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AbstrAct
Purkinje cell protein (PCP) 4/peptide (PEP) 19 is expressed in Purkinje cells 

where it has a calmodulin-binding, anti-apoptotic function. We recently demonstrated 
that PCP4/PEP19 is expressed and inhibit apoptosis in human breast cancer cell lines. 
In the present study we investigated the role of PCP4/PEP19 in cell morphology, 
adhesion, migration, and invasion in MCF-7 and T47D human breast cancer cell lines. 
Knockdown of PCP4/PEP19 reduced the formation of filopodia-like cytoplasmic 
structures and vinculin expression, and enhanced E-cadherin expression. Activities 
of migration, invasion, and cell adhesion were also decreased after the knockdown 
of PCP4/PEP19 in MCF-7 and T47D cells. These results suggested that PCP4/PEP19 
promotes cancer cell adhesion, migration, and invasion and that PCP4/PEP19 may 
be a potential target for therapeutic agents in breast cancer treatment which act by 
inhibiting epithelial-mesenchymal transition and enhancing apoptotic cell death.

IntroductIon

Purkinje cell protein (PCP) 4, also known as 
peptide (PEP) 19, was first identified in rat cerebellum 
as a polypeptide of 7.6 kDa that shows homology to 
the calcium binding β-chain of the S100 protein [1]. It 
is expressed in Purkinje cells and stellate neurons [2] 
and binds calmodulin (CaM), thereby regulating CaM-
dependent signaling [3–5] by modulating calcium/
CaM-dependent protein kinase (CaMK) activity [6, 7] 
to influence a variety of processes in neurons, including 
apoptosis [8–11].

Although PCP4/PEP19 was first detected in the 
central nervous system, it is also known to be expressed 
in other organs, including prostate, kidney, and uterus 
as well as breast cancer tissue. PCP4/PEP19 are highly 
expressed in uterine leiomyoma as compared to non-
neoplastic normal myometrium [12]. Another study 
reported PCP4/PEP19 expression in normal and neoplastic 

human adrenocortical tissue where it increases aldosterone 
production [13, 14]. Our previous study showed that 
PCP4/PEP19 expression was increased in the mammary 
gland tissue of rats in which carcinogenesis was induced 
by exposure to 7, 12-dimethylbenz [a] anthracene 
exposure [15]. We also detected PCP4/PEP19 expression 
in human breast cancer and found that it exerts anti-
apoptotic functions in human breast cancer cell lines via 
CaMKK and Akt signaling pathways [16]. 

B cell-specific Moloney murine leukemia virus 
integration site (Bmi)-1 is a critical inducer of cell 
adhesion, migration, and invasion as well as the epithelial-
mesenchymal transition (EMT) in human breast cancer 
cells [17–19]. In the present study, we investigated 
the roles of PCP4/PEP19 and Bmi-1 in cell adhesion, 
migration, and invasion by knocking down their transcripts 
and evaluating the expression of cell adhesion complex 
components as well as migratory and invasive capacities in 
human breast cancer MCF-7 and T47D cells. The activities 
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of Ras homolog (Rho) A, Ras-related C3 botulinum 
toxin substrate (Rac) 1, and cell division cycle (Cdc) 42 
GTPases were also assayed in MCF-7 cells. We found 
that these cellular processes were inhibited by PCP4/
PEP19 knockdown through a mechanism(s) distinct from 
Bmi-1 signaling, indicating that PCP4/PEP19 enhances 
cell motility and prevent apoptosis, and therefore can 
determine malignant potential of cancer cells.

results

PCP4/PEP19 induction by 17β-estradiol (E2) 
and subcellular localization

Immunocytochemistry showed that PCP4/
PEP19 was localized in both cytoplasm and nuclei in 
MCF-7 and T47D cells (Figure 1A). The expression of 
PCP4/PEP19 was induced by E2 stimulation in both cells. 
The cytoplasmic and nuclear localization was confirmed 
by Western blotting and the subcellular localization was 
not changed after E2 stimulation and Bmi-1 knockdown 
(Figure 1B).

Bmi-1 and PCP4/PEP19 knockdown alters cell 
morphology

Cell morphology was altered by siRNA-mediated 
Bmi-1 and PCP4/PEP19 knockdown; MCF-7 and 
T47D cells appeared rounded, had fewer cytoplasmic 
processes, and were more densely packed into aggregates.  

The number of filopodia-like cytoplasmic projections 
per cell were decreased in Bmi-1 and PCP4/PEP19 
knockdown cells (Figure 2A), and imuunocytochemical 
analysis of vinculin expression showed rod- or spot-like 
structures within cytoplasmic processes (Figure 2B) 
corresponding to focal adhesion complexes, which were 
also decreased in number (Figure 3A and 3B).

Expression of EMT markers is altered upon 
Bmi-1 and PCP4/PEP19 knockdown

In MCF-7 cells, loss of Bmi-1 reduced the mRNA 
and protein expression of PCP4/PEP19, whereas PCP4/
PEP19 knockdown decreased Bmi-1 mRNA and protein 
expression (Figures 3C and 4A). Loss of Bmi-1 inhibited 
the expression of Snail and increased that of E-cadherin 
relative to control-transfected cells. A similar trend was 
observed upon PCP4/PEP19 knockdown (Figure 4A). 
An immunocytochemical analysis revealed an increase 
in membrane expression of E-cadherin in cells treated 
with Bmi-1 or PCP4/PEP19 siRNA (Figure 5). In T47D 
cells, PCP4/PEP19 and Bmi-1 knockdown did not change 
the expression of Bmi-1 and PCP4/PEP19, respectively 
(Figure 3D). Snail expression was decreased by Bmi-1 
and PCP4/PEP19 knockdown (Figure 4B). E-cadherin 
expression was significantly increased by knockdown of 
Bmi-1, but not by that of PCP4/PEP19 (Figure 4B). The 
cellular distribution, however, appeared to be increased at 
the cell membrane after PCP4/PEP19 knockdown as well 
as Bmi-1 knockdown (Figure 5).

Figure 1: PCP4/PEP19 expression and subcellular localization. (A) Immunocytochemical demonstration of cytoplasmic and 
nuclear localization of PCP4/PEP19 in MCF-7 and T47D cells. (b) Subcellular fractionation of PCP4/PEP19 expression by Western 
blotting. PCP4/PEP19 localized in both cytoplasmic (c) and nuclear (N) fraction before and after Bmi-1 knockdown. The PCP4/PEP19 
expression was induced by E2 stimulation (10–9 M E2 for 48 hr after 24 hr E2-free starvation). si-Bmi-1, Bmi-1 knockdown; N, nuclear 
fraction; C, cytoplasmic fraction; ACTB, β-actin; HDAC1, histone deacetylase 1.
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Figure 2: Changes in cell morphology following PCP4/PEP19 and Bmi-1 knockdown. (A) Phase contrast images of MCF-7 
and T47D cells. Bmi-1 and PCP4/PEP19 knockdown cells were aggregated and had fewer filopodia-like structures. (b) F-actin organization 
and vinculin expression (arrowheads) as detected by FITC-phalloidin staining and immunocytochemistry, respectively, were lost after 
Bmi-1 and PCP4/PEP19 knockdown. The cells were stimulated with 10–8 M E2 for 15 min after overnight starvation. si-Bmi-1, Bmi-1 
knockdown; si-PEP19, PCP4/PEP19 knockdown; DAPI, 4′, 6-diamidino-2-phenylindole: Phall, phalloidin; Vin, vinculin.

Figure 3: Effects of Bmi-1 and PCP4/PEP19 knockdown on vinculin expression and PCP4/PEP19 and Bmi-1 mRNA 
expression. (A–b) Quantitative analysis of vinculin-positive structures in each cell (n = 100) of MCF-7 cells (A) and T47D cells (B). The 
number was decreased after Bmi-1 and PCP4/PEP19 knockdown as compared to controls. (c–d) PCP4/PEP19 expression was decreased 
by Bmi-1 knockdown, while Bmi-1 expression was reduced by PCP4/PEP19 knockdown (n = 4) in MCF-7 cells (A). In contrast, PCP4/
PEP19 and Bmi-1 expression were not influenced each other in T47D cells (B). *p < 0.05 and **p < 0.01 vs. control. si-Bmi-1, Bmi-1 
knockdown; si-PEP19, PCP4/PEP19 knockdown.
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Figure 4: Western blot analysis of EMT marker expression. (A) In MCF-7 cells (cultured in 10–9 M E2-containig medium), 
PCP4/PEP19 and Bmi-1 protein levels were reduced after knockdown of Bmi-1 and PCP4/PEP19, respectively. Snail and E-cadherin levels 
were decreased and increased, respectively, by Bmi-1 and PCP4/PEP19 knockdown. (b) Knockdown experiments of Bmi-1 and PCP4/
PEP19 in T47D cells (cultured in 10–8 M E2-containig medium) showed similar results to those obtained in MCF-7 cells, except that the 
E-cadherin expression was not significantly increased after PCP4/PEP19 knockdown. The expression of each protein was normalized to 
that of β-actin (ACTB) (n = 4). *p < 0.05 and **p < 0.01 vs. control. E-cad, E-cadherin; si-Bmi-1, Bmi-1 knockdown; si-PEP19, PCP4/
PEP19 knockdown.

Figure 5: Immunocytochemical analysis of E-cadherin expression. E-cadherin expression was upregulated in MCF-7 and T47D 
cells Bmi-1 or PCP4/PEP19 knockdown. si-Bmi-1, Bmi-1 knockdown; si-PEP19, PCP4/PEP19 knockdown.



Oncotarget49069www.impactjournals.com/oncotarget

Figure 6: Effects of Bmi-1 and PCP4/PEP19 knockdown on cell migration and invasion in MCF-7 cells. (A) Cell 
migration was monitored by the wound healing assay (n = 6). Areas covered by migrating cells 24 h after scratching the surface of the plate 
were measured; areas were decreased by Bmi-1 and PCP4/PEP19 knockdown relative to the control. (b) Invasion was measured using 
the Boyden chamber method (n = 8). After 24 h of culture in the chamber, cells that had penetrated the pores were counted. Invasion was 
markedly reduced by Bmi-1 and PCP4/PEP19 knockdown. **p < 0.01 vs. control. si-Bmi-1, Bmi-1 knockdown; si-PEP19, PCP4/PEP19 
knockdown.

Figure 7: Effects of Bmi-1 and PCP4/PEP19 knockdown on cell migration and invasion in T47D cells. (A) Cell migration 
was monitored by the wound healing assay (n = 6). (b) Invasion was measured using the Boyden chamber method (n = 8). **p < 0.01 vs. 
control. si-Bmi-1, Bmi-1 knockdown; si-PEP19, PCP4/PEP19 knockdown.
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Loss of Bmi-1 and PCP4/PEP19 suppresses cell 
migration and invasion

MCF-7 cell migration was assessed with the wound-
healing and invasion assays. In cells treated with control 
siRNA, approximately 50% of the initial wound area was 
repaired by migrating cells after 24 h; however, in Bmi-1 
and PCP4/PEP19 knockdown cells, only 10% of the area, 
was repaired (Figure 6A). A similar result was obtained 
with the invasion assay; that is, cell invasion through 
basement membrane-coated pores was decreased upon 
Bmi-1 and PCP4/PEP19 knockdown relative to control 
cells (Figure 6B). The experiments using T47D cells 
showed a similar results (Figure 7).

Effects of PCP4/PEP19 and Bmi-1 knockdown 
on RhoA, Rac1 and Cdc42 activities

PCP4/PEP19 knockdown did not change the protein 
expression and activities of RhoA, Rac1 and Cdc42 
GTPases in MCF-7 cells. In contrast, RhoA activity was 
increased and those of Rac1 and Cdc42 were decreased by 
Bmi-1 knockdown. (Figure 8A).

Loss of PCP4/PEP19 perturbs cell adhesion

The MCF-7 cells transfected with negative control 
siRNA attached to the surface of culture dishes; however, 
some of PCP4/PEP19-silenced cells were non-adherent 
(Figure 8B). The sub-G1 fractions of adherent cells was 
increased by PCP4/PEP19 knockdown (Figure 8C, left 
two columns). In contrast, there was no difference in the 
percentage of cells in the sub-G1 fraction of non-adherent 
cells between negative control and PCP4/PEP19 siRNA-
treated cells (Figure 8C, right two columns). 

dIscussIon

PCP4/PEP19 has an anti-apoptotic function in 
human breast cancer cell lines [16]. In the present study, 
we demonstrated that loss of PCP4/PEP19 expression 
decreased cell adhesion, migration, and invasion in MCF-7  
and T47D human breast cancer cells. These events 
preceded apoptosis and was accompanied by aggregation 
and alterations in cell morphology, including loss of 
filopodia-like structures and focal adhesion complexes 
as well as decreased vinculin expression. These results 

Figure 8: (A) Analysis of RhoA, Cdc42, and Rac1 GTPase activities in MCF-7 cells. RhoA activity was increased and Cdc42 and 
Rac1 activities were decreased by Bmi-1 knockdown relative to controls. PCP4/PEP19 knockdown had no effect on GTPase activity (n = 4). 
Cell were stimulated with cultured in 10–8 M E2 for 15 min after overnight starvation. (b–c) Effects of PCP4/PEP19 knockdown on cell 
adhesion in MCF-7 cells. Cells were trypsinized 72 h after siRNA transfection and allowed to attach onto new culture dishes. (B) Adherent 
cell areas were measured 8 h later by crystal violet staining (n = 6). (C) The percentage of apoptotic cells in the adherent fraction was 
increased upon PCP4/PEP19 knockdown as compared to control siRNA transfection. In the non-adherent fraction, there was no difference in 
the percentage of apoptotic cells between two groups (n = 3 to 5). *p < 0.05 and **p < 0.01 vs. control siRNA-transfected cells.
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suggest that PCP4/PEP19 is required for activities of 
cancer cell migration, invasion, and adhesion. 

EMT is a complex process by which epithelial 
cells acquire a mesenchymal phenotypes, which includes 
the loss of adhesion and increased motility [20, 21]. 
EMT plays a critical role in organ development, tissue 
remodeling, and in cancer invasion and metastasis [22–24].  
Many studies have linked EMT to the invasive and 
metastatic potential of breast cancer cells [25, 26]. 
A feature of EMT is suppression of E-cadherin expression, 
which disrupts cell-cell adhesion and activates signaling 
pathways that control cell migration, invasion, and 
metastasis [27, 28]. Bmi-1 is an upstream regulator of 
Snail expression, which in turn promotes the EMT via 
suppression of E-cadherin and upregulation of vimentin 
expression [29, 30]. In the present study, E-cadherin levels 
were increased by knockdown of Bmi-1 and PCP4/PEP19, 
suggesting that the factors may enhance EMT by acting in 
the same pathway(s). Loss of Bmi-1 has been reported to 
inhibit cell proliferation and enhance apoptotic cell death, 
which decreases Akt phosphorylation in MCF-7 cell [31]. 
Taken together with our previous results demonstrating 
that phosphorylation of Akt is reduced by PCP4/PEP19 
knockdown [16], our current findings implicate PCP4/
PEP19 as a novel factor in the upregulation of EMT 
in human breast cancer. In addition, the expression of 
both PCP4/PEP19 and Snail was inhibited by Bmi-1  
knockdown, suggesting that PCP4/PEP19 acts downstream 
of the Bmi-1 signaling pathway in MCF-7 cells but not in 
T47D cells.

Among Rho family small GTPases, RhoA, Rac1, 
and Cdc42 have been extensively studied for their 
roles in regulating cell motility and migration via actin 
reorganization and alteration of membrane structures 
[32]. Cdc42 and Rac1 GTPases stimulate the formation 
of filopodia and lamellipodia, respectively [33–35], while 
RhoA induces actin stress fiber formation and promote 
the maturation of adhesion complexes [36]. Although 
Rac1/Cdc42 and RhoA have antagonistic functions [37], 
their coordination of their activities is essential for cell 
motility and cancer metastasis [38]. In our study, RhoA 
activity was increased and those of Rac1 and Cdc42 were 
decreased by Bmi-1 knockdown in the MCF-7 cells. In 
contrast, loss of PCP4/PEP19 had no effect on the activity 
of these GTPases, despite the fact that PCP4/PEP19 
knockdown suppressed cell migration and invasion. These 
results suggest that PCP4/PEP19 does not involve the 
regulation of these GTPases activities, even though PCP4/
PEP19 may be a downstream signaling of Bmi-1. 

In metastasis, cancer cells detach from the interstitial 
extracellular matrix and invade the stroma and vasculature, 
adhering to endothelial cells and stroma at remote sites and 
undergoing proliferation. Thus, unlike normal epithelial 
cells, cancer cells can survive even in without adhesion in 
the lymph and blood stream [39, 40]. Anoikis is the process 
by which apoptosis occurs as a result of loss of adhesion 
to adjacent cells or the extracellular matrix [40, 41].  

Epithelial cells are more susceptible than fibroblasts to 
anoikis; indeed, normal MCF-10A mammary epithelial 
cells undergo anoikis following loss of cell attachment, 
whereas MCF-7 cells show resistance [42]. Therefore, 
the sensitivity of cells to anoikis is inversely associated 
with their capacity for transformation [41]. Knockdown 
of PCP4/PEP19 resulted in cell aggregation and decreased 
migration, invasion, and cell adhesion, but in no increased 
apoptosis in non-adherent cell fractions, indicating that 
PCP4/PEP19 may be irrelevant to anoikis.

In conclusion, we report a novel role for PCP4/
PEP19 in the upregulation of cell motility in addition to 
its previously described anti-apoptotic function in human 
breast cancer cells. Given that increased motility and 
suppression of apoptosis promotes cancer cell survival, 
these results suggest that PCP4/PEP19 can potentially 
serve as a molecular therapeutic agent designed to suppress 
breast cancer cell proliferation, invasion, and metastasis.

METhoDs

Cells and cell culture

MCF-7 and T47D human breast cancer cells were 
obtained from RIKEN BioResource Center (Tsukuba, 
Japan) and ATCC, respectively. The cells were grown in 
minimal essential medium (MEM, Sigma, St. Louis, MO)  
or RPMI1640 medium (Sigma) containing 10% FBS 
and maintained at 37°C in 95% air and 5% CO2. Steroid 
hormones were removed from FBS by incubation in a 5% 
charcoal and 0.5% dextran suspension at 45°C for 1 h. 
The suspension was centrifuged at 2,500 rpm, and the 
supernatant was passed through a 0.2 μM filter. In each 
experiment, cells were cultured with medium containing 
10–8 M or 10–9 M 17-β estradiol (E2, Sigma) and 10% 
charcoal-stripped FBS and without phenol red.

Antibodies and reagents

Anti-PCP4/PEP19 polyclonal rabbit antibody 
was purchased from Sigma. Antibodies against Snail, 
vinculin, and E-cadherin were from Abcam (Burlingame, 
CA). Rabbit monoclonal antibody against Bmi-1, β-actin 
(ACTB), histone deacetylase 1 (HDAC1) and Alexa Fluor 
594- and 488-conjugated secondary antibodies were 
from Cell Signaling Technology (Danvers, MA). FITC-
conjugated phalloidin (Acti-stain Fluorescent Phalloidin) 
and kits for active RhoA/Rac1/Cdc42 pull down assays 
were from Cytoskeleton Inc. (Denver, CO). Lipofectamine 
RNAiMAX was obtained from Life Technologies 
(Carlsbad, CA).

siRNA knockdown experiments

Pre-designed siRNAs were used to knock down 
PCP4/PEP19 (ID: HSS181928) and Bmi-1 (IDs: 
HSS101038, HSS101039, and HSS101040), and Stealth 
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RNA siRNA (Life Technologies) was used as a negative 
control. Cells were transfected with siRNAs using 
Lipofectamine RNAiMAX in phenol red-free MEM (Life 
Technologies) containing 10% charcoal-stripped FBS. The 
following day, the medium was changed to phenol red-free 
MEM containing 10% charcoal-stripped FBS and E2.

Western blot analysis

Cells were washed with cold PBS and precipitated 
with 10% trichloroacetic acid on ice for 30 min. 
Precipitates were washed with PBS and dissolved in 
lysis buffer composed of 50 mM Tris-HCl (pH 6.8), 2% 
SDS, 10% glycerol, 6% 2-mercaptoethanol, and 0.01% 
bromophenol blue. Lysates were resolved on Tris/Tricine 
or Tris/glycine gels and transferred to PVDF membranes, 
which were blocked with 5% milk in TBS (pH 7.6) 
with 0.1% Tween 20. The membranes were incubated 
overnight at 4°C with primary antibodies diluted in Can 
Get Signal solution 1 (Toyobo, Osaka, Japan), followed 
by horseradish peroxidase-conjugated goat anti-rabbit or 
anti-mouse antibody (MP Biomedicals, Santa Ana, CA). 
Protein expression was detected with SuperSignal West 
Pico chemiluminescent substrate or SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Scientific, 
Waltham, MA). For subcellular fractionation of PCP4/
PEP19 expression, the cell lysates were fractioned into 
cytoplasmic and nuclear fractions using a kit (NE-PER™ 
nuclear and cytoplasmic extraction reagents, Thermo 
Scientific) and applied to Western blotting. Densitometry 
analysis was performed using CS Analyzer 3.0 (ATTO, 
Tokyo, Japan).

Quantitative real-time PCR analysis of gene 
expression

Total RNA was extracted using ReliaPrep RNA 
Cell Miniprep System (Promega, Maddison, WI) and was 
converted into cDNA using a High Capacity RNA-to-
cDNA kit (Life Technologies). The cDNA was analyzed 
on a LightCycler 480 (Roche Diagnostics, Basel, 
Switzerland) using TaqMan assay (Life Technologies). 
Each sample was analyzed in triplicate in separate 
wells to determine target (PCP4/PEP19 and Bmi-1) and 
reference (18S rRNA) gene expression. The average of 
three threshold cycle values was calculated for each gene 
and analyzed with the comparative Ct method. Custom 
made primers and TaqMan probes were purchased from 
Life Technologies (assay IDs: Hs01113638_m1 and 
Hs00995536_m1, respectively).

Wound healing assay

After siRNA knockdown, the cells were cultured 
in 10–9 M E2-containing medium until confluence (36 h) 
in 24-well plates and starved in serum free medium for 

overnight. Cell monolayer were stripped using a pipette 
tip, washed with PBS, and incubated with 10–9 M E2-
containing fresh medium for 24 h. Wound areas were 
measured using Image J software. 

Invasion assay

Cell invasion was evaluated with the CytoSelect 
24-Well Cell Invasion Assay kit (Cell Biolabs, San 
Diego, CA). After siRNA knockdown, the cells were 
cultured in 10–9 M E2-containing medium for 36 h and 
starved in serum free medium for overnight. Then, 3 × 105 
cells in serum-free medium were seeded on a basement 
membrane-coated insert with 8 µM pores, and 500 μl of 
medium containing 10% of charcoal-stripped FBS and E2 
(10–9 M) were added to the lower chamber. After a 24-h 
incubation, cells that had penetrated the insert pore were 
extracted and absorbance at OD560nm was measured.

Immunocytochemistry

Cells grown in 4-well Lab-Tek Chambered slides 
(Nunc/Nalgene, Penfield, NY) were stimulated with 10–8 
M E2 for 15 min after overnight starvation, and fixed with 
10% buffered formalin. After washing with PBS, cells 
were permeabilized by treatment with 0.5% Triton X-100. 
F-actin filaments were visualized by FITC-conjugated 
phalloidin staining. Vinculin expression demonstration 
was detected using a primary antibody and Alexa Fluor 
594-conjugated secondary antibody and visualized by a 
conventional fluorescence microscopy (Olympus, Tokyo, 
Japan). For PCP4/PEP19 demonstration, the cells cultured 
on glass slides were fixed with ice cold acetone and 
incubated with anti-PCP4/PEP19 antibody. The cellular 
localization was visualized by Alexa Fluor 488-conjugated 
secondary antibody.

Active RhoA, Rac1, and Cdc42 pull-down assay 
in MCF-7 cells

MCF-7 cells were stimulated by 10–8 M E2 for 
15 min after Bmi-1 and PCP4/PEP19 knockdown and 
overnight starvation. Total lysates were incubated with 
GST-rhotekin-Rho-GTP-binding domain beads to pull 
down active RhoA and with GST-p21-activated protein 
kinase-p21-biding domain beads to pull down active Rac1/
Cdc42 according to the manufacturer’s instruction. Active 
proteins were detected by western blotting using the total 
cell lysates.

Cell adhesion assay in MCF-7 cells

Cells maintained in the growth medium (10–9 M E2)  
were trypsinized 72 h after transfection of control or 
PCP4/PEP19 siRNA and re-plated in 24-well plates at 
1 × 105 cells/well; 8 h later, adherent cells were washed 
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twice with PBS, fixed with methanol, and stained with 
1% crystal violet. Adherent cell areas were measured 
using ImageJ software. Cell apoptosis of adherent and 
non-adherent cells was evaluated by flow cytometry, as 
previously described [16].

statistical analysis

Data are presented as mean ± SE. Statistical 
significance was determined with the unpaired one-tailed 
Student’s t test. P < 0.05 was considered statistically 
significant.

conFlIcts oF Interest

The authors declare no conflicts of interest

reFerences

 1. Ziai R, Pan YC, Hulmes JD, Sangameswaran L, Morgan JI. 
Isolation, sequence, and developmental profile of a brain-
specific polypeptide, PEP-19. Proc Natl Acad Sci USA. 
1986; 83:8420–8423.

 2. Hockberger PE, Yousif L, Nam SC. Identification of acutely 
isolated cells from developing rat cerebellum. Neuroimage. 
1994; 1:276–287.

 3. Putkey JA, Kleerekoper Q, Gaertner TR, Waxham MN. 
A new role for IQ motif proteins in regulating calmodulin 
function. J Biol Chem. 2003; 278:49667–49670.

 4. Putkey JA, Waxham MN, Gaertner TR, Brewer KJ, 
Goldsmith M, Kubota Y, Kleerekoper QK. Acidic/IQ 
motif regulator of calmodulin. J Biol Chem. 2008; 283: 
1401–1410.

 5. Kleerekoper QK, Putkey JA. PEP-19, an intrinsically 
disordered regulator of calmodulin signaling. J Biol Chem. 
2009; 284:7455–7464.

 6. Johanson RA, Sarau HM, Foley JJ, Slemmon1 JR. 
Calmodulin-binding peptide PEP-19 modulates activation 
of calmodulin kinase II in situ. J Neurosci. 2000; 20: 
2860–2866.

 7. Mouton-Liger F, Thomas S, Rattenbach R, Magnol L, 
Larigaldie V, Ledru A, Herault Y, Verney C, Créau N. 
PCP4 (PEP19) overexpression induces premature neuronal 
differentiation associated with Ca(2+) /calmodulin-
dependent kinase II-δ activation in mouse models of Down 
syndrome. J Comp Neurol. 2011; 519:2779–2802.

 8. Slemmon JR, Feng B, Erhardt JA. Small proteins that 
modulate calmodulin-dependent signal transduction: effects 
of PEP-19, neuromodulin, and neurogranin on enzyme 
activation and cellular homeostasis. Mol Neurobiol. 2000; 
22:99–113.

 9. Harashima S, Wang Y, Horiuchi T, Seino Y, Inagaki N.  
Purkinje cell protein 4 positively regulates neurite 
outgrowth and neurotransmitter release. J Neurosci Res. 
2011; 89:1519–1530.

10. Erhardt JA, Legos JJ, Johanson RA, Slemmon JR, Wang X.  
Expression of PEP-19 inhibits apoptosis in PC12 cells. 
Neuroreport. 2000; 11:3719–3723.

11. Kanazawa Y, Makino M, Morishima Y, Yamada K, 
Nabeshima T, Shirasaki Y. Degradation of PEP-19, a 
calmodulin-binding protein, by calpain is implicated in 
neuronal cell death induced by intracellular Ca2+ overload. 
Neuroscience. 2008; 154:473–481.

12. Kanamori T, Takakura K, Mandai M, Kariya M, Fukuhara K,  
Kusakari T, Momma C, Shime H, Yagi H, Konishi M,  
Suzuki A, Matsumura N, Nanbu K, et al. PEP-19 
overexpression in human uterine leiomyoma. Mol Hum 
Reprod. 2003; 9:709–717.

13. Wang T, Satoh F, Morimoto R, Nakamura Y, Sasano H, 
Auchus RJ, Edwards MA, Rainey WE. Gene expression 
profiles in aldosterone-producing adenomas and adjacent 
adrenal glands. Eur J Endocrinol. 2011; 164:613–619. 

14. Felizola SJ, Nakamura Y, Ono Y, Kitamura K, Kikuchi K,  
Onodera Y, Ise K, Takase K, Sugawara A, Hattangdy N,  
Rainey WE, Satoh F, Sasano H. PCP4: a regulator of 
aldosterone synthesis in human adrenocortical tissues. J 
Mol Endocrinol. 2014; 52:159–167.

15. Souda M, Umekita Y, Abeyama K, Yoshida H. Gene 
expression profiling during rat mammary carcinogenesis 
induced by 7, 12-dimethylbenz [a] anthracene. Int J Cancer. 
2009; 125:1285–1297.

16. Hamada T, Souda M, Yoshimura T, Sasaguri S, Hatanaka K,  
Tasaki T, Yoshioka T, Ohi Y, Yamada S, Tsutsui M, Umekita Y,  
Tanimoto A. Anti-apoptotic effects of PCP4/PEP19 
in human breast cancer cell lines: a novel oncotarget. 
Oncotarget. 2014; 5:6076–6086. doi: 10.18632/
oncotarget.2161.

17. Li H, Song F, Chen X, Li Y, Fan J, Wu X. Bmi-1 regulates 
epithelial-to-mesenchymal transition to promote migration 
and invasion of breast cancer cells. Int J Clin Exp Pathol. 
2014; 7:3057–3064.

18. Kim JH, Yoon SY, Jeong SH, Kim SY, Moon SK, Joo JH,  
Lee Y, Cho IS, Kim JW. Overexpression of Bmi-1 
oncoprotein correlates with axillary lymph node metastases 
in invasive ductal breast cancer. Breast. 2004; 13:383–388.

19. Joensuu K, Hagström J, Leidenius M, Haglund C, 
Andersson LC, Sariola H, Heikkilä P. Bmi-1, c-myc, 
and Snail expression in primary breast cancers and their 
metastases—elevated Bmi-1 expression in late breast cancer 
relapses. Virchows Arch. 2011; 459:31–39.

20. Duband JL, Monier F, Delannet M, Newgreen D. 
Epithelium-mesenchyme transition during neural crest 
development. Acta Anat. (Basel). 1995; 154:63–78.

21. Hay ED. An overview of epithelio-mesenchymal 
transformation. Acta Anat. (Basel). 1995; 154:8–20.

22. Thiery JP. Epithelial–mesenchymal transitions in tumour 
progression. Nat Rev Cancer. 2002; 2:442–454.



Oncotarget49074www.impactjournals.com/oncotarget

23. Huber MA, Kraut N, Beug H. Molecular requirements 
for epithelial-mesenchymal transition during tumor 
progression. Curr Opin Cell Biol. 2005; 17:548–558.

24. Christiansen JJ, Rajasekaran AK. Reassessing epithelial 
to mesenchymal transition as a prerequisite for carcinoma 
invasion and metastasis. Cancer Res. 2006; 66:8319–8326.

25. Taliaferro-Smith L, Elaine Oberlick E, Liu T, McGlothen T,  
Alcaide T, Tobin R, Donnelly S, Commander R, Kline E,  
Nagaraju GP, Havel L, Marcus A, Nahta R, et al. FAK 
activation is required for IGF1R-mediated regulation 
of EMT, migration, and invasion in mesenchymal triple 
negative breast cancer cells. Oncotarget. 2015; 6:4757–4772. 
doi: 10.18632/oncotarget.3023.

26. Qiao Y, Shiue CN, Zhu J, Zhuang T, Jonsson P, Wright APH, 
Zhao C, Dahlman-Wright K. AP-1-mediated chromatin 
looping regulates ZEB2 transcription: new insights into 
TNFα-induced epithelial–mesenchymal transition in triple-
negative breast cancer. Oncotarget. 2015; 6:7804–7814. doi: 
10.18632/oncotarget.3158.

27. Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, Robert A.  
Weinberg A. Loss of E-cadherin promotes metastasis via 
multiple downstream transcriptional pathways. Cancer Res. 
2008; 68:3645–3654.

28. Scherbakov AM, Andreeva OE, Shatskaya VA,  
Krasil’nikov MA. The relationships between Snail1 and 
estrogen receptor signaling in breast cancer cells. J Cell 
Biochem. 2012; 113:2147–2155.

29. Yu CC, Lo WL, Chen YW, Huang PI, Hsu HS, Tseng LM, 
Hung SC, Kao SY, Chang CJ, Chiou SH. Bmi-1 regulates 
Snail expression and promotes metastasis ability in head 
and neck squamous cancer-derived ALDH1 positive cells. J 
Oncol. 2011; 2011:609259.

30. Craenea BD, van Royb F, Berxa G. Unraveling signalling 
cascades for the Snail family of transcription factors. Cell 
Signal. 2005; 17:535–547.

31. Xu Z, Liu H, Lv X, Liu Y, Li S, Li H. Knockdown of the 
Bmi-1 oncogene inhibits cell proliferation and induces 
cell apoptosis and is involved in the decrease of Akt 

phosphorylation in the human breast carcinoma cell line 
MCF-7. Oncol Rep. 2011; 25:409–418.

32. Ridley AJ. Rho GTPases and actin dynamics in membrane 
protrusions and vesicle trafficking. Trends Cell Biol. 2006; 
16:522–529.

33. Ridley AJ, Comoglio PM, Hall A. Regulation of scatter 
factor/hepatocyte growth factor responses by Ras, Rac, and 
Rho in MDCK cells. Mol Cell Biol. 1995; 15:1110–1122.

34. Kozma R, Ahmed S, Best A, Lim L. The Ras-related protein 
Cdc42Hs and bradykinin promote formation of peripheral 
actin microspikes and filopodia in Swiss 3T3 fibroblasts. 
Mol Cell Biol. 1995; 15:1942–1952.

35. Nobes CD, Hall A. Rho GTPases control polarity, 
protrusion, and adhesion during cell movement. J Cell Biol. 
1999; 144:1235–1244.

36. Burridge K, Wennerberg K. Rho and Rac take center stage. 
Cell. 2004; 116:167–179.

37. Guilluy C, Garcia-Mata R, Burridge K. Rho protein 
crosstalk: another social network? Trends Cell Biol. 2011; 
21:718–726.

38. Machacek M, Hodgson L, Welch C, Elliott H, Pertz O, 
Nalbant P, Abell A, Johnson GL, Hahn KM, Danuser G.  
Coordination of Rho GTPase activities during cell 
protrusion. Nature. 2009; 461:99–103.

39. Valastyan S, Weinberg RA. Tumor metastasis: Molecular 
insights and evolving paradigms. Cell. 2011; 147:275–292.

40. Hernandez-Caballero ME. Molecular mechanisms of 
metastasis: Epithelial-mesenchymal transition, anoikis and 
loss of adhesion. In Carcinogenesis edited by Tonissen K. 
InTech, 2013; Chap 9.

41. Gilmore AP. Anoikis. Cell Death Differ. 2005; 12: 
1473–1477.

42. Brunquell C, Biliran H, Jennings S, Ireland SK, Chen R,  
Ruoslahti E. TLE1 is an anoikis regulator and is 
downregulated by Bit1 in breast cancer cells. Mol Cancer 
Res. 2012; 10:1482–1495.


