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Cobalt Chloride-Induced Down-Regulation of Puromycin-Sensitive Aminopeptidase
Involved in Apoptosis of PC-3 Cells
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Hypoxia is an indicative of pro-apoptotic and anti-apoptotic biphasic effects, which appear to be de-
pendent upon the cell type and the condition of the cells. The hypoxia-mimetic agent, cobalt chloride
(CoCl2), has been shown to induce apoptosis in a variety of cell types, but the mechanism by which
this occurs has yet to be thoroughly elucidated. Puromycin-sensitive aminopeptidase (PSA) gene was
decreasingly expressed in response to CoCl2. In this report, puromycin pretreatment applied to PC-3
cells resulted in apoptosis. To determine whether PSA is involved in apoptosis, we examined the
apoptotic properties of the PC-3 cells after siRNA knockdown of PSA. PSA siRNA-induced PSA si-
lencing revealed that endogenous PSA may be involved in apoptosis of the PC-3 cells. These results
indicated that PSA may perform a vital function in cell survival of the PC-3 cells.
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Introduction

Hypoxia is a reduction in the level of tissue oxygen ten-

sion, occurs during acute and chronic vascular disease, pul-

monary disease, and cancer, and can result in apoptotic or

necrotic cell death [5,10]. Hypoxia-induced cell death con-

stitutes a main concern in a variety of clinical entities, includ-

ing ischemic disease, organ transplantation, and other dis-

eases [17]. CoCl2 can mimic hypoxic/ischemic conditions, in-

cluding the generation of reactive oxygen species [1]. In ad-

dition, CoCl2 is known to activate hypoxia inducible factor-1

(HIF-1) transcription factor, which is a key regulator of the

angiogenic response in hypoxia [16].

PSA is a zinc-metallopeptidase and a major enkephalin

that degrades aminopeptides in the brain [8,18]. PSA can

be distinguished from other aminopeptidases by its unique

sensitivity to puromycin, a protein synthesis inhibitor [6,7].

PSA harbors the zinc-binding consensus motif HEXXH(X)

18E, a characteristic of the gluzincin group of zinc metal-

loproteases [9]. PSA also regulates the transition from G2

to M phase during the cell cycle, and thus may perform a

function in cell differentiation [17].

Apoptosis is a gene-regulated mechanism of cell death.

Apoptosis can be initiated via the activity of extracellular

and intracellular signal molecules, or by physiological and

pathological inducers [5,15]. Exposure of microvascular en-

dothelial cells to CoCl2 has been shown to result in changes

in the typical cell morphology, and long-term incubation

with CoCl2 results in apoptosis [16]. Hypoxic prostate cancer

cells acquire increased cell proliferation, and reduced sensi-

tivity to apoptosis [3]. One of the factors that contribute to

high mortality rates from prostate cancer is the extreme re-

sistance of malignant prostate cells against apoptosis [21].

Understanding the molecular mechanism underlying the de-

velopment of prostate cancer progression is critical for devel-

oping novel therapies. PSA may be involved in the develop-

ment of prostate cancer and play an important role in human

prostate carcinogenesis. So, we used the human PC-3 pros-

tate cancer cell line as a model which is relatively sensitive

to apoptosis. In this study, we evaluated the molecular

mechanism of CoCl2-induced apoptosis in PC-3 cells. The

PSA gene was down-regulated in PC-3 cells treated with

CoCl2, as compared to the control cells. Also, CoCl2-induced

down-regulation of PSA induced apoptosis in PC-3 cells.

Materials and Methods

Materials

RPMI-1640 media and fetal bovine serum (FBS) were ob-

tained from Gibco BRL (Carlsbad, CA, USA). The lipofect-

amine was acquired from Invitrogen (Carlsbad). TRIzol re-

agent was obtained from MRC (Cincineti). ImProm-IITM re-

verse transcription system, MMLV reverse transcriptase, and
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GoTaq® DNA polymerase were obtained from Promega

(Madison). Rabbit anti-Bax and rabbit anti-Bcl-2 were ob-

tained from Cell Signaling (Danvers). Rabbit anti-β-actin

was obtained from Santa Cruz Biotechnology (Santa Cruz).

Cell culture and inhibition of PSA expression by

small interfering RNAs (siRNA)

The human prostate adenocarcinoma PC-3 cell line was

acquired from the Korean Cell Line Bank (Seoul, Korea). The

cells were maintained at 37
o
C under 5% CO2 in RPMI-1640

medium that was supplemented with 10% (v/v) heat-in-

activated FBS [11,14]. For siRNA transfection, the PC-3 cells

(5x105) were washed in sterile PBS and then replenished in

supplemented RPMI-1640 medium for 24 hr. The PC-3 cells

were then transfected with 3 independent siRNA oligonu-

cleotides (Bioneer, Seoul, Korea) that targeted the gene re-

sponsible for production of human PSA. The coding strands

of the three pairs of siRNA oligonucleotide directed at the

5' end of the PSA mRNA were 5'-GCUCGAGCUGGAA

UCAUUATT-3', 5'-TTUAAUGAUUCCAGCUCGAGC-3'; 5'-

GCUGCUUGGAAAUUCAUAATT-3', 5'-TTUUAUGAAUU

UCCAAGCAGC-3'; and 5'-GCUAUCAGUUGAGGGAUUU

TT-3', 5'-TTAAAUCCCUCAACUGAUAGC-3'. In addition,

the following scramble RNAs (Scr siRNA) was used as a

negative control; 5'-CCUACGCCACCAAUUUCGUTT-3'

and 5'-TTACGAAAUUGGUGGCGUAGG-3'. The trans-

fections were performed using Lipofectamine (Invitrogen,

Carlsbad) following the manufacturer’s protocols. Knockdown

of PSA was then assessed by Western blotting, 48 hr after

transfection.

Screening of differentially expressed genes (DEGs)

To screen for DEGs in PC-3 cells that were treated with

CoCl2, we used ACP-based GeneFishing DEG kits according

to the manufacturer’s instructions [13]. Briefly, first-strand

cDNAs were synthesized with total RNA extracted from

PC-3 cells using MMLV-RT (Promega) and dT-ACP1 primer

( 5 ' - C T G T G A AT G C T G C G AC T A CG A T I I I I I T 1 8 - 3 ' ) .

Second-strand cDNA was then synthesized using primers

specific for dT-ACP2 and arbitrary ACP in sequential

one-cycle reactions that were as follows: 94oC for 1 min, 50oC

for 3 min, and 72oC for 1 min. Following second-strand

cDNA synthesis, second-stage PCR amplification was car-

ried out by subjecting the samples to the following con-

ditions: 40 cycles of 94
o
C for 40 sec, 65

o
C for 40 sec, and

72
o
C for 40 sec, followed by a 5 min final extension at 72

o
C.

The amplified cDNA fragments with differential band in-

tensities were then re-amplified and extracted from the gel

using the PCR Clean Up system (Promega), after which they

were cloned using TOPO-TA cloning kits (Invitrogen). The

complete sequences were then analyzed by searching for

similarities using the BLASTN search program at the

National Center for Biotechnology Information.

RNA extraction and RT-PCR

The PC-3 cells were cultured in 10% FBS (v/v) RPMI-1640

medium to approximately 80% confluence. The cells were

then incubated in RPMI-1640 medium supplemented with

5% FBS (v/v) for 20 hr. Next, the medium was exchanged

for serum-free medium that was amended with either con-

trol buffer or CoCl2 (150 μM/ml). The total RNA was ex-

tracted with TRIzol reagent in accordance with the manu-

facturer
’
s instructions (MRC). One μg of total RNA was then

reverse-transcribed using ImProm-II™ reverse transcriptase

(Promega). Next, a 3-μl aliquot of the reverse transcription

reaction was used as the template for PCR amplification of

the cDNA fragments using primers specific for Bax (sense

primer, 5’-ACTGGACAGTAACATGGAGC-3’; antisense pri-

mer, 5’-GATGATCTGAAGATGGGGAG-3’), Caspase-3 (sense

primer, 5’-ACTCTGGAATATCCCTGGAC-3’; antisense pri-

mer, 5’-CACCACTGTCTGTCTCAATG-3’), Bcl-2 (sense pri-

mer, 5’-ATGGCGCACGCTGGGAGAACA-3; antisense primer,

5’-ACGGATAGACCCGGTGTTCACT-3’), and β-actin cDNA

(sense primer, 5’-AAGGATTCCTATGTGGGCGAC-3’; anti-

sense primer, 5’-GCTCGGTGAGGATCTTCATGA-3’) as an

internal control.

Western blot analysis

The cells were lysed in lysis buffer (50 mM HEPES, 150

mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2,

and 1 mM EGTA). The lysed cells were then centrifuged

for 10 min. at 14,000× g, after which the supernatants were

transferred to clean tubes, and the proteins were quantitated

via bicinchoninic acid protein assays (Pierce, Rockford). The

protein samples (50 μg) were then resolved on 10% poly-

acrylamide SDS gels and then transferred to nitrocellulose

Hybond-C Extra membranes. The membranes were then in-

cubated with primary antibodies, after which they were in-

cubated with horseradish peroxidase-conjugated secondary

antibodies. They were then developed via enhanced chem-

iluminescence (ECL, Amersham International).
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Quantitative determination of apoptosis

PC-3 cells were plated onto gelatinized 24-well plates

(5×10
4

cells per well) in RPMI-1640 medium supplemented

with 20% (v/v) FBS and incubated for 24 hr. The wells were

extensively washed with PBS, and the medium was changed

to serum-free RPMI-1640 medium. All floating cells were

collected with two PBS washes, and all adherent cells were

also collected after trypsinization. The numbers and size dis-

tributions of the floating and adherent cells were determined

with a Coulter Model ZF Particle Counter. To detect the

apoptotic cells in the adherent cells, the parallel wells were

washed with 0.9% sodium chloride, fixed for 15 min with

0.5% glutaraldehyde, and stained with DAPI. Apoptotic cells

were counted by three independent, blinded investigators,

in four different random locations using fluorescence micro-

scopes (Nikon, Tyoko, Japan). The number of apoptotic cells

in the adherent cells was confirmed by fluorescein-12-dUTP

kit according to the manufacturer's protocol (SeeGene). Both

the nuclear staining and the fluorescein-12-dUTP kit gave

similar results. Therefore, in this study the total apoptotic

events were presented as a percentage of the apoptotic

(determined by nuclear staining) and floating cells in a given

cell population. For DNA fragmentation assay [3], DNA

samples were subjected to electrophoresis on 2% agarose gel,

stained with ethidium bromide. DNA laddering, an indicator

of apoptotic nucleosomal DNA fragmentation was visualized

and photographed under ultraviolet transilluminator.

Data analysis

Data were expressed as the mean±standard deviation

(SD). Statistical significance was assessed via one-way

ANOVA, followed by the Student-Newman-Keuls test.

Statistical significance was set at a P value of < 0.05.

Results and Discussion

PSA gene was decreasingly expressed in response

to CoCl2

CoCl2 has been suggested as a substitute for ferrous ions

in heme, which effects a conformational change in a heme

protein O2 sensor [4]. The presence of CoCl2 is not only in-

duces hypoxia, but also induces DNA damage and activates

the cellular DNA damage response [19]. Hypoxia occurs

during acute and chronic vascular disease, pulmonary dis-

ease, and cancer, and can result in apoptotic or necrotic cell

death [20]. In our previous study, several cDNA fragments

that evidenced differential expression from CoCl2-treated

PC-3 cells were identified through using specific arbitrary

primers and two anchored oligo (dT) primers of the

ACP-based GeneFishing PCR kits. One of them, PSA was

differentially down-regulated (Fig. 1) [13].

CoCl2-induced down-regulation of PSA induced

apoptosis in PC-3 cells

PSA could play a role in cell development and differ-

entiation [2,7,21]. In our previous study, PSA also regulates

the proliferation, migration, and invasion of PC-3 cells [13].

The exposure of microvascular endothelial cells to CoCl2 re-

sulted in apoptotic cell death [15]. Therefore, we attempted

to determine whether CoCl2-induced down-regulation of

PSA was associated with apoptosis in the PC-3 cells.

CoCl2-induced apoptosis was evaluated via TUNEL and

DNA fragmentation assays. Morphological evaluations of

Fig. 1. Effect of CoCl2 on the expression of the PSA gene. Cells

were incubated in 5% FBS (v/v) RPMI-1640 for 20 hr.

Next, the medium was changed to serum-free

RPMI-1640 that was amended with a control buffer

(Control) or CoCl2 (100 μM). (A) The arrow indicates a

partial cDNA fragment of the PSA gene. The following

sequences of ACP-based GeneFishing PCR primers that

were specific for the PSA gene were used: dT-ACP2,

5'-CTGTGAATGCTGCGACTACGAT15-3', and ACP7,

5'-TCTACCAGGCATTCGCTTCATCTGCGGATCG-3'.

(B) Confirmation by semi-quantitative RT-PCR of the

differential mRNA expression patterns of PSA that were

identified by ACP RT-PCR. β-actin was utilized as an

internal control.
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Fig. 2. Effects of CoCl2 and puromycin on apoptosis in the PC-3 cells. Cells were incubated in 5% FBS (v/v) RPMI-1640 for 20

hr. Then medium was changed to serum-free medium, and control buffer was added to the culture medium. After 1 hr,

CoCl2 (150 μM/ml) or puromycin (10 μM) was added to the culture medium, and cells were incubated at 37oC, under

5% CO2 for 20 hr. Upper lane represents phase-contrast microscopy (400×), middle lane represents the nuclei of non-apoptotic

cells and apoptotic cells for the visualization of blue DAPI at 460 nm, and the lower lane represents the apoptotic cells

viewed by green fluorescein fluorescence at 520 nm. Arrows indicate the apoptotic cells.

CoCl2 (150 μM) or puromycin (10 μM)-treated cells via

phase-contrast microscopy (400×) revealed fewer adherent

cells, and more floating dead cells. The results of the

TUNEL assay showed that approximately 47% of the CoCl2

(150 μM)-exposed cells evidenced typical characteristics of

apoptotic cells (Fig. 2). PSA is uniquely sensitive to the

protein synthesis inhibitor, puromycin [8]. In the presence

of puromycin, approximately 42% of the cells were apop-

totic, and 6% of the untreated control cells were apoptotic.

These findings indicated that CoCl2 induces the down-reg-

ulation of the PSA gene, thereby resulting in apoptosis in

the PC-3 cells. Therefore, PSA may play a pivotal role in

cell survival.

PSA silencing with PSA siRNA

To elucidate the apoptotic nature of PSA, we assessed

PSA expression in vitro, in which PSA expression was si-

lenced via a siRNA technique. Non-silencing control siRNA

(Scr siRNA) duplexes were synthesized using scrambled se-

quences as a negative control in order to evaluate the effi-

ciency of siRNA-induced PSA interference. As a result, the

PC-3 cells transfected with Scr siRNA evidenced no morpho-

logical changes (Fig. 3A). In comparison with the control

group, PSA siRNA-transfected cells evidenced fewer adher-

ent cells and more floating dead cells (Fig. 3A). Also, CoCl2

–induced down-regulation of PSA was evaluated at the

mRNA and protein levels. The results of both RT-PCR and
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Fig. 3. PSA silencing with PSA siRNA in the PC-3 cells. (A) Morphological changes in PSA siRNA transfected PC-3 cells. (B) The

PSA expression was assessed via RT-PCR after 24 hr of transfection with PSA siRNA. (C) PSA expression was assessed

using Western blot after 48 hr of transfection with siRNA. M represents 100 bp ladder markers. Scr siRNA represents

siRNA-transfected PC-3 cells targeted toward the human housekeeping gene and PSA siRNA represents siRNA-transfected

PC-3 cells targeted toward the human PSA gene. β-actin was utilized as an internal control. 

Western blotting revealed that PSA siRNA transfected PC-3

cells manifested decreases of 72- and 83% in the expression

level of PSA mRNA and protein, respectively, as compared

to the control cells (Fig. 3B and C) [13].

PSA may be involved in apoptosis

In the present study, we demonstrated that PC-3 cells un-

derwent apoptosis as the result of puromycin treatment (Fig.

2). These results indicated that the suppression of PSA activ-

ity by puromycin may induce apoptosis. In order to verify

the involvement of PSA in the apoptosis of the PC-3 cells,

we utilized a PSA siRNA strategy. The silencing of PSA ex-

pression with PSA siRNA in the PC-3 cells resulted in apop-

tosis (Fig. 4). As shown in Fig. 4A, TUNEL-positive cells evi-

denced green fluorescence and nuclear condensation. These

results indicated that the down-regulation of PSA would re-

sult in apoptosis in the PC-3 cells. We also attempted to de-

termine whether PSA affected other apoptotic factors, via

PSA-siRNA transfection. Apoptosis regulation is controlled

by members of the Bcl-2 family, and Bcl-2 family members

activate the caspase family. When PSA gene expression was

restrained from PSA siRNA transfection, the production of

pro-apoptotic factors such as Bax and Caspase-3 increased

by 2.2- and 1.8-fold, respectively, as compared to the control

cells (Fig. 4B and C). However, the production of an an-

ti-apoptotic factor such as Bcl-2 decreased by 5.6-fold, as

compared to the control cells (Fig. 4B and C). We also as-

sessed the inhibition of PSA gene expression-induced apop-
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Fig. 4. PSA serves as an anti-apoptotic function in the PC-3 cells. (A) TUNEL assay. Upper panel represents phase-contrast microscopy

(400×), middle panel represents the nuclei of non-apoptotic cells and the lower panel represents apoptotic cells viewed by

green fluorescein fluorescence at 520 nm. Arrows indicate the apoptotic cells. (B) Expression of Bax, Caspase-3 and Bcl-2

were assessed via RT-PCR with siRNAs-transfected PC-3 cells. (C) Production of Bax, Caspase-3, and Bcl-2 were assessed

via Western hybridization with siRNAs-transfected PC-3 cells. (D) DNA fragmentation assay. M represents 100 bp ladder

markers. Scr siRNA represents siRNA-transfected PC-3 cells targeted against the human housekeeping gene and PSA siRNA

represents siRNA-transfected PC-3 cells targeted against the human PSA gene. β-actin was utilized as an internal control. 

tosis via a DNA fragmentation assay. As shown in Fig. 4D,

PSA siRNA induced DNA fragmentation as compared to

what was observed in the control cells. Also, the percentage

of apoptotic cells increased from 1.2% to 8.6-, 38.0-, 76.6-,

89.4- and 92.7% at 12-, 24-, 48-, 72- and 96 hr in the PSA

siRNA- transfected cells, as compared to the control cells

(Fig. 5). These results implied that PSA may function as an

anti-apoptotic factor. In summary, the silencing of PSA by

siRNA induces apoptosis of the PC-3 cells. These results sug-

gest that PSA may be an important factor in the survival

of the PC-3 cells.
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Fig. 5. PSA siRNA induces apoptosis in the PC-3 cells with time

course. The detailed description for calculation of ‘%

Apoptosis’ is described in Materials and Methods. The

bars show the mean±SD of six independent experiments.

Statistical analysis between the values of control and the

values of PSA siRNA-transfected PC-3 cells were per-

formed using the Student t-test (*p<0.05).
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초록：PC-3 세포에서 cobalt chloride에 의해 down-regulation되는 puromycin-sensitive

aminopeptidase의 apoptosis에 미치는 효과

이숙희․김환규*

(전북대학교 생물과학부)

저산소상태(hypoxia)는 세포유형 및 성장조건에 따라 apoptosis를 유발하거나 또는 apoptosis의 진행을 억제한

다. 저산소상태 유발물질인 cobalt chloride (CoCl2) 역시 여러 세포 유형에서 apoptosis를 유발한다고 알려져 있

으나 그 기작은 불명확하다. 본 연구에서는 PC-3 세포에서 CoCl2에 의해 down-regulation되는 pur-

omycin-sensitive aminopeptidase (PSA)의 세포 내 기능을 조사하였다. 본 연구 결과, PC-3 세포에 puromycin을

처리한 결과 전체 세포 집단의 약 42%에서 apoptosis가 유도되었다. PSA가 apoptosis에 관여하는지를 확인하고

자 PSA siRNA로 내재성 PSA의 발현을 억제시킨 다음 apoptosis 연관 특성을 조사한 결과 PSA의 발현 억제에

의해 효과적으로 apoptosis가 유도되었다. 이러한 결과는 PC-3 세포에서 PSA가 세포생존에 중요한 역할을 할

것임을 보여주는 것이라 사료된다.


