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Abstract Parkin was originally identified as a protein associated with Parkinson's disease.
Recently, numerous research studies have suggested that parkin acts as a tumor suppressor.
In accordance with these studies, we previously reported that overexpression of parkin in
HeLa cells induced growth inhibition. To elucidate possible mechanisms by which parkin
may inhibit cell growth, HeLa cells were infected with adenoviruses expressing either the
parkin gene or adenovirus alone for 72 h and a total proteomic analysis was performed using
2-D gel electrophoresis followed by LC-MS/MS.We identified three proteins whose expression
changed between the two groups: the 40S ribosomal protein SA (RPSA) was downregulated in
parkin virus-infected cells, and cytokeratins 8 and 18 exhibited an acid shift in pI value without
a change in molecular weight, suggesting that these proteins became phosphorylated in parkin
virus-infected cells. The changes in these three proteins were first observed at 60 h postinfection
and were most dramatic at 72 h postinfection. Because upregulation of RPSA and dephosphor-
ylation of cytokeratins 8/18 have been linked with tumor progression, these data suggest that
parkin may inhibit cell growth, at least in part, by decreasing RPSA expression and inducing
phosphorylation of cytokeratin 8/18.
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Introduction

Mutations in the parkin gene, located on chromosome 6q25.2-27, are associated with the
development of Parkinson's disease [1]. Thus, initial studies on the parkin gene were focused
on elucidating the role of parkin in neuronal degeneration [2–5]. Later studies identified a
potential correlation between the loss of parkin gene expression and cancer development.
Results from one early study showed that the parkin gene is either absent or inactivated in
malignant tumors and tumor-derived cell lines, suggesting that parkin possesses tumor
suppressor activity [6]. Furthermore, aberrant expression of the parkin gene has been
identified in a wide range of cancers [5, 7–14]. For example, hypermethylation of the parkin
promoter region resulted in diminished expression of parkin in acute lymphoblastic leuke-
mia, chronic myeloid leukemia, and colorectal cancers [12]. In addition, mutations in both
the parkin gene and the adenomatous polyposis coli (APC) gene accelerated the develop-
ment of colorectal carcinoma [9], and parkin overexpression resulted in growth inhibition in
hepatocarcinoma, glioblastoma, lung cancer, breast cancer, and colon cancer cells [9, 11,
13–15]. Collectively, these reports suggest that parkin acts as a tumor suppressor in part by
inhibiting cellular growth. However, the mechanism by which this growth inhibition is
mediated remains unclear.

To investigate the mechanism by which parkin inhibits cell growth, we performed a
proteomic analysis to identify protein(s) whose expression levels were affected when HeLa
cells, which express little or no endogenous parkin, were induced to express parkin using
adenoviral expression vectors. First, we separated cellular proteins by 2-D gel electropho-
resis, which resolves proteins by molecular size and pI, and then used LC-MS/MS to identify
protein(s) of interest.

Materials and Methods

Cell Culture and Parkin Expression HeLa cells were infected using parkin-expressing
adenovirus vectors, as described previously [2]. In brief, HeLa cells (2×105) were seeded
into 100-mm cell culture dishes and infected 24 h later with parkin-expressing or mock virus
(150 multiplicity of infection, MOI) in serum-free Dulbecco's Modified Eagle Medium
(DMEM). After 90 min, 10 % fetal bovine serum (FBS)–DMEM was added to each well.
The cell lysates were collected for 2-D gel analysis at different times.

Cell Proliferation Assay HeLa cells (2×105) were seeded into each well of a six-well plate
and infected 24 h later with parkin or mock virus (150 MOI) in serum-free DMEM. After
90 min, 10 % FBS-DMEM was added to each well. At selected intervals, the cells were
trypsinized and viable cells were enumerated using trypan blue dye.

Sample Preparation HeLa cells were washed once with 1× phosphate-buffered saline (PBS)
and once with 0.5× PBS and then harvested by scraping in the presence of 5 mL 0.5× PBS.
The cell suspension was transferred into a 50-mL conical tube and centrifuged, and the
resulting pellet was resuspended in 1 mL of 0.5× PBS. The cell suspension was transferred
to a microfuge tube and centrifuged at 3,000 rpm for 5 min. After the supernatant was
discarded, the cell pellet was frozen with liquid nitrogen and stored at −80 °C.

2-D Gel Electrophoresis Proteins were extracted from cell samples using a sample prepa-
ration solution (7 M urea, 2 M thiourea, 4 % CHAPS, and 40 mM DTT) followed by a short
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sonication step. After clarification, soluble proteins were precipitated with ice-cold acetone.
The protein precipitate was briefly dried and resuspended in a sample preparation solution.
Protein concentration was determined by Bradford assay. Proteins (50 μg) were diluted in
0.5 % (v/v) ampholyte buffer (pH 3.0–5.6NL, GE Healthcare) and adjusted to a final volume
of 100 μL with DeStreak™ rehydration solution (GE Healthcare). Protein samples were
separated on a 7-cm Immobiline™ DryStrip gel with a pH range of 3–5.6NL (GE Healthcare)
using an Ettan IPGphor™ 3 isoelectrofocusing unit, followed by 10 % SDS-PAGE (Bio-Rad).
The gels were stained using Colloidal Coomassie Blue Staining Kit (Invitrogen).

LC-MS/MS Analysis Protein spots of interest were digested in-gel with sequencing grade
trypsin (Promega). Extracted peptides were injected into a NanoLC system (Eksigent).
Peptides were separated using a C18 micro column, ionized via a nano-spray module, and
analyzed with an LTQ XL™ ion trap mass analyzer (Thermo Scientific). For MS/MS
analysis, parent ions were fragmented by the CID method.

Database Searching and Protein Identification The MS/MS results for each sample were
analyzed using Sorcerer™ solo (Sage-N), which was set up to search the ipi.HUMAN v3.86
database. MS/MS-based peptide and protein identification was further validated with
Scaffold™3 software (Proteome Software).

Statistical Analysis P values were calculated using the Student's t test. Values are shown as
the mean and SEM. Data were collected from three independent experiments.

Results and Discussion

Previously, we showed that HeLa cells overexpressing parkin exhibited a slight decrease in
cell growth at 48 h [16]. To gain further insight into parkin-mediated inhibition of cell
growth, HeLa cells were infected with either a parkin-expressing virus or mock virus for up
to 72 h. Cell viability was assessed at 12, 24, 48, 60, and 72 h postinfection. We found that
inhibition of cell growth began at 48 h postinfection (P<0.01) in cells infected with the
parkin-expressing virus, and the difference in cell proliferation between parkin virus-
infected and mock virus-infected cells persisted for up to 72 h (Fig. 1). This suppression
of cell growth is attributed to both cell growth arrest and induction of apoptosis [11, 15, 16].

To identify protein(s) that may be responsible for parkin-induced inhibition of cell
growth, HeLa cells were infected with parkin-expressing or mock virus for 72 h and the
cell lysates were compared using 2-D gel electrophoresis (Fig. 2). We identified several
proteins whose expression was altered in parkin virus-infected cells compared to mock
virus-infected cells. Protein #1, Protein #2, and Protein #3 detected in mock-infected cells
were not detected in parkin-infected cells at 72 h postinfection (Fig. 2). By contrast, Protein
#4 and Protein #5 were detected in parkin-infected cells but not in mock-infected cells.
These five proteins were excised and subjected to LC-MS/MS analysis followed by a
database search. Based on the results of this search, we identified Protein #1 as the 40S
ribosomal protein SA (RPSA, sequence coverage 36 %). This result suggests that RPSA is
downregulated in parkin-infected cells. Both Protein #2 and #4 were identified as cytoskel-
etal keratin 18 (CK18, sequence coverage 81 %), and both Protein #3 and Protein #5 were
identified as cytoskeletal keratin 8 (CK8, sequence coverage 59 %) (Figs. 3 and 4). These
results suggest that CK18 and CK8 exhibited a left shift in pI value, but no change in
molecular weight.
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Since these results were obtained from mock and parkin virus-infected cells at 72 h
postinfection, we conducted a time course experiment to determine at what point following
parkin expression RPSA was downregulated and when the shift in CK8/18 occurred. HeLa
cells were infected with either mock virus or the parkin virus for 0, 12, 48, 60, and 72 h, and the
cell lysates were analyzed by 2-D gel electrophoresis. We found that RPSA protein expression
showed a slight decrease at 60 h postinfection and was dramatically downregulated at 72 h

Fig. 1 Inhibition of cell growth in HeLa cells infected with mock or parkin-expressing viruses. HeLa cells
were infected with either the parkin virus or mock virus (150 MOI), and the surviving cells were enumerated
using a trypan blue dye exclusion assay. The cell number at time 0 h was set as 100 %. Data are from three
independent experiments. P values were determined by Student's t test. **P<0.01, ***P<0.001

Fig. 2 A 2-D gel image of cell extracts from mock (a) and parkin (b) virus-infected HeLa cells. Circles
indicate the protein spots that were excised and examined by mass spectrometry analysis: RPSA (spot 1),
cytokeratin 8 (spots 3 and 5), and cytokeratin 18 (spots 2 and 4). HeLa cells infected with mock or parkin-
expressing virus at 72 h postinfection were subjected to 2-D gel electrophoresis and stained with Colloidal
Coomassie Blue
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postinfection (Fig. 5). Similarly, the spots correlating to CK8/18 maintained their initial
positions for up to 60 h and then left-shifted at 72 h postinfection. Taken together with the cell
viability data, our results ostensibly indicate that the changes in these three proteins occurred
after the onset of cell growth inhibition. However, these findings can also be interpreted as
indicating that the percentage of infected cells was low and thus protein changes were only
evident after 72 h. Therefore, it is unclear at this time whether the changes observed in RPSA
and CK8/18 were the cause or result of cell growth inhibition.

RPSA is a multifunctional protein present in several cellular compartments. It is alterna-
tively called the laminin receptor-1 due to its ability to bind the extracellular protein laminin-
1 [17, 18], a component of the ECM and the predominant glycoprotein in the basement
membrane of all types of tissues. RPSA is also known to be associated with the 40S subunit
of ribosomes in the cytoplasm [19, 20]. In human heart tissue, RPSA is a subunit of the
mitochondrial proteome, where it functions as a mitochondrial ribosomal protein [21]. In

Fig. 3 Representative LC-MS/MS spectrum of identified proteins. a RPSA. The parent ion has anm/z of 456.99.
The spectrumwas identified as the tryptic peptide LLVVTDPR from RPSA. b Cytokeratin 18. The parent ion has
an m/z of 790.90. The spectrum was identified as the tryptic peptide PVSSAASVYAGAGGSGSR from
cytokeratin 18. c Cytokeratin 8. The parent ion has an m/z of 896.98. The spectrum was identified as the tryptic
peptide LEAELGNMQGLVEDFK from cytokeratin 8
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addition, evidence suggests that RPSA associates with the histones H2A, H2B, and H4 in the
nucleus [22–24], and it is known to bind to prions [25], viruses [26, 27], and bacteria [28]. RPSA
has also been shown to be a receptor for epigallocatechin gallate (EGCG), a major component of
green tea [29]. Finally, RPSA can influence the phosphorylation status of the signaling proteins
extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38 MAPK
[30]. Thus, it is becoming increasingly clear that RPSA is a multifunctional protein.

Fig. 4 Sequence coverage of identified proteins. The sequence coverages of RPSA (a), CK18 (b), and CK8
(c) were 55, 80, and 59 %, respectively. The amino acid residues identified by LC-MS/MS analysis are
highlighted in grey. Darker grey highlights indicate the oxidized methionines

Fig. 5 2-D gel images of cell extracts from mock and parkin-infected HeLa cells in a time course experiment.
Cells were infected with mock or parkin-expressing virus and lysates were collected at different time intervals
and examined by 2-D gel electrophoresis. The positions of RPSA (a) and CK8/18 (b) are indicated
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RPSA has been shown to be overexpressed in a variety of cancers, and increased
expression of RPSA positively correlates with tumor progression [18, 31–34]. In vitro
siRNA-mediated silencing of RPSA in human cancer cell lines (Hep3B and HeLa) induces
apoptosis, suggesting that RPSA is required for maintaining cell viability [35, 36]. In an
in vivo mouse model, siRNA-mediated silencing of RPSA reduced tumor growth by inducing
G1 phase cell-cycle arrest [37]. Our observation that RPSA levels decrease in parkin-infected
HeLa cells suggests that parkin, at least in part, may decrease RPSA expression, thereby
dampening cell growth.

Dynamic alterations in cytokeratin networks have been implicated in the response of cells
to external stimuli and cellular cues such as apoptosis and mitosis [38–42]. In epithelial cells,
type 1 acidic cytokeratins (CK9-22) and type 2 basic cytokeratins (CK1-8) dimerize to form
intermediate filaments [43]. Cells derived from epithelial cells produce CK8 and CK18, as
well as several other cytokeratins. In the current study, CK8/18 exhibited a left shift in pI
value without exhibiting a change in molecular weight. For most proteins, this shift is often
correlated to protein modification [44]. In particular, phosphorylation events can shift the pI
value, and the extent of the shift can vary depending upon the protein and the amount of
phosphorylation. Phosphorylation affects the pI of intact proteins by substituting the neutral
hydroxyl groups on serine, threonine, or tyrosine residues with negatively charged phosphate
groups, thus inducing a left shift on the pI axis.

To date, serine phosphorylation is the most investigated phosphorylation event in CKs
[45]. Serine phosphorylations have been demonstrated to occur on Ser 431, Ser 73, and Ser
23 of CK8 and on Ser 33 and Ser 52 of CK18 [46]. Multiple kinases have been shown to
phosphorylate CKs [47]. Ser73 of CK8 is a substrate for phosphorylation by p38 kinase and
JNK [48–51], while Ser431 of CK8 is phosphorylated by ERK1/2 [46, 52]. In contrast to
serine phosphorylation, tyrosine phosphorylation of CKs is a significantly less investigated
event. In one study, however, the phosphatase inhibitor pervanadate was shown to induce
tyrosine phosphorylation of CK8 but not CK18 in several cultured human cell lines and in
the mouse colon [53]. Many types of stimuli have been reported to induce phosphorylation
of CK8 and CK18. For example, phorbol acetate has been shown to induce phosphorylation
of CK8 and CK18 in human colonic epithelial cells [45]. In addition, forskolin-treated Caco-
2 colon cancer cells exhibited changes in the phosphorylation status of CK8/18 without
changing the protein levels of CK8/18 compared to nontreated cells [54]. In this report,
forskolin treatment of these cells induced phosphorylation of CK8/18 but not of vimentin,
suggesting that the phosphorylation of CK was a specific response. Finally, both CK8 and
CK18 have been shown to undergo phosphorylation during cellular apoptosis [55, 56].

The persistence of CK8/18 in epithelial cell-derived tumors correlates with tumor invasive-
ness [47, 57]. In addition, dephosphorylation of CK8 in colorectal cancer tumor cells is
associated with tumor progression and increased tumor aggressiveness [58]. There is increasing
evidence that cytokeratins influence cell death signaling pathways, in particular apoptosis
mediated by TNF-α and Fas [59], and it has been shown that epithelial cells lacking CK8/18
are significantly more sensitive to TNF-α-mediated apoptosis [55]. In agreement with this, our
previous data showed that overexpression of parkin in HeLa cells enhanced the cytotoxicity of
TNF-α treatment in these cells [16]. These observations suggest that another mechanism by
which parkin may inhibit tumor cell growth is by dephosphorylating CK8/18, which would
eventually lead to cell death. However, the mechanism by which the pI value of CK8/18 is
changed in response to parkin overexpression in HeLa cells remains unknown and is currently
under investigation.

In conclusion, we show that parkin overexpression in HeLa cells induces inhibition of
cell growth. This growth inhibition correlates with a downregulation of RPSA expression
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and an acidic shift of the pI of CK8 and CK18. These events may be the mechanisms by
which parkin acts as a tumor suppressor.
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