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The tumor suppressor oncoprotein, p53, is a critical regulator of
stress-induced growth arrest and apoptosis. p53 activity is regulated
through the ubiquitin proteasome system (UPS) with stress-induced
disruption leading to increased accumulation of p53, resulting in
growth arrest. In the present study, we investigate the role of p53 to
determine sensitivity to cadmium (Cd) and whether induction of
stress signaling responses and perturbation of the UPS are involved in
Cd-induced cytotoxicity and apoptosis. We treated synchronously
cultured p53 transgenic mouse embryonic fibroblasts, both wild-type
p53+/+ and knockout p53—/— cells, with cadmium chloride (Cd,
0.5-20p.M) for 24 h. Cd-induced cytotoxicity was assessed by cellular
morphology disruption and neutral red dye uptake assay. Proteins in
the stress signaling pathway, including p38 mitogen-activated protein
kinase (MAPK) and stress-activated protein kinase/c-Jun NH2-
terminal kinase (SAPK/JNK); ubiquitination, such as high-molecular
weight of polyubiquitinated proteins (HMW-polyUb); and apoptotic
pathways, were all measured. We found that Cd induced p53-
dependent cytotoxicity in the pS3+/+ cells, which exhibited a twofold
greater sensitivity. We observed a dose-dependent stimulation of p38
MAPK and SAPK/INK phosphorylation that corresponded to
accumulation of HMW-polyUDb conjugates and lead to the induction
of apoptosis, as evidenced by the elevation of cleaved caspase-3. Our
study suggests that Cd-mediated cytotoxicity and induction of stress
signaling responses, elevated accumulation of HMW-polyUb con-
jugates, and resulting apoptosis are all dependent on p53 status.
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Cadmium (Cd) is an industrial and environmental pollutant
that has been associated with various toxic insults, including
carcinogenicity and neurotoxicity (Chang, 1996). Cd exposure
exhibits an extensive biological half-life (> 20 years) and can
impact numerous tissues, including the liver, kidney, lung,

gastrointestinal tract, central nervous system, ovaries, and testis
(Goering et al., 1994). At the molecular level, Cd exposure has
been linked to increased cytotoxicity, cell cycle arrest, and
apoptosis (Robinson et al.,2009; Watjen et al., 2002). However,
the overall mechanism of Cd toxicity has yet to be fully defined.
Several studies have suggested that Cd-associated toxicity may
occur through a metal-induced disruption of the ubiquitin
proteasome system (UPS) (Figueiredo-Pereira et al., 2002;
Stewart et al., 2003; Yu et al., 2008a, 2010). UPS-dependent
degradation is a critical regulatory process that allows cells to
rapidly respond to changing environmental conditions and
intracellular signals by adjusting the levels of key effector
proteins (Vabulas, 2007). This highly conserved UPS plays
a critical role in the cellular mechanism for protein catabolism
and is important in both housekeeping and the turnover of many
regulatory proteins involved in DNA repair, cell cycle control,
oncogenesis, antigen processing, transcription, neural and
muscular degeneration, cellular differentiation, stress response,
and apoptosis (Hamer ef al., 2010; Salomons et al., 2010;
Vabulas, 2007). The UPS pathway is highly conserved and
plays a critical role in common environmental stress pathways.
Significantly, more investigation is needed to determine the role
of this pathway in defining environmental susceptibility. Our
recent integrative analysis of genome-wide gene expression and
pathway mapping in mouse embryonic fibroblast (MEF) cells
exposed to Cd, MeHg, and arsenic demonstrated an induction of
oxidative stress, in addition to the disruption of the UPS and cell
cycle regulation (Yu et al., 2010). Cd treatment in MEF cells
induced significant alteration of UPS pathway genes, including
significant decreases in ubiquitin-conjugating enzyme Ube2c,
Ubce8, and proteasome subunit Psmb9, and upregulation of
DUB enzyme Uchll, Usp29, and Uspl12.
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The tumor suppressor protein, p53, plays a central role in the
regulation of the cell cycle and apoptosis via its transcription of
downstream targets, such as p2l, cdc2/cyclin Bl, and
GADD45 (Morrison et al., 2003; Taylor and Stark, 2001;
Vairapandi e al., 2002). Under stress, p53 is stabilized by
phosphorylation via the mitogen-activated protein kinases
(MAPKSs), p38, and SAPK/JNK (Sionov and Haupt, 1999;
Zhu et al., 2002). This allows p53 to promote cell cycle arrest
and apoptosis. It has been demonstrated that Cd treatment
results in stabilization of p53 through phosphorylation.
Furthermore, the Cd-mediated induction of p53 has been
associated with subsequent cell cycle arrest as well as apoptosis
(Cao et al., 2007; Chatterjee et al., 2009; Chen and Shaikh,
2009), suggesting the involvement of p53-dependent mecha-
nisms for Cd toxicity. The level of p53 is controlled through
the UPS, where it is degraded under nonstressed conditions,
allowing the cells to undergo proliferation through the
completion of the cell cycle (Tasdemir er al., 2008; Worrall
et al., 2009). Studies have demonstrated that a dysfunctional
proteasome can result in the accumulation of high-molecular
weight polyubiquitinated protein (HMW-polyUb) conjugates,
leading to aberrant events, such as apoptosis (Rideout ez al.,
2003; Young and Heikkila, 2010). In the present study, we
examine whether cadmium treatment induces the activation of
stress signaling pathways and if the induction of UPS is
associated with differential sensitivity between p53 wild-type
(p53+/+) and p53 knockout cells.

MATERIALS AND METHODS

Cell culture materials and chemicals. Dulbecco’s modified Eagle’s
medium (DMEM): F12 media, penicillin—streptomycin, L-glutamine, trypsin-
EDTA, balanced salt solutions, and fetal bovine serum (FBS) were obtained
from Invitrogen Life Technologies (Grand Island, NY). Nu-Serum was
obtained form Becton Dickinson (Bedford, MA). Tissue culture—treated dishes
and flasks were obtained from Corning (Corning, NY). Cadmium chloride (Cd)
and neutral red (NR) were obtained from Sigma (St Louis, MO). MG132,
lactacystin, protease, and phosphatase inhibitor cocktails were obtained form
Calbiochem (La Jolla, CA). Anisomycin and caspase-specific fluorogenic
substrates were obtained from Axxora (San Diego, CA). Cell lysis buffer and
all phospho-specific antibodies were obtained from Cell Signaling (Beverly,
MA). All other antibodies used in this study were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The enhanced chemiluminescence—based
Western blotting detection reagent was obtained from Amersham Pharmacia
Life Sciences (Piscataway, NIJ).

Isolation and culture of MEFs. p53 transgenic mice were prepared as
previously described (Yu et al., 2008b). Fourteen days after a successful mating,
gravid uteri were removed from pregnant mice. Isolated embryos were washed
separately several times in Earl’s balanced salt solution. Tail DNA was obtained
for genotyping, and subsequent passages of cells were genotyped with each
experiment. Tissue dissociation of torso and limbs was performed overnight at
4°C using 0.25% (wt/vol) trypsin (DIFCO, Detroit, MI) in calcium and
magnesium free Hank’s balanced salt solution (CMF-EBSS). Single-cell
fibroblast suspensions were then plated in 100-mm tissue culture dishes and
maintained in DMEM-F12, containing 10% (vol/vol) FBS, 2mM L-glutamine,
100 U/ml penicillin, and 0.1 mg/ml streptomycin. At passages 6—7, appropriate
numbers of cells were plated in 100-mm tissue culture dishes with DMEM-F12
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containing 10% (vol/vol) Nu-Serum, 100 U/ml penicillin, 0.1 mg/ml
streptomycin, and 2mM L-glutamine in order to achieve uniform confluence
prior to treatment. Culture stocks were frozen at —80°C in DMEM-F12
containing 20% (vol/vol) FBS and 10% (vol/vol) dimethyl sulfoxide (DMSO;
Sigma).

Chemical treatments. A 100mM stock solution of cadmium chloride (Cd)
was prepared in sterile molecular biology grade water (Gibco) and was filter
sterilized. Further serial dilutions (10 and 1mM) of this stock solution were
prepared with sterile water and stored at —20°C. MEFs were grown to near
confluency (85-90%) in a humidified atmosphere of 5% CO,/95% air at 37°C.
They were then synchronized by removing the growth medium and washed
twice with calcium-magnesium—free CMF-PBS. Lastly, DMEM-F12 plus
0.05% Nu-Serum, Pen-Strep, and L-glutamine were added. Cells were
maintained in this medium for a further 24 h before Cd treatments were
initiated. Cd treatments were prepared from the relevant stock solutions in
complete cell culture medium (DMEM-F12 plus 10% Nu-Serum, Pen-Strep,
and L-glutamine) at the stated working concentrations (0.5-20uM). Cells were
treated continuously for 24 h. Separate treatments were conducted with
MG132, lactacystin, and anisomycin. Stock solutions of these agents were
prepared in DMSO at SmM (MG and lactacystin) and 50mM (anisomycin).
Synchronized cells were treated for 24 h with 0.5pM MG132, 1uM lactacystin,
or 10uM anisomycin, similarly to the Cd treatments.

Assessment of cell morphology. Following chemical treatment, cellular
morphology was examined at the stated time points with a Nikon inverted
microscope equipped with phase-contrast optics (Nikon, Tokyo, Japan). All
images were captured and digitized using a Cool Snap Camera (Roper Scientific,
Inc.), and these images were processed using Photoshop 5.5 software.

Cytotoxicity/cell viability. Cell viability was determined using the NR
assay based on lysosomal accumulation of NR in viable cells (Borenfreund and
Puerner, 1985; Yu et al., 2009). Briefly, cells were treated in 12-well tissue
culture plates with increasing concentrations of Cd (0, 0.5, 1, 2.5, 5, 10, and
20uM) for 24 h. At the desired end point, the growth medium plus treatment
was aspirated. Cells were washed once with 1X CMF-PBS. Fresh media
containing 50 pg/ml NR was added to each well, including a media only—
background control. After 3 h of incubation at 37°C and 5% CO,, the cells were
washed again and the NR was eluted with 2 ml of 0.5% acetic acid/50% ethanol
solution. The resulting NR solution was allowed to incubate for a further 1 h at
room temperature to allow proper mixing. Two hundred microliters of NR
solution was added to a microtiter plate in replicates of four per well. After
rapid agitation by the plate shaker, absorbance was measured at 540 nm. The
average of each set was established, and from this, the media background mean
was subtracted to permit the calculation of the total percent viability by
comparing each value to the untreated control (OpM).

Western analysis and immunoprecipitation. At the stated time points,
cells were washed twice with 5 ml ice-cold CMF-PBS followed by the addition
of 0.5 ml of cell lysis buffer (Cell Signaling Technology Inc., Beverly, MA),
containing additional phosphatase (cocktails I and II) and protease inhibitor
cocktail (Calbiochem). Cells were harvested by scraping in cell lysis buffer and
were then placed on ice. After storage at —80°C, all extracts were homogenized
by sonication and then centrifuged (16,000 X g, 10 min, 4°C) to remove
insoluble material. The resulting supernatant (cell extract) was gently removed,
and total protein was determined using the Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA).

Western blot analysis for the selected proteins was performed according to
the previously described method (Yu ez al., 2005, 2008a). Gels were transferred
to polyvinylidene fluoride membranes (Millipore) using a vertical transfer
apparatus. Membranes were rinsed briefly in Tris-buffered saline (TBS), pH
7.6, blocked with 5% non-fat—dried milk in TBS with 0.1% Tweens-20 (T-
TBS) for 20 min and rinsed again with T-TBS. Membranes were then incubated
overnight with primary antibody for 1.5 h with a secondary antibody.
Following antibody incubation, the membrane was washed four times for 5 min
with T-TBS. The primary antibodies included phospho-SAPK/INK, phospho-
p38 MARP, caspase-3 (Cell Signaling, Inc.), and ubiquitin (Santa Cruz
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Biotechnology). B-Actin (Santa Cruz Biotechnology) was used as an internal
standard for protein loading. After hybridization with secondary antibodies
conjugated to horseradish peroxidase, the immunocomplex was detected with
the ECL detection reagent (Amersham Pharmacia Biotech) and exposed to x-
ray films. Quantification of band intensities was achieved using the NIH ImageJ
(http://rsb.info.nih.gov/ij/index.html).

Assessment of apoptosis. Apoptosis-associated end points were de-
termined in cell extracts by Western analysis using a caspase-3 antibody,
which detects the cleaved form of caspase-3, or by measuring functional
activities associated with various caspases using caspase-specific fluorogenic
substrates (Yu er al., 2008a). The activities of caspase-3/7 and -8 were
measured in a microtiter plate by a fluorometric assay using DEVD-AMC
(Ac-Asp-Glu-Val-Asp-AMC) and IETD-AMC (Ac-Ile-Glu-Thr-Asp-AMC) as
the respective caspase-specific substrates. Ten microliters of cell extract was
added in duplicate to a 96-well plate. Reaction buffer containing the fluorogenic
substrate was added to initiate the reaction, which was incubated at 37°C for 2
h, and an enzyme-catalyzed release of 7-amino-4-methylcoumarin (AMC) was
measured by a fluorescence microplate reader at excitation 360 nm and
emission 460 nm. Fluorescent units were converted to picomole of AMC
released per microgram of protein and incubation time (2 h) using a standard
curve generated with known serial dilutions of AMC. The absolute activities of
the metal treatments relative to untreated controls were converted by expressing
the former as a percentage of the control.

Fluorogenic peptide substrate assay for proteasome activity. Using the
fluorogenic substrates, Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC, 50uM)
and Z-Leu-Leu-Glu-AMC (Z-LLE-AMC, 200uM), two different proteasome
activities were measured as previously described (Bobba et al., 2002; Rodgers
and Dean, 2003). These substrates are used to measure chymotryptic and
peptidyl-glutamyl peptide-hydrolyzing (PGPH) activities associated with the
proteasome. Hydrolysis of these substrates was independent of the ubiquitin
system. Lysates (25 pg) were incubated at 37°C with the fluorogenic
substrates in 100 pl of SOmM HEPES (pH 8) and SmM EGTA, for 4 h,
respectively. Enzyme-catalyzed release of AMC was measured by a fluores-
cence microplate reader at excitation 360 nm and emission 460 nm.
Fluorescent units were converted to picomole of AMC released using
a standard curve generated with known serial dilutions of AMC.

Statistical analysis. The results of the quantitative densitometry analyses
of Western blot data, cleaved caspase activities, cell viability, and pro-
teasome activity after normalization to % of control are expressed as mean =+
SEM. Differences between treatments (doses) and genotypes were examined
for statistical significance using two-way ANOVA. A p value of < 0.05 denoted
the presence of a statistically significant difference (ANOVA < 0.05) among the
genotypes or doses. Tukey-Kramer multiple comparison tests were conducted to
compare the individual treatments with the control. *Indicates significance at p <
0.05 and **indicates significance at p < 0.01 of the individual treatment versus
control in Tukey-Kramer multiple comparison tests. Statistical analysis was
conducted with the JMP program (SAS Inc).

RESULTS

Cd Exposure Induced p53-Dependent alterations in MEF
Morphology and Cell Viability

We examined the effects of Cd on cellular morphological
integrity by utilizing synchronous p53 transgenic MEFs and
investigated whether this correlated with a corresponding
compromise of functional integrity. As shown in Figure 1
(A, p53+/+; B, p53—/—), we observed a consistent concen-
tration-dependent compromise of the morphological integrity
of p53 MEFs exposed to Cd (micromolar). Morphological
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changes were observed that were characteristic of apoptosis.
These changes included irregular cell shape, marked cytoplas-
mic condensation, and cell loss. Significant alterations were not
observed in either genotype at a Cd concentration below SpM.
However, significant morphological changes were observed in
both genotypes at a concentration of >10uM. Cd-induced
disruption of morphological integrity appeared to correlate with
increased cytotoxicity, as shown in Figure 2. Assessment of
cell viability using the NR dye uptake assay demonstrated
a concentration-dependent loss in cell viability in both p53
genotypes upon Cd exposure (ANOVA, p < 0.001). Further-
more, we observed an approximately twofold greater decrease
in cell viability to Cd exposure in the p53+/+ cells as
compared with the p5S3—/— MEF cells (ANOVA, p < 0.001).
We also observed a ~45-50% reduction in cell viability in
the p53+/+ cells at SpuM compared with ~10% level in the
p53—/— cells. These results suggest that cytotoxicity is
dependent on p53 status. Furthermore, cells with functional
pS53 are more sensitive to Cd-mediated cytotoxicity.

Cd Exposure Induced Accumulation of HMW-polyUb
conjugates in a p5S3-Dependent Manner

We next determined whether Cd-induced perturbation of
morphological integrity and the resultant reduction of cell
viability were associated with the accumulation of HMW-
polyUb conjugates and if such changes were associated with
pS53 status. We measured the changes of HMW-polyUb by
Western blot analysis after Cd treatments. The representative
Western blot images (Figs. 3A and 3B), as well as the
quantitative densitometry analyses (Fig. 4A), show that Cd
exposure resulted in a concentration-dependent accumulation
of HMW-polyUb conjugates, which appeared to be dependent
on p53 status (Figs. 3 and 4; ANOVA, p < 0.05). The
accumulation of these HMW-polyUb conjugates, evident at
S5uM Cd in both genotypes, was statistically more pronounced
in the p53+/4 cells (Figs. 3A and 4, *p < 0.05 vs. control). In
the pS3—/— cells at SuM Cd, the response was not significantly
relative to the control (Fig. 4). In both genotypes, the peak
response—with the p53+/4 cells exhibiting a statistically
greater response—was observed at a Cd concentration of 10uM
(**p < 0.01). A flat response was observed at 20uM, likely as
a response to overt cytotoxicity. Overt cytotoxicity is
supportive of morphological deterioration and is depicted in
the photomicrographs (Figs. 1A and 1B). As a result of this
aberrant cytotoxicity, we did not examine Cd concentrations
>20uM in either genotype. Two prototypic inhibitors of
proteasomal function, MGI132 and lactacystin, induced
significant accumulation of HMW-polyUb conjugates in both
p53+/+ and p53—/— cells (Figs. 3 and 4B, *p < 0.01,
*#*p < 0.01 vs. control). However, more significant changes
were observed in the p53+/+ cells (ANOVA, p < 0.05).
Aisomycin, a stress inducer, did not induce the accumulation of
HMW-polyUb in either genotype.


http://rsb.info.nih.gov/ij/index.html

406

A.p53 +/+

FIG. 1.
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B.p53 -/

Cadmium (Cd) treatment induced dose-dependent morphological changes in p53+/+ (A) and p53—/— (B) cells. Synchronous cultures of cells were

treated with various concentrations of Cd (micromolar) for 24 h as stated in the ‘‘Materials and Methods’’ section. Representative micrographs are shown at X200
magnification for both genotypes. A concentration-dependent perturbation of morphology is evident with severe disruption at concentrations >10uM of Cd.

Cd Exposure Activated the Stress Signaling in MEF in a p53-
Dependent Manner

We further examined the possible relationship between the
accumulation of HMW-polyUb and activation of cellular stress
signaling by assessing the phosphorylation status of several
key intracellular signaling intermediates that are involved in
mediating chemical stress. Cd exposure resulted in a robust
phosphorylation of both these classic markers of cellular stress,
p38 MAPK and SAPK/INK (ANOVA p < 0.05), evident at
a Cd concentration >5uM (Figs. 3 and 5) in both genotypes
(*p < 0.05). In Figure 5A, it is evident that there was no
statistical difference between the p534/4 and p53—/— cells
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FIG. 2. Cadmium (Cd) treatment induced dose-dependent changes in cell
viability in p534/+ and p53—/— cells. Synchronous cultures of p53 MEFs
were exposed to various concentrations of Cd (micromolar) for 24 h. After this
exposure, cell viability was assessed by the NR dye uptake assay. Each point
represents the mean + SD of three to five independent experiments. Statistical
significance was determined by two-way ANOVA followed by Tukey-Kramer
multiple comparison (*p < 0.05, **p < 0.01) as compared with the control for
each dose.

with respect to the dose-dependent phosphorylation of p38
MAPK (ANOVA, p > 0.05). In contrast, the parallel
phosphorylations of SAPK/INK (p46/54 JNK) were highly
significant in the p53+/+ cells exhibiting a nearly ninefold
difference at a Cd concentration of 10uM (Fig. 5C, *p < 0.05).
This response was further amplified in the p53+4/4+ cells at
20uM (p < 0.01). Proteasomal inhibitor MG132 induced
significant activation of p-SAPK/INK and p38 MAPK in both
genotypes (ANOVA, p < 0.05), whereas lactacystin only
statistically activated SAPK/INK but not p38 MAPK in the
p53+/4 cells (Figs. 3 and 5B and 5D). The dose-dependent
stimulation of p38 MAPK and SAPK/INK phosphorylation
induced by Cd as well as proteasome inhibitor MG132
corresponded to accumulation of HMW-polyUb conjugates in
both genotypes. To further clarify the relationship between
stress signaling and accumulation of HMW-polyUb induced by
Cd, we included anisomycin, a very effective agent in inducing
stress signaling in both p38 MAPK and SAPK/JNK. As shown
in Figures 3 and 5B and 5D, anisomycin treatment induced
significant activation of p38 MAPK and SAPK/INK in both
genotypes (Figs. 5B and 5D, *p < 0.05, *¥p < 0.01).
However, in contrast to Cd, no accumulation of HMW-polyUb
conjugates was observed. These results suggest that Cd-
induced accumulation of HMW-polyUb is not necessarily the
subsequent effect of Cd-induced activation of the stress
signaling pathway.

Cd Induces Apoptosis through Activation of Caspase-3/7 and
-8 Cleavages

The caspase family of proteases plays a crucial role in
apoptotic cell death. After demonstrating that Cd induces p53-
depedent cytotoxicity, we further assessed whether Cd-induced
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FIG. 3. Cadmium treatment induced cellular signaling responses in
p53+/+ (A) and p53—/— (B) in comparison with proteasomal inhibitors and
anisomycin. Synchronous cultures of p53 MEFs were exposed to various
concentrations of Cd (micromolar), MG132 (0.5uM), lactacystin (Lac; 1uM),
or anisomycin (Anis; 10uM) for 24 h. Cell extracts were prepared and subjected
to Western blot analysis to examine the ubiquitination (directed against
ubiquitin mouse monoclonal) and phosphorylation status using phospho-
specific antibodies against p38 MAPK and SAPK/JNK as stated under the
““Materials and Methods’ section. In addition, the expression of cleaved
caspase-3 was examined using an antibody that recognizes only the cleaved
form. Gel loading was normalized against B-actin expression.

cytotoxicity was associated with an apoptotic response.
Evidence for this was obtained from both Western blot
detection of cleaved caspase-3 expression (Figs. 3A and 3B
and 6) as well as the functional assessment of the correspond-
ing activity (Fig. 7) using specific fluorogenic substrates. These
substrates distinguish between cleaved caspase-3/7 and -8
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FIG. 4. Cadmium-induced accumulation of HMW-polyUb in p53+/+ and
p53—/— cells after exposed to cadmium (A) and proteasomal inhibitors and
anisomycin (B). Synchronous p53 MEFs were exposed to various concen-
trations of Cd and proteasomal inhibitors and anisomycin for 24 h.
Quantification of Western blot bands of HMW-polyUb was conducted in
NIH ImageJ and expressed as the percentage of the corresponded control
after normalization to [B-actin. Statistical significance was determined using
two-way ANOVA followed by Tukey-Kramer multiple comparison tests.
A p value < 0.05 or 0.01 denoted the presence of a statistically significant
difference. *Indicates significance at p < 0.05 and **indicates significance at
p < 0.01 of the individual treatment versus control in Tukey-Kramer multiple
comparison tests.

activities. Cd induced the activation of cleaved caspase-3 in
both genotypes (ANOVA, p < 0.05) and was detected using
Western blot (Figs. 3 and 6A). Significant increases were
observed in the p53+4/+ cells (ANOVA, p < 0.05). The
increase of cleaved caspase-3 appeared to parallel the
accumulation of HMW-polyUb (Fig. 4) and concomitant
activation of the stress signaling response (Fig. 5). In addition,
we measured the activity of caspase-3/7 and -8 with specific
substrates, as shown in Figures 7A and 7B. The Cd-mediated
activation of caspase-3/7 activity was observed only at
a concentration of 10uM where caspase-8 activity was also
evident (Fig. 7, p < 0.05), but there were no significant
differences between either of the genotypes. The induction of
cleaved caspase-3, and hence apoptosis, was significantly
attenuated in both genotypes at the elevated concentration of
20uM and is consistent with the overt cytotoxicity.

Cd-Induced Alteration of the Proteasome Activity

Steady-state levels of HMW-polyUb can theoretically be
influenced by conjugation and ubiquitination loss rates, either
through degradation by the proteasome or by deubiquitination
through isopeptidase. To clarify whether the inhibition of the
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FIG. 5. Cd-induced upregulation of phosphorylation of p38 MAPK (A and B), SAPK/INK (C and D). Synchronous p53 MEFs were exposed to various
concentrations of Cd and proteasomal inhibitors and anisomycin for 24 h. Quantification of Western blot bands of phosphorylation of p38 MAPK and SAPK/INK was
conducted in NIH ImageJ and expressed as the percentage of the corresponded control after normalization to B-actin. Statistical significance was determined using
two-way ANOVA followed by Tukey-Kramer multiple comparison tests. A p value < 0.05 or 0.01 denoted the presence of a statistically significant difference.
*Indicates significance at p < 0.05 and **indicates significance at p < 0.01 of the individual treatment versus control in Tukey-Kramer multiple comparison tests.

proteasomal activity by Cd was the main mechanism leading to
the accumulation of HMW-polyUb proteins, we measured two
different proteasome activities, as previously reported (Bobba
et al., 2002; Rodgers and Dean, 2003). After Cd treatments for
24 h, PGPH (Fig. 8A) and chymotrypsin-like (Fig. 8B)
proteasomal activities were measured. Dose-dependent inhib-
itions of PGPH and chymotrypsin-like activities were observed
following Cd treatment in both genotypes. The maximum
effect was observed at 20uM (*p < 0.05, **p < 0.01). MG132
and lactacystin significantly inhibited the chymotrypsin-like
activity of the proteasome throughout the 24-h treatment in
both genotypes but exerted only marginal effects on the
inhibition of PGPH activity (data not shown). This initial
observation suggests that at relatively high concentrations, the
inhibition of the proteasomal activity by Cd may contribute to
the accumulation of HMW-polyUb, a response not significant
at low exposure levels.

DISCUSSION

In the present study, we investigate the role of p53 in
determining cadmium sensitivity and if the induction of stress

signaling responses and perturbation of the UPS are involved
in mediating Cd-induced cytotoxicity and apoptosis. It has
been demonstrated that a dysfunctional proteasome results in
the accumulation of HMW-polyUb, which, in turn, leads to
subsequent aberrant events (Rideout et al., 2003; Young and
Heikkila, 2010). Inhibition of the proteasome, as observed in
the classic inhibitors lactacystin and MG132, has been
associated with alterations to the cell cycle, the activation of
caspase-3, and the resulting induction of apoptosis (Young
and Heikkila, 2010). Several proteasome-specific protease
inhibitors have been essential as model chemicals for
investigating the UPS-dependent degradation pathway
(Bianchi et al., 2009; Kesarwala et al., 2009). In this study,
we selected MG132 (a broad UPS inhibitor) and lactacystin
(a more specific UPS inhibitor) to serve as model chemicals
in a comparison with metals. This methodology allowed us
to test our hypothesis that the disruption of the UPS pathway
is an important mechanism in Cd-induced toxicity. In addition,
to examine the association of the activation of the stress
signaling pathway and the accumulation of HMW-polyUb, we
also included anisomycin, a classical inducer of chemical
stress.
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FIG. 6. Dose-dependent increase in cleaved caspase-3 after exposure to Cd
(A) proteasomal inhibitors and anisomycin (B). Synchronous p53 MEFs were
exposed to various concentrations of Cd (A) and proteasomal inhibitors and
anisomycin (B) for 24 h. Western blot analysis of cleaved caspase-3 was
conducted as indicated in Figure 3. Quantification of Western blot bands of
caspses-3 was conducted in NIH ImageJ and expressed as the percentage of the
corresponded control after normalization to [-actin. Statistical significance was
determined by ANOVA followed by Tukey-Kramer multiple comparison as
compared with the control for each dose. *Indicates significance at p < 0.05
and **indicates significance at p < 0.01 of the individual treatment versus
control in Tukey-Kramer multiple comparison tests.

As reported previously, we observed a sensitization in p53
status upon exposure to Cd. p5S3—/— cells demonstrated
enhanced resistance to Cd treatment, exhibiting cytotoxicity
and morphological perturbation indicative of an apoptotic
response at 10uM versus a similar response at SuM in the
p53+/+ cells (Cao et al., 2007; Chatterjee et al., 2009; Chen
and Shaikh, 2009). Alternate studies have previously demon-
strated Cd-mediated cytotoxicity and apoptosis within the dose
range of 5—-10uM (Iryo et al., 2000; Poliandri et al., 2003). We
demonstrate dose-dependent increases in both cytotoxicity and
apoptosis, evidenced by the cleaved caspase-3 dependency on
pS53 status. Both measurements of cleaved caspase-3 and
activities of caspase-3/7 or caspase-8 have been linked to
apoptosis. However, we only observed statistically significant
differences between the genotypes in the cleaved caspase-3,
possibly due to the specificity of the substrates used. Although
the induction of p53 has previously been associated with
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low-level Cd exposure and subsequent apoptosis (Achanzar
et al., 2000), our study demonstrates a p53-dependent
sensitivity to Cd. In addition to p53-dependent pathways,
p53-indpendent pathways, which lead to both apoptotic and
cytotoxic responses, also play a critical role in Cd-mediated
toxicity.

Oxidative stress has been shown to induce reactive oxygen
species, which in turn can mediate the induction of the stress
signaling cascade (Pan er al., 2009). Key players in this
cascade are the stress-activated kinases, p38 MAPK, and
SAPK/INK, whose expression modulates cell growth and
apoptosis in response to stress (Pan ez al., 2009; Ranawat and
Bansal, 2009). Recent evidence highlights their critical role in
mediating Cd-induced apoptosis, cell cycle arrest, and
cytotoxicity (Kalariya e al., 2009; Yu et al., 2008a). In the
present study, we observed a parallel stimulation of p38 MAPK
and SAPK/INK in the 5-10uM range with a nearly ninefold
enhanced sensitivity in the p53-+/+ cells. The activation of p38
MAPK and SAPK/JNK phosphorylation at the critical dose of
10pM in the p53—/— cells versus a more pronounced response
in the p53+/4+ cells at 5uM was associated with increased
apoptotic and cytotoxic responses. Both p38 MAPK and
SAPK/INK stabilize p53 in response to stress, leading to
subsequent impacts on cell proliferation and apoptosis
(Martindale and Holbrook, 2002). These MAPKSs also stabilize
the cell cycle checkpoint protein, p21, resulting in a p53-
independent response to oxidative stress (Barnouin er al.,
2002). Barnouin et al. (2002) have demonstrated the induction
of p21 in response to H,O, in the absence of p53, illustrating
the potential for a p53-independent/p21-dependent cellular
response to stress, as suggested in the Cd-mediated response.
Therefore, cadmium-mediated stress response and resulting
apoptosis and cytotoxicity may act in both a p53-dependent
and -independent nature, with p53 dependence resulting in
increased sensitivity.

The results of the present study demonstrate that doses
(£10uM) of Cd lead to a robust stress response in conjunction
with cytotoxicity, dependent on p53. In addition, stress response
parallels the accumulation of HMW-polyUb. Cadmium
exhibited similar properties to the classic proteasomal inhibitor,
MG132, and to a lesser degree lactacystin. This resulted in the
activation of stress proteins, as well as the accumulation of
HMW-polyUb and apoptosis. The Cd-mediated accumulation
of HMW-polyUb did not correlate with the marginal inhibition
of proteasomal activity. Cd-induced accumulation of HMW-
polyUb conjugates, activation of stress signaling cascades, and
the resultant induction of apoptosis were dependent on p53
status. There was a statistically significant p53 dependency on
overall cytotoxicity, and this was observed to parallel the
magnitude of stress and accumulation of HMW-polyUb
responses. In general, these responses occurred at concentra-
tions that were lower than or paralleled what was required to see
the activation of stress proteins and apoptosis. It is also very
interesting to note that though the non-metal stress-inducing
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FIG. 7. Dose-dependent increase in caspase-3/7-like (A) and -8 (B) activities in response to cadmium (Cd) treatment. Synchronous p53 MEFs were exposed to
various concentrations of Cd (micromolar) for 24 h. Cell extracts were prepared and equal amounts (10 pg) of total lysates subjected to analysis of caspase activities
(caspase-3/7 and -8) using specific fluorogenic substrates. The resulting caspase activities were normalized to control values, and data represented graphically as %
activity relative to control. Statistical significance was determined by ANOVA followed by Tukey-Kramer multiple comparison as compared with the control for each
dose. *Indicates significance at p < 0.05 and **indicates significance at p < 0.01 of the individual treatment versus control in Tukey-Kramer multiple comparison tests.

agent anisomycin induced stress and apoptosis, it did not impact
UPS function. This suggests that the UPS might be the primary
target of Cd with a secondary activation of cellular stress
signaling resulting in cell death. This finding needs to be further
confirmed by applying pharmacological stress inhibitors. Our
findings provide a novel mechanistic understanding of metal-
induced cytotoxicity, especially regarding the understanding of
UPS dysfunction.

These observations suggest that exposure to Cd could
increase its toxicity through its effect on the UPS. The UPS
regulates numerous critical proteins, such as p53 and p2l,
which are involved in the cell cycle, cellular stress responses,
and apoptosis (Naujokat and Hoffman, 2002). Previous studies
have highlighted the involvement of the UPS in Cd-mediated
oxidative stress response, demonstrated by the Cd-induced
accumulation of HMW-polyUb (Figueiredo-Pereira et al.,
1997). A dysfunctional UPS may cause proteins, usually
turned over, to aggregate, leading to cytotoxicity. Previous
studies have demonstrated that the ubiquitin system offers
protection against Cd toxicity, whereby defects in the UPS
sensitized cells resulting from Cd-mediated impacts (Tsirigotis
et al., 2001), and mutants in specific ubiquitin-conjugating
enzymes are hypersensitive to Cd (Jungmann et al., 1993). The
accumulation of p53 following proteasomal inhibition has been
linked with the p53-dependent induction of p21, G1 arrest, and
apoptosis (Chen et al., 2000). Alternatively, some cell lines
exhibit a p53-independent apoptosis in response to proteasomal
inhibitors (Wagenknecht et al., 1999). The activation of
a number of stress signaling responses as well as the
accumulation of HMW-polyUb conjugates is partially de-
pendent on the p53 status due to an obvious increase in the
magnitude of the p53+/+ cells.

Our findings provide a more thorough mechanistic un-
derstanding of Cd-induced cytotoxicity, especially from the
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FIG. 8. Cadmium (Cd) induced changes in the proteasome activity of
chymotrypsin (A) and PGPH (B). Proteasomal activities including chymotryp-
sin like (A) and PGPH (B) after Cd treatments for 24 h were measured with
the fluorogenic substrates Z-Leu-Leu-Glu-AMC (A) and Suc-Leu-Leu-Val-
Tyr-AMC (B). Enzyme-catalyzed release of AMC was measured by
fluorescence. Data are expressed as the mean and SE from at least three
separate experiments for both p53+/4+ and p53—/— cells. Statistical
significance was determined by ANOVA (p < 0.05) followed by Tukey-
Kramer multiple comparison as compared with the control for each dose.
*Indicates significance at p < 0.05 and **indicates significance at p < 0.01 of
the individual treatment versus control in Tukey-Kramer multiple comparison
tests. Significant inhibition of PGPH and chymotrypsin by Cd was only
observed at high concentrations.
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involvement of UPS perturbation. Future studies will address
additional molecular targets other than p53, which could be
implicated in Cd-associated cytotoxicity. Future targets may
also include other stress response proteins, such as HO-1 and
Nrf-2, which have been associated with Cd-induced expression
and oxidative stress responses (Chen and Shaikh, 2009; Liu
et al., 2009).

In summary, we investigated the dose-dependent induction
by Cd of stress signaling pathways and the disruption of the
UPS, as well as whether or not these resulted in the induction
of apoptosis in the context of p53 in a comparison to two
known proteasomal inhibitors (MG132 and lactacystin) and
a prototypic inducer of chemical stress (anisomycin). Cd
treatment resulted in a dose-dependent accumulation of HMW-
polyUb levels, in addition to the increased phosphorylation of
p38 MAPK and SAPK/INK and induction of cleaved caspase-
3 and its activities. The p53+/+ cells displayed increased
sensitivity that paralleled cytotoxicity. Our study suggests that
Cd-mediated cytotoxicity and induction of stress signaling
responses, elevated accumulation of HMW-polyUb conjugates,
and resulting apoptosis are dependent on p53 status.
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