE-

T28a-GFP, pET28a-GFP-PCNT1-235, pET28a-importin α, pET28a-
RanQ69L, pGEX4T-1-importin β and pGEX4T-1-Crm1. GST-im-
portin β and GST-Crm1 were purified using glutathione sepharose-
4B affinity resin (Pharmacia). His-GFP, His-GFP-PCNT1-235, His-
importin α and His-RanQ69L were purified using TALON metal 
affinity resin (Clontech).

Cell culture, treatment and transfection
HeLa cells were cultured in DMEM (Invitrogen) with 10% 

fetal bovine serum (HyClone), 100 U/ml penicillin and 100 µg/ml 
streptomycin at 37 °C and 5% CO2. For blocking the nuclear ex-
port of NES proteins, cells were treated with 10 nM LMB (Sigma) 
for 3 or 6 h. For transfection, cells were grown on coverslips in 
35-mm diameter culture dishes to about 80% confluence and 
transfected with the indicated plasmids using Lipofectamine 2000 
(Invitrogen) according to the protocol provided by the manufac-
turer.

Immunofluorescence
The rabbit polyclonal antibody against pericentrin was pur-

chased from Abcam and the mouse monoclonal antibody against 
HA was purchased from PTGLAB. The FITC-conjugated goat 
anti-rabbit secondary antibody was purchased from Dako and 
the FITC-conjugated goat anti-mouse secondary antibody was 
purchased from Invitrogen. The cells cultured on coverslips were 
fixed with 4% paraformaldehyde-PBS for 15 min at room tem-
perature and permeabilized in 0.5% Triton X-100-PBS buffer for 
3 min. Alternatively, cells were fixed in cold methanol for 5 min. 
The primary antibodies were diluted 1:500 (for anti-pericentrin) or 
1:100 (for anti-HA) in 3% BSA-PBS, and incubated with the cells 
at 37 °C for 1 h or at 4 °C over night. Then, cells were washed 

with PBS three times. The cells were then incubated with fluores-
cence-dye conjugated secondary antibodies at 1:200 dilution in 3% 
BSA-PBS at 37 °C for 1 h. After rinsing with PBS three times, the 
cells were mounted onto slides with the mowiol (Sigma) mount, 
which contained DAPI to stain DNA.

Immunoprecipitation
HeLa cells were lysed with 1%-NP40-TB buffer (20 mM HEP-

ES-KOH (pH 7.3), 110 mM potassium acetate, 2 mM magnesium 
acetate, 5 mM sodium acetate and 0.5 mM EGTA) and centrifuged 
for suspension. Rabbit anti-pericentrin antibody or rabbit IgG (as a 
control) was incubated with protein A beads (Pharmacia) and then 
mixed with cell lysates for 2 h at 4 °C. The beads were washed 
with TB buffer  four times, and the proteins that were bound to 
beads were eluted by sample buffer and analyzed by western blot.

In vitro binding assay
His-GFP or His-GFP-PCNT1-235 (100 nmol) proteins were 

loaded onto CNBr-activated Sepharose 4B beads (Amersham 
Biosciences). The beads were then incubated with gradient con-
centrations of His-importin α (from 0.02 to 0.5 nM), or gradient 
concentrations of GST-importin β (from 0.02 to 0.5 nM), or a 
certain concentration of His-importin α (0.1 nM) and gradient 
concentrations of GST-importin β (from 0 to 0.2 nM), or a certain 
concentration of GST-importin β (0.1 nM) and gradient concentra-
tions of His-importin α (from 0 to 0.2 nM), or certain concentra-
tions of His-importin α (0.1 nM) and GST-importin β and gradient 
concentrations of RanQ69L (from 0 to 2 nM) in 200 µl TB buffer 
for 2 h at 4 °C. The beads were washed with TB buffer four times 
and the proteins that were bound to beads were eluted by sample 
buffer and analyzed by 6-15% SDS-PAGE.

Pull-down assay
HeLa cells transfected with full-length pericentrin, fragments 

of pericentrin or mutations of PCNT1-235, they were lysed in 0.5% 
NP40-TB buffer and then centrifuged at 13 000 g for 20 min. 
Glutathione Sepharose-4B beads immobilized with GST-Crm1 or 
GST-importin β were incubated with cell lysates for 2 h at 4 °C. 
The beads were washed with 0.5% NP40-TB buffer four times and 
the proteins that were bound to beads were eluted by sample buffer 
and analyzed by western blot.

Western blot
Proteins were separated by 6-15% SDS-PAGE and transferred 

onto nitrocellulose membrane. The membranes were probed with 
primary antibodies (1:1 000 dilution in TTBS containing 5% non-
fat milk). Rabbit polyclonal antibodies against GFP, Crm1 and 
importin β were generated by injecting rabbits. Mouse monoclonal 
antibody against Ran was purchased from Sigma. After washing 
and blocking, the membranes were incubated with horseradish 
peroxidase-conjugated goat anti-rabbit secondary antibodies (Jack-
son) (1:5 000 dilution in TTBS containing 5% non-fat milk). The 
membranes were developed for visualization by enhanced chemi-
luminescence (Sigma) and X-ray film (Kodak).

In vivo nuclear export assay
The in vivo nuclear export assay using NES-deficient vector 

Rev1.4-GFP was first described in Henderson’s paper and has 
been recognized to be an effective method to test the nuclear ex-
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port activity of functional NESs [24]. The basic principle is that 
the Rev1.4-GFP fusion protein, which contains the Rev-NLS but 
lacks the NES, is located in the nucleus, and the nuclear export 
activity would be restored by inserting a functional NES sequence. 
However, some NESs with relative weak export activity cannot 
overcome the import activity of Rev-NLS and would distribute 
the protein in the whole cells or even retain it in the nucleus. Act.
D (Sigma) treatment can specifically prevent the nuclear import 
of Rev and make these weak NESs detectable. Cycloheximide (10 
µg/ml; Boehringer Mannheim) was added in parallel to all samples 
to ensure that cytoplasmic GFP arises from nuclear export and not 
from newly translated protein. On the basis of the cell percentages 
accumulated in cytoplasm before and after Act.D treatment, the 
nuclear export activities are estimated to 9 degrees (from 1 to 9). 
The highest score of ‘9’ applies to NESs that shift GFPs complete-
ly to the cytoplasm in 80% of cells even before Act.D treatment. 
Strong NESs (degree 8 and 7) can overcome the rate of import and 
shift GFPs completely to the cytoplasm in 51-80% and 20-50% 
of cells before Act.D treatment, respectively. NESs with degree 6, 
5 and 4 only shift GFPs completely to the cytoplasm in less than 
20% of cells before Act.D treatment, but increase to more than 
80%, 51-80% and 20-50% of cells after Act.D treatment, respec-
tively. Weak NESs with degree 3 and 2 cannot completely shift 
GFPs to the cytoplasm, instead, only less than 50% of the cells can 
shift partially to the cytoplasm before Act.D treatment, and more 
than 80%, and 51-80% of the cells can shift partially to the cyto-
plasm after Act.D treatment, respectively. Very weak NESs with 
degree 1 cannot normally overcome the rate of Rev-NLS-mediated 
import (less than 20% of cells before Act.D treatment), but are 
able to shift the GFP fusion protein when the import is blocked 
(20-50% of cells after Act.D treatment).
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