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ABSTRACT — We examined whether the nuclear localization of caspase-activated DNase (CAD) are
involved in cadmium-induced apoptosis. Exposure of porcine kidney LLC-PK1 cells to cadmium cleaved
poly (ADP-ribose) polymerase (PRAP) as sufficiently as TNF-α did in the renal cells. However, nuclear
localization of CAD was not seen during cadmium-induced renal apoptosis, but done during apoptosis by
TNF-α. On other hands, in rat splenocytes cadmium could induce nuclear localization of CAD. Thus, our
data suggest that activation of caspase is not always to allow the translocation of CAD into the nuclei for
the internucleosomal cleavage of DNA, and suggest that the same apoptotic stimulus by cadmium may
utilize different sets of caspase cascades or unknown death pathways which are coupled to the caspase
proteolysis in different cell types.
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INTRODUCTION
Apoptosis is a programmed form of cell death mediating precisely controlled removal of unnecessary, aged or
damaged cells and occurs in virtually all mammalian cells
at all time (Kerr et al., 1972; Haecker and Vaux, 1994).
This phenomenon is initiated not only by physiological
stimuli but also by an extensive array of nonphysiological agents, but the mechanisms of both apoptotic inducers do not appear to be same (Sun et al., 1999). Apoptotic
cells undergo multiple changes including membrane blebbing, nuclear condensation, and fragmentation of genomic
DNA into nucleosomal fragments. These morphological
and biochemical changes are promoted by the combination of proteases and endonucleases.
At least 14 caspase family members have been identified, and they are classified into three subfamilies, based
on their structure and substrates specificity (Nagata, 1997;
Nicholson and Thornberry, 1997; Cohen, 1997; Salvesen
and Dixit, 1997; Thornberry and Lazebnik, 1998; Wolf
and Green, 1999). The activation of caspases are initially synthesized as inactive zymogens composed of the
prodomain plus large and small subunits. Generation of
the active caspases requires sequence-specific proteolyt-

ic cleavage to convert the zymogen to a corresponding
active enzyme.
Activated caspases can cleave multiple cytoplasmic
and nuclear substrates, a process that appear to play a pivotal role in the execution phase of apoptosis. DNA fragmentation associated with apoptosis is induced by the
DNA fragmentation factor (DFF), which is activated
by caspase, mainly caspase-3 (Liu et al., 1997; Enari et
al., 1998). DFF is composed of two protein subunits, a
40-kDa caspase-activated nuclease (CAD) and its 45-kDa
inhibitor (ICAD) (Sakahira et al., 1998; Halenbeck et al.,
1998; Liu et al., 1998; Mukae et al., 1998; Sakahira et
al., 1999). Cleavage of CAD/ICAD by caspase-3 releases
CAD from its inhibitor leading to the induction of nuclease activity, nuclear condensation, and DNA fragmentation in vitro (Zhang et al., 1998).
Cadmium is an environmental pollutant which primarily exerts toxicity on the kidney. The development of cadmium-induced renal lesions is characterized by proteinuria and excessive urinary excretion of other substances
such as enzymes, amino acids, and glucose (Friberg et al.,
1979; Nordberg M and Nordberg GF, 2016). Cadmium
cytotoxicity was observed as perturbation of energy producing system, cellular membrane defects, and increased
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influx of calcium ions at the end-point of toxicity of the
metal.
Apoptogenic nature of cadmium has been discovered
(Azzouzi et al., 1994; Ishido et al., 1995; Xu et al., 1996;
Yan et al., 1997; Ishido et al., 1998). But, the molecular
transduction pathway of the death signal by cadmium is
not fully understood (Thevenod and Lee, 2013). It has
been reported that there are caspase-dependent and caspase-independent pathways are involved in cadmium-induced apoptosis (Lee et al., 2006; Liu et al., 2016). In this
study, we investigated whether the translocation of CAD
into the nuclei are involved in cadmium-induced apoptotic processing.
MATERIALS AND METHODS
Cell culture
Porcine kidney LLC-PK1 cells (CRL1392; American
Type Culture Collection, Manassas, VA, USA) were
grown in Dulbecco’s modified Eagle’s Medium (Sigma
Chemical Co., St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS; Life Technologies, Inc.,
Rockville, MD, USA), penicillin (100 U/mL), and streptomycin (100 μg/mL) in a humidified atmosphere of 95%
air, 5% CO2 at 37°C. The cells were subcultured (1:4)
2 to 3 times per week. For primary splenocytes culture,
nine-week-old male Jcl: Wistar rats were purchased from
Clea Japan (Tokyo, Japan). Animals received humane
care according to the National Institute for Environmental
Studies guidelines. Animals were maintained in stainlesssteel cages and fed with a standard laboratory feed (MF
diet, Oriental Yeast Co., Tokyo, Japan) and distilled water
ad libitum at 22°C on a light-dark cycle (12 hr/12 hr) for
1 week. Rat spleens were removed from four individuals.
Splenocytes were sparced by gentle teasing through stainless-steel mesh in RPMI 1640 (Life Technologies, Inc.).
The cells were washed with fresh serum-free RPMI 1640
medium (Life Technologies, Inc.) by centrifuge. Cell viability of the splenocytes thus obtained was determined to
be 90-95% by trypan blue exclusion method.
DNA fragmentation analysis
DNA fragmentation analysis was carried out as
described (Wylle, 1980; Ishido et al., 1995). The LLCPK1 cells were subcultured at 70% confluency in 10 cmpetri dishes and maintained in serum-free medium for
16 hr. Then, the cells were exposed to cadmium for indicated periods at 37°C. For treatment of splenocytes with
cadmium, reaction was done in a 15-mL tube. Treated cells (4-10 x 106) were washed twice with PBS, and
lysed in 5 mM Tris buffer, pH 7.4, containing 0.5% Triton
Vol. 4 No. 3

X-100 and 20 mM EDTA at 4°C for 20 min. After centrifugation at 28,000 x g for 20 min, DNA fragments were
extracted with phenol-chloroform and precipitated in ethanol. The sample was treated with 20 μg/mL RNase A
(Sigma Chemical Co.) and electrophoresed on a 1.2%
agarose gel.
Cell fractionation and Western Blot Analysis
After treated with cadmium or recombinant TNF-α
(Sigma Chemical Corp.), cells were collected by centrifuge at 600 x g for 5 min and homogenized in 20 mM
Hepes, pH 7.8, containing 1.5 mM MgCl 2 , 10 mM
KCl, 0.5 mM dithiothreitol, and protease inhibitors
(0.5 mM phenylmethylsulfonyl fluoride (Wako Co.,
Osaka, Japan), 5 μg/mL pepstatin (Peptide Institute Inc.,
Osaka, Japan), and 5 μg/mL leupeptin (Peptide Institute
Inc.). The homogenates were kept in ice for 10 min. After
centrifuge at 2,000 x g for 10 min, the supernatants were
used as cytoplasmic fraction. The pellets were resuspended in 20 mM Hepes, pH 7.8, containing 0.42 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.2 mM dithoiothreitol, 25% glycerol, and protease inhibitors at 4°C for
30 min. Then, the samples were centrifuged at 25,000 x g for
20 min at 4°C and the clear supernatants were used as
nuclear fractions. Protein concentrations were measured
with a bicinchoninic acid kit (Pierce Chemical Corp.,
Rockford, IL, USA) using bovine serum albumin as a
standard. Twenty to forty micrograms of proteins were
subjected to 7.5-15% polyacrylamide gels containing
0.1% SDS under reducing conditions (Laemmli, 1970).
Proteins in an SDS gel were electrophoretically transferred at 2 mA/cm2 for 20 min onto Immobilon membrane (Millipore Corp., Osaka, Japan) in 25 mM Tris,
192 mM glycine, and 20% methanol with an Atto semidry horizontal electrophoretic transfer unit (Atto, Tokyo,
Japan). The membrane was blocked with 8% casein in
PBS containing 0.1% Tween 20 at room temperature for
3 hr. The transferred membrane was then incubated with
monoclonal antibodies against Bcl-2 (Ishido et al., 1999,
2002), polyclonal antibodies against CAD (1:500 dilution; Millennium Biotech., Ramona, CA, USA), or monoclonal antibodies against PARP (2 μg/mL; Santa Cruz
Biotechnology, Inc. Santa Cruz, CA, USA) in PBS containing 0.1% Tween 20 and 5% bovine serum albumin
overnight at 4°C. After incubation with primary antibodies, the sheets were washed three times for 5 min each
with PBS containing 0.1% Tween 20, and the antibodies were detected with horseradish peroxidase-conjugated secondary IgG using an Enhanced chemiluminescence (ECL) Western blotting detection kit according
to the instructions of the manufacturer (Amersham
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Pharmacia Biotech, Uppsala, Sweden). Gels were calibrated with prestained molecular markers (Bio-Rad,
Hercules, CA, USA).
Isolation of human genomic DNA
Human genomic DNA was prepared from white blood
cells obtained from normal volunteers following the
method as described (DiLella and Woo, 1987).
Immunodepletion
Cell lysates of wild type LLC-PK 1 cells were prepared as above. The lysates (135-270 μg) were incubated with either 10 μL of control human serum or 10 μL
of anti-CAD antibody (5 μg) for 16 hr at 4°C. Followed
by immunoprecipitation with 10 μL of 50% suspension
of Protein A/G PLUS agarose (Santa Cruz Biotechnology,
Inc.), the immunodepleted cell lysates were diluted with
equal amounts of 40 mM PIPES (pH 7.5), 200 mM NaCl,
0.2% CHAPS, 20% sucrose, 2 mM EDTA, and 20 mM
dithiothreitol and were then mixed with human genomic
DNA (2 μg) at 30°C for 2 hr in the presence of 200 ng of
the recombinant active caspase-3 (MBL Corp., Nagoya,
Japan). The reaction was terminated by the dilution with
7-fold 5 mM Tris buffer, pH 7.4, containing 0.5% Triton X-100 and 20 mM EDTA. After centrifugation at
10,000 x g for 10 min, the DNA fragments were extracted
with phenol- chloroform and precipitated in ethanol. The
samples were treated with 20 μg/mL RNase A and electrophoresed on a 1.5% agarose gel.
RESULTS
Cadmium (10 μM) elicited DNA fragmentation as early as 7 hr after exposure of LLC-PK 1 cells, which was
detected with ethidium bromide staining of an agarose
gel (Ishido et al., 1995). Since PARP is a proteolytic substrate for caspase-3, Western blot analysis was carried out
to detect a cleavage product using apoptotic LLC-PK1
cells induced by cadmium or recombinant human TNF-α.
DNA fragmentation induced by 10 ng/mL of recombinant human TNF-α was observed on an ethidium bromide-stained gel as early as 24 hr after the addition of
the cytokine into LLC-PK1 cells (data not shown). Fig. 1
shows that the cleavage product was significantly evident
after exposure to cadmium (lanes 2-4). They were cleaved
by cadmium more than TNF-α did (lanes 5-7), indicating
that activation of the protease by the metal was sufficient
to cleave the biosubstrate.
We next examined the nuclear localization of CAD.
During TNF-α (10 ng/mL)-induced apoptosis, CAD was
detected in nuclear fractions at 16-24 hr (Fig. 2A, lanes

Fig. 1.

Cadmium cleaves PARP as sufficiently as TNF-α does.
LLC-PK1 cells (4 x 106) were exposed to nothing (lane
1), 10 μM cadmium (lanes 2-4), or 10 ng/mL recombinant human TNF-α (lanes 5-7) for indicated periods.
Nuclear fractions of cell lysates (30 μg) were subjected to a 7.5% SDS-gel electrophoresis and immunoblotted with monoclonal antibodies against PARP. The
positions of size markers (kDa) are shown on the left
margin.

2,3). However, it was not seen during cadmium-induced
apoptosis (Fig. 2A, lanes 12-16). Fig. 2B shows the lack
of non-nuclear proteins, Bcl-2 in the nuclear fractions
which contained CAD translocated by TNF-α seen in
Fig. 2A, confirming the reliability of the quality of the
nuclear-cytoplasmic split used. Thus, nuclear localization
of CAD during renal apoptosis was differently regulated
by the apoptotic stimuli, both of which could activate caspase-3-like protease (Sclegel et al., 1996; Kondoh et al.
2002; Lee et al., 2006).
Since cadmium also exerts its effects on the functions
of immune system (Fujimaki et al., 2000), we investigated the apoptotic effects of cadmium on rat splenocytes.
Figure 3A shows the formation of DNA fragments with
time following the addition of cadmium (10 μM) into the
rat primary splenocytes (1 x 107). As early as 7 hr after
exposure of splenocytes to the metal, DNA fragments
were clearly visible on an ethidium bromide-containing
agarose gel (Fig. 3A, lane 3). The DNA fragmentation
was still detectable at 22 hr (Fig. 3A, lane 4). Nuclear
fractions from the splenocytes which were treated with 10
μM cadmium for 7 hr contained CAD (Fig. 3B, lane 2),
indicating the nuclear translocation of CAD during cadmium-mediated apoptosis of splenocytes.
To examine the specificity of anti-CAD antibody
employed in this study, we used cell-free extracts of wild
type LLC-PK1 cells. Incubation of the mock-depleted cell
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Fig. 2.

Nuclear localization of CAD by TNF-α, but not by cadmium during their renal apoptosis. LLC-PK1 cells (4 x 106) were
treated with 10 ng/mL recombinant human TNF-α (lanes 1-5 and 7-11) or 10 μM cadmium (lanes 12-16 and 18-22) for
indicated periods. After cell fractionation, 20 μg proteins of nuclear fractions or 30 μg proteins of cytoplasmic fractions
were separated through an SDS-polyacrylamide gel and immunoblotted with polyclonal antibodies against CAD (A) or with
monoclonal antibodies against Bcl-2 (B; lanes 23-27 and 29-33). The positions of size markers (kDa) are shown on the left
margin.

Fig. 3.

Apoptotic actions of cadmium in rat splenocytes. Rat splenocytes (1 x 107) were treated with 10 μM cadmium for indicated periods. Treated cells were analysed for DNA fragmentation (A), and nuclear localization of CAD (B) as described in
‘MATERIALS AND METHODS’. Forty micrograms of proteins of both nuclear fractions and cytoplasmic fractions were
subjected to SDS-polyacrylamide gel electrophoresis and immunoblotted with polyclonal antibodies against CAD (B). The
positions of size markers (kDa) are shown on the left margin.
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7). Western blot analyses revealed that CAD in the cell
extracts was largely depleted with anti-CAD antibody
(Fig. 4B). Thus, immunodepletion experiments confirmed
the specificity of the anti-CAD antibody used in Western
blotting analyses (Figs. 2 and 3).
DISCUSSION

Fig. 4.

Immunodepletion of CAD by anti-CAD antibody
results in remarkable decrease to induce DNA fragmentation in the presence of the recombinant active
caspase-3 in porcine kidney LLC-PK 1 cell extracts.
A; Mock-(lanes 3 and 4) and CAD-depleted (lanes 6
and 7) extracts were incubated with human genomic
DNA (2 μg) in the presence of the recombinant active
caspase-3 at 30°C for 2 hr. The DNA fragments were
extracted as described in ‘MATERIALS AND METHODS’. A half of dilution of the extracts (lanes 3 and
6) had 270 μg proteins. B; Mock-(lanes 1 and 2) and
CAD-depleted (lanes 3 and 4) extracts (30 μg proteins
for lanes 1 and 3 and 15 μg proteins for lanes 2 and
4) were subjected to a 10% SDS-polyacrylamide electrophoresis, followed by Western blot analyses, using
anti-CAD antibody.

extracts (270 μg) with human genomic DNA in the presence of active caspase-3 at 30°C for 2 hr induced DNA
fragmentation (Fig. 4A, lane3). It was slightly detectable in one fourth of the original concentration of the cell
extracts (135 μg; Fig. 4A, lane4). However, CAD-depleted cell extracts (135-270 μg) resulted in remarkable decrease in the induction of DNA fragmentation in
the presence of active caspase-3 (Fig. 4A, lanes 6 and

In this study, we demonstrate that cadmium did not
allow to induce the translocation of CAD into the nuclei
in porcine kidney LLC-PK1 cells where TNF-α did, and
that in rat splenocytes, same cadmium could allow CAD
to enter the nuclei. These data suggest that nuclear localization of CAD during apoptotsis by same apoptotic stimuli is regulated in different cell types (e.g. apoptosis by
cadmium in LLC-PK1 cells and splenocytes), and that
apoptotic stimuli were also regulated to allow the nuclear localization of CAD in a single cell (e.g. apoptosis by
cadmium and TNF-α in LLC-PK1 cells).
The activated caspase3 could cleave PARP in renal
cells and could lead to nuclear localization of CAD in
splenocytes. However, we could not exclude the possibility that activated caspase cascade shown here might
be concomitant with the other unknown death signaling
pathway of the metal. It was reported that direct modification of cysteine residues of caspase-3 by HgCl2 , one of
an apoptosis-inducing metal in LLC-PK1 cells (DuncanAchanzar et al., 1996), led to the inhibition of the protease activity (Kim et al., 1997.) Therefore, activation of
caspase-3-like protease by exposure of the cells to cadmium may be indirect effect of the metal. Because of
this possibility, free cadmium ion may be much less than
10 μM in the cells, leading to indirectly activate the caspase protease with less degree than expected.
Further, although CAD is also rich in cysteine residues (Enari et al., 1998; Mukae et al., 1998), it remains
unknown whether these residues were modified by exposure of the cells to cadmium.
Northern blot analyses revealed that the expression of
CAD mRNA was limited and that the pattern of expression of CAD mRNA was different between species
(Mukae et al., 1998). Overexpression of CAD facilitated
DNA fragmentation in HeLa cells (Mukae et al., 1998).
These data suggested that the CAD expression level can
determine the ability of cells to undergo DNA fragmentation. However, this was not case. Susceptibility of DNA
fragmentation of both LLC-PK1 cells and rat splenocytes
by cadmium seems to be same as judged by kinetics of
DNA fragmentation analyses: the amounts of cytoplasmic CAD in rat splenocytes were much less than those in
LLC-PK1 cells (Fig. 2A versus Fig. 3B). The result that
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cadmium caused DNA fragmentation in LLC-PK1 cells
without nuclear CAD indicates that the level of CAD
expression was not a sole determinant of susceptibility of
DNA fragmentation.
From the results in this study, a few questions were
raised: what is an effctor executioner, distinct from CAD,
which is activated by cadmium-induced caspase-3-like
proteolysis in renal cells? What is a major death signaling pathway of cadmium, which will be coupled to a caspase-3-like proteolysis cascade? How is the nuclear localization of CAD regulated during programmed cell death
of a single cell? These are under investigation in our laboratory.
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