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Introduction

Parkin is a multifaceted E3 ubiquitin ligase linked to the devel-
opment of early-onset Parkinson disease.1,2 The parkin gene is 
located at chromosome 6q25.2-27 within FRA6E, one of the 
most common fragile sites in the human population.3 At the cel-
lular level, parkin participates in a variety of cellular activities, 
primarily through its ubiquitination of target proteins, result-
ing in proteasome-mediated degradation.4 Parkin also plays an 
important role in the biogenesis of mitochondria and is required 
for the repair of mitochondrial DNA and the autophagy of dam-
aged mitochondria.5-7 In addition, parkin has been implicated in 
the binding and stabilization of the microtubule cytoskeleton.8 
In addition to the involvement in Parkinson disease, the loss of 
parkin function contributes to the development of a wide spec-
trum of common cancers, such as ovarian, breast, lung, liver and 
colorectal cancers, glioblastoma and leukemia.9-17

Pancreatic cancer is the fourth most common cause of cancer-
related mortality in the world.18 Over the last two decades, our 
understanding of the molecular mechanisms of pancreatic cancer 
has been improved, and it is now well recognized that pancreatic 
cancer is fundamentally a genetic disease caused by the alteration 
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of genes, especially oncogenes and tumor suppressor genes.19-21 In 
addition, it has been revealed that genes such as k-ras, p16ink4a/
cdkn2a, tp53 and smad4/dpc4 are altered in pancreatic cancer, 
accompanied by a substantial compendium of genomic and tran-
scriptomic alterations that facilitate cell cycle deregulation, cell 
survival, invasion and metastasis.19-21 Despite the above progress, 
advances in the diagnosis, therapeutic intervention and survival 
benefit of pancreatic cancer are still poor. Therefore, there is an 
urgent demand to have a better understanding of the molecu-
lar mechanisms that underlie the pathogenesis of this aggressive 
malignancy. Recently, two overlapping out-of-frame deletions of 
exon 6 of the parkin gene have been identified in two patients 
with metastatic pancreatic cancer,20 prompting us to investigate 
its potential involvement in the development of pancreatic cancer.

Results

Parkin expression is downregulated in human pancreatic can-
cer specimens. To study the potential role of parkin in pancreatic 
tumorigenesis, we first examined by immunohistochemistry its 
expression in human pancreatic adenocarcinomas, tissues adja-
cent to adenocarcinomas and normal pancreas tissues obtained 
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p < 0.01) (Fig. 1C and D). There was no significant correlation 
between parkin expression and the level of CA19-9 (r = −0.246, 
p > 0.05) (Fig. 1E), the standard serum marker of pancreatic can-
cer.22 Collectively, these results demonstrate the downregulation 
of parkin expression in pancreatic cancer specimens.

Gene copy number loss contributes to parkin deficiency in 
pancreatic cancer. To gain mechanistic insight into the downreg-
ulation of parkin expression in pancreatic cancer, we measured 
the level of parkin mRNA by quantitative real-time RT-PCR. We 
found a reduction of parkin mRNA expression in all the 24 pan-
creatic adenocarcinoma samples examined, relative to the nor-
mal pancreas or tissues adjacent to pancreatic adenocarcinomas 
(Fig. 2A). The level of parkin mRNA in pancreatic adenocarci-
nomas was 4.4-fold lower on average than in normal pancreas or 
tissues adjacent to pancreatic adenocarcinomas (Fig. 2A).

from patients who underwent distal pancreatectomy for diseases 
other than pancreatic cancer. We observed high expression of 
parkin in normal pancreas and tissues adjacent to adenocarcino-
mas. In contrast, the majority of tumor samples exhibited low or 
medium levels of parkin expression; out of the 96 samples exam-
ined, only 23 samples showed high parkin expression (Fig. 1A).

To further investigate the involvement of parkin in pancreatic 
cancer, we analyzed the correlation between parkin expression and 
several clinicopathological parameters, indicating the malignancy 
of pancreatic cancer. We observed a significant negative correlation 
between parkin expression and the histological grade of pancre-
atic cancer, with a correlation coefficient (r) of −0.308 (p < 0.01) 
(Fig.  1B). In addition, parkin expression negatively correlated 
with the incidence of lymph node metastasis (r = −0.509, p < 0.01) 
and the pathological tumor node metastasis stage (r  = −0.511, 

Figure 1. Parkin expression in human pancreatic adenocarcinoma. (A) Representative images of parkin expression in normal pancreas, pancreatic 
adenocarcinomas and tissue adjacent to pancreatic adenocarcinoma. For pancreatic adenocarcinoma samples, parkin expression was scored as low 
(+), medium (++) and high (+++) levels based on immunohistochemical staining intensity. Correlations between parkin expression and clinicopatho-
logical parameters indicating the malignancy of pancreatic cancer were analyzed, including the histological grade (B), lymph node (LN) metastasis (C), 
pathological tumor node metastasis (pTNM) stage (D) and CA19-9 level (E). Correlation coefficient (r) and p values were calculated by Spearman’s rank 
correlation test. N0 and N1 refer to the absence or presence of lymph node metastasis.
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effect of parkin deficiency on the proliferation of pancreatic 
cancer cells. We used two specific siRNAs targeting parkin, and 
both of them could efficiently reduce parkin expression in EPP85 
cells (Fig. 3A). By sulforhodamine B staining assay, we found 
that transfection of parkin siRNAs resulted in a substantial 
increase in the rate of cell proliferation (Fig. 3B). BrdU incorpo-
ration assay, which reflects the index of DNA synthesis, further 
confirmed that transfection of parkin siRNAs could promote 
pancreatic cancer cell proliferation (Fig. 3C). To exclude the off-
target effects of the parkin siRNAs, we checked whether ectopic 
expression of parkin could rescue the effect of the parkin siRNAs 
on cell proliferation. As shown in Figure 3D, wild type parkin, 
but not the ubiquitin ligase-dead mutant, rescued the stimulating 
effect of the parkin siRNA on cell proliferation, indicating that 
the function of parkin in the regulation of pancreatic cancer cell 
proliferation is tightly associated with its ubiquitin ligase activity.

Deletions of the parkin gene have been revealed in several 
types of cancer9-14 and have recently been reported in metastatic 
pancreatic cancer.20 Given the frequent gene copy number loss in 
pancreatic cancer,23,24 we sought to analyze whether pancreatic 
cancer has alterations in parkin gene copy number. Quantitative 
real-time PCR was performed using DNA isolated from pan-
creatic adenocarcinomas, with DNA from blood leukocytes of 
healthy individuals as a control. In the control group, parkin gene 
copy number showed the standard diploid type (Fig. 2B). In 
contrast, all the 30 adenocarcinoma samples examined exhibited 
alterations of parkin gene copy number, and both heterozygous 
and homozygous loss of parkin was found in the tumor samples 
(Fig. 2B). These results indicate that gene copy number loss con-
tributes significantly to parkin deficiency in pancreatic cancer.

Depletion of parkin stimulates pancreatic cancer cell pro-
liferation and tumorigenic properties. We then examined the 

Figure 2. Examination of parkin mRNA level and gene copy number. (A) Quantitative real-time RT-PCR detection of parkin mRNA expression in normal 
pancreas, pancreatic adenocarcinomas and tissues adjacent to pancreatic adenocarcinomas. (B) Analysis of parkin gene copy number with quantita-
tive real-time PCR. DNA isolated from blood leukocytes of healthy individuals was utilized as a control. **p < 0.01.
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We then examined spindle morphology in parkin siRNA-
transfected cells to study its potential role in mitosis. By immu-
nofluorescence microscopy, we found that transfection of parkin 
siRNAs resulted in a significant increase in the percentage of cells 
with multipolar spindles, whereas control mitotic cells showed 
normal bipolar spindles (Fig. 4B and C). In addition, knock-
down of parkin expression dramatically increased the proportion 
of multinucleated cells (Fig. 4D and E), indicating cytokinesis 
defects.

Parkin deficiency leads to spindle misorientation. To further 
study the effect of parkin on mitosis, we analyzed the Z-stage 
stacks of the mitotic spindle by confocal microscopy and mea-
sured various parameters of the mitotic spindle (Fig. 5A and B). 
We found that knockdown of parkin expression did not obviously 
affect the spindle length (Fig. 5C). However, the vertical distance 
between the two spindle poles was significantly increased in cells 
transfected with parkin siRNAs; the vertical distance was 1.87, 
2.18 and 2.09 μm, respectively in cells transfected with control 
and the two parkin siRNAs (Fig. 5A and D). We then calculated 
the angle between the spindle axis and the substratum plane with 
the inverse trigonometric function. As shown in Figure 5E and F, 
depletion of parkin led to a remarkable increase in the percent-
age of mitotic cells with spindle angles larger than 5°, indicating 
spindle misorientation.

Eg5 is involved in the role of parkin in pancreatic cancer 
development. The defects in spindle polarity and orientation 

Subsequently, we investigated whether parkin is involved in the 
tumorigenic properties of pancreatic cancer cells. We found that 
depletion of parkin significantly increased the ability of EPP85 
cells to form colonies in soft agar (Fig. 3E), suggesting that par-
kin could suppress anchorage-independent cell growth. We next 
investigated the role of parkin in pancreatic tumor growth in 
vivo. EPP85 cells transfected with control or parkin siRNAs were 
injected subcutaneously into athymic nude mice, and the tumor 
volume was then measured. There was no significant difference 
in the tumor volume between the parkin siRNA groups and the 
control siRNA group by 15 d post-injection (Fig. 3F). However, 
the tumor volume in the parkin siRNA groups was significantly 
larger than that in the control siRNA group after this time point 
(Fig. 3F). Taken together, these findings reveal that depletion of 
parkin could stimulate the proliferation and tumorigenic proper-
ties of pancreatic cancer cells.

Knockdown of parkin expression increases the frequency of 
spindle multipolarity and multinucleation. To understand the 
molecular mechanisms underlying the role of parkin in pancre-
atic cancer, we analyzed its subcellular localization during the 
cell cycle. Consistent with previous findings,25,26 we found that in 
interephase cells parkin had punctate distribution in the cytosol 
and prominent accumulation in the perinuclear region (Fig. 4A). 
In mitotic cells, the majority of parkin was localized to the spindle 
poles and was also observed at the central spindle during anaphase 
and at the midbody during telophase and cytokinesis (Fig. 4A).

Figure 3. Depletion of parkin stimulates pancreatic cancer cell proliferation and tumorigenic properties. (A) Western blot analysis of parkin and actin 
expression in cells transfected with control and parkin siRNAs. (B) Cells were transfected with control and parkin siRNAs, and cell proliferation was 
examined by sulphorhodamine B staining. (C) Cells were transfected with control and parkin siRNAs, and the percentage of BrdU-positive cells was 
examined. (D) Cells were transfected with parkin siRNA and wild type (WT) or ubiquitin ligase-dead mutant (MT) parkin, and the percentage of BrdU-
positive cells was then examined. (E) Cells transfected with control or parkin siRNAs were cultured in agarose for 2 or 3 wk, and the number of colonies 
formed was counted. (F) Cells transfected with control or parkin siRNAs were injected subcutaneously into nude mice, and the tumor volume was 
measured at the indicated time points.
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cells. To evaluate the clinical relevance of the parkin-Eg5 axis 
in pancreatic cancer, we examined by immunohistochemistry 
the expression of parkin and Eg5 in serial sections of 48 pancre-
atic adenocarcinoma samples (Fig. 6D). We found a significant 
negative correlation between the levels of parkin and Eg5 in the 
tumor samples (r = −0.571, p < 0.01). These findings suggest that 
parkin may function in pancreatic tumorigenesis through nega-
tive regulation of Eg5.

Discussion

Pancreatic cancer is a notoriously aggressive disease with a 
grim prognosis, due to its late diagnosis, propensity to rapidly 

in parkin siRNA-transfected cells suggested that parkin might 
function in pancreatic tumorigenesis through its regulation of 
protein(s) critical for spindle properties. A potential target is 
the microtubule-dependent mitotic kinesin Eg5, a key regula-
tor of spindle assembly;27 moreover, parkin has been shown to 
negatively regulate Eg5 expression, and ectopic expression of Eg5 
causes spindle multipolarity and is associated with pancreatic 
tumorigenesis.28-30

We thus investigated whether Eg5 contributes to the func-
tion of parkin in pancreatic cancer development. As shown in 
Figure  6A–C, transfection of Eg5 siRNA significantly com-
promised the stimulating effect of the parkin siRNA on the 
proliferation and tumorigenic properties of pancreatic cancer 

Figure 4. Knockdown of parkin expression increases the frequency of spindle multipolarity and multinucleation. (A) Immunofluorescence microscopic 
analysis of the subcellular localization of parkin during the cell cycle. Cells were stained with anti-parkin antibody and the DNA dye DAPI. (B) Transfec-
tion of parkin siRNAs leads to the formation of multipolar spindles. Cells transfected with control or parkin siRNAs were stained with anti-α-tubulin 
antibody and DAPI. (C) Experiments were performed as in (B), and the percentage of mitotic cells with multipolar spindles was calculated. (D) Parkin 
siRNAs result in multinucleation. Cells transfected with control or parkin siRNAs were stained with DAPI. (E) Experiments were performed as in (D), and 
the percentage of multinucleated cells was determined. **p < 0.01 vs. control.
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of common cancers, in addition to its role in the pathogenesis of 
Parkinson disease.

How does parkin deficiency lead to the development of pan-
creatic cancer? It has previously been shown that parkin could 
accumulate in the centrosome in response to misfolded pro-
teins.26 In addition, parkin has been implicated in the spindle 
assembly checkpoint, although the molecular details remain to 
be uncovered.25 In the present study, our data reveal that in mito-
sis, parkin is mainly localized at the spindle poles, with modest 
distribution at the central spindle and the midbody. Consistent 
with the localization pattern of parkin, silencing of its expression 
results in a remarkable increase in the percentage of cells with 

metastasize and therapeutic resistance.23,24 The underlying molec-
ular events remain poorly defined. In this study, we provide sev-
eral lines of evidence indicating a critical involvement of parkin 
deficiency in the pathogenesis of pancreatic cancer: (1) Human 
pancreatic cancer specimens exhibit parkin gene downregulation 
and copy number loss; (2) Parkin expression level negatively cor-
relates with clinicopathological parameters, indicating the malig-
nancy of pancreatic cancer; (3) Silencing of parkin expression 
promotes pancreatic cancer cell proliferation and tumorigenic 
properties. These findings, in line with previous reports show-
ing parkin gene mutations or deletions in other cancer types,9-17 
substantiate the role of parkin as a tumor suppressor in a variety 

Figure 5. Parkin deficiency leads to spindle misorientation. (A) Cells were transfected with control or parkin siRNAs and stained with anti-α-tubulin 
antibody (green) and DAPI (blue) and the image series of mitotic cells were shown. The position of the Z stage of the mitotic spindle is indicated in μm, 
and stack refers to the projected image. (B) Scheme describing the method used for analysis of various parameters of the mitotic spindle. The vertical 
distance (Z) and the horizontal distance (H) between the two spindle poles were measured directly with the LASAF software. The corrected spindle 
length (X) was calculated based on the pythagorean theorem. The angle (α) between the spindle axis and the substratum plane was determined with 
the inverse trigonometric function. (C–E) Experiments were performed as in (A), and the spindle length, the vertical distance between the two spindle 
poles and the spindle angle were measured as described in (B). (F) Quantification of the percentage of mitotic cells with spindle angles over than 5°. 
**p < 0.01 vs. control.
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multipolar spindles and also increases the frequency of multinu-
cleation. Spindle multipolarity is known to contribute to chro-
mosomal instability, allowing cells to overcome critical barriers to 
deregulated growth and thereby leading to malignant transforma-
tion.31-33 It is, therefore, tempting to hypothesize that parkin defi-
ciency may promote pancreatic cancer development by inducing 
spindle multipolarity and subsequent chromosomal instability.

Another intriguing phenotype observed in parkin-knock-
down cells is the increased occurrence of spindle misorientation. 
Spindle orientation is known to be tightly associated with epi-
thelial (stem) cell fate determination and tissue architecture and 
morphogenesis.34,35 Several important tumor suppressor proteins, 
including adenomatous polyposis coli, von Hippel-Lindau and 
E-cadherin, have recently been shown to participate in the regu-
lation of spindle orientation, establishing a connection between 
spindle misorientation and cancer.36-38 Deficiency in parkin 
expression may contribute to pancreatic cancer development by 
the induction of spindle misorientation, simulating pancreatic 
tissue disorganization and hypertrophy and/or expanding the 
pancreatic cancer stem cell pool. Additional studies are war-
ranted, however, to demonstrate whether spindle misorientation 
induced by the deficiency of parkin or other proteins is a causal 
event in tumorigenesis.

The functions of parkin in cells are performed mainly through 
its E3 ubiquitin ligase activity. In addition to the polyubiquitina-
tion of proteins leading to their degradation through the protea-
some pathway,4 parkin can catalyze the monoubiquitination of 
certain proteins and thereby regulate protein-protein interactions 
and signal transduction events.39-41 It has been shown previously 
that through multiple monoubiquitination of Hsp70, parkin 
inactivates c-Jun NH

2
-terminal kinase, resulting in decreased 

phosphorylation of c-Jun; as a result, Eg5 gene transcription is 
repressed due to decreased c-Jun binding to the activator pro-
tein 1 site present in the Eg5 promoter.28 In agreement with this 
finding, the data presented in our study show that the stimulating 
effect of parkin deficiency on pancreatic cancer cell proliferation 
and tumorigenic properties is compromised by the suppression 
of Eg5. Moreover, the levels of parkin and Eg5 negatively cor-
relate in pancreatic cancer specimens. Our findings are also con-
sistent with the observation that overexpression of Eg5 causes 
spindle multipolarity.29,30 Plus that elevated activity or expression 
of Eg5 has been implicated in several types of cancer, includ-
ing pancreatic cancer;29,30,42 our data suggest that parkin defi-
ciency may contribute to pancreatic tumorigenesis through the 
deregulation of Eg5 expression and subsequent defects in spindle 
behavior. However, given that parkin has numerous substrates 

Figure 6. Eg5 is involved in the role of parkin in pancreatic cancer development. (A) Cells were transfected with the indicated siRNAs, and cell prolif-
eration was examined by sulphorhodamine B staining. (B) Cells were transfected with the indicated siRNAs, and the percentage of BrdU-positive cells 
was examined. (C) Cells transfected with the indicated siRNAs were cultured in agarose for 2 wk, and the number of colonies formed was counted. (D) 
Immunohistochemical staining of parkin and Eg5 on serial sections of pancreatic adenocarcinomas. (E) Experiments were performed as in (D), and 
the expression of parkin and Eg5 was scored as low (+), medium (++) and high (+++) levels. Correlation coefficient (r) and p values were calculated by 
Spearman’s rank correlation test.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1140	 Cell Cycle	 Volume 12 Issue 7

and interacting partners, it would not be surprising if an Eg5-
independent mechanism were identified in the future.

Materials and Methods

Materials. Sulforhodamine B, 4',6-diamidino-2-phenylindole 
(DAPI), bromodeoxyuridine (BrdU) and anti-β-actin antibody 
were purchased from Sigma-Aldrich. Antibodies against parkin, 
α-tubulin, BrdU and Eg5 were from Abcam. Horseradish per-
oxidase-conjugated secondary antibodies were from Amersham 
Biosciences, and fluorescein-conjugated secondary antibody 
was from Jackson ImmunoResearch Laboratories. Small-
interfering RNAs (siRNAs) against parkin, Eg5 and luciferase 
control were synthesized by Dharmacon and transfected into 
cells with the lipofectamine 2000 reagent (Invitrogen), and 
plasmids were transfected with the polyethyleneimine reagent 
(Sigma-Aldrich).

Cells and tumor samples. EPP85 human pancreatic cancer 
cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum at 37°C in a humidi-
fied atmosphere with 5% CO

2
. Pancreatic tumor samples were 

obtained from patients undergoing surgical resection at Tianjin 
Cancer Hospital. Normal pancreatic tissues were obtained from 
patients undergoing distal pancreatectomy for diseases other 
than pancreatic cancer. Use of human samples in this study was 
approved by the Ethics Committee of Tianjin Cancer Hospital.

Western blot analysis. Proteins were resolved by SDS-PAGE 
and transferred onto polyvinylidene difluoride membranes 
(Millipore). The membranes were blocked in Tris-buffered saline 
containing 0.1% Tween 20 and 5% fat-free dry milk and incu-
bated first with primary antibodies and then with horseradish 
peroxidase-conjugated secondary antibodies as described previ-
ously.43 Specific proteins were visualized with the enhanced che-
miluminescence detection reagent (Pierce Biotechnology).

Sulforhodamine B staining. Cells were seeded at 5 × 104 cells 
per well in 24-well tissue culture plates. After several days, cells 
were fixed with 50% trichloroacetic acid and stained with 0.4% 
sulforhodamine B dissolved in 1% acetic acid. Cells were then 
washed with 1% acetic acid to remove unbound dye. The pro-
tein-bound dye was extracted with 10 mM Tris base to determine 
the optical density at 490-nm wavelength.

BrdU incorporation assay. Cells grown on glass coverslips 
were incubated with 10 μM BrdU for 45 min and fixed with 70% 
ethanol. Cellular DNA was denatured with HCl. Cells were then 
stained with anti-BrdU antibody and rhodamine-conjugated 

secondary antibody. The percentage of BrdU-positive cells was 
examined by fluorescence microscopy.

Immunohistochemistry. Paraffin-embedded tissue sections 
were cut, deparaffinized and rehydrated with xylene and graded 
alcohols. Antigen retrieval was performed in 5 mM citrate buffer. 
After inactivation of endogenous peroxidase with 3% H

2
O

2
, the 

sections were blocked with goat serum and incubated with pri-
mary antibody. The sections were then incubated with biotinyl-
ated secondary antibody and streptavidin-biotin-peroxidase, and 
diaminobenzidine was used as a chromogen substrate. The sec-
tions were counterstained with hematoxylin. Protein expression 
was graded based on the intensity of staining and the percentage 
of stained cells as described previously.44

Immunofluorescence microscopy. Cells grown on glass 
coverslips were fixed with cold methanol for 5 min. Cells were 
blocked with bovine serum albumin and incubated in succession 
with primary and secondary antibodies, followed by staining 
with DAPI as described.45 Coverslips were mounted with 90% 
glycerol and examined with a Zeiss fluorescence microscope or 
Leica TCS SP5 confocal microscope.

Quantitative real-time RT-PCR and PCR. Total RNA 
was isolated using the TRIzol reagent (Invitrogen), and DNA 
was isolated using the Extract-N-Amp Tissue PCR kit (Sigma-
Aldrich). Quantitative real-time PCR was performed using the 
SYBR Premix Ex Taq reagent (Takara) according to the manu-
facturer’s instruction.

Colony formation assays. Cells were cultured in media con-
taining 0.3% low melting point agarose (Invitrogen) for 2 or 3 
wk. Visible colonies with greater than 50 cells were then counted.

Mouse experiments. Cells (5 × 105) were injected subcutane-
ously into the right flanks of female athymic nude mice (eight 
mice per group). Tumor volume was measured every 5 d with a 
vernier caliper and calculated with the following formula: V = π/6 
× length × width2. The mice were sacrificed 25 d post-injection. 
Tumors were then isolated from mice, photographed and weighed.
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