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Abstract 

 

Background: Cadmium has been classified as a human carcinogen, affecting health 

through occupational and environmental exposure.  Cadmium has a long biological half-life (>25 

years), due to the flat kinetics of its excretion.  The prostate is one of the organs with highest 

levels of cadmium accumulation. Importantly, patients with prostate cancer appear to have 

higher levels of cadmium both in the circulation and in prostatic tissues. 

Results:  In the current report, we demonstrate for the first time that cadmium down-

regulates expression of the X-linked inhibitor of apoptosis protein (XIAP) in prostate cancer 

cells. Cadmium-mediated XIAP depletion occurs at the post-transcriptional level via an NF-κB–

independent, proteasome-mediated mechanism and coincides with an increased sensitivity of 

prostate cancer cells to TNF-α-mediated apoptosis.  Prolonged treatment with cadmium results 

in selection of prostate cancer cells with apoptosis-resistant phenotype. Development of 

apoptosis-resistance coincides with restoration of XIAP expression in cadmium-selected PC-3 

cells. 

Conclusions: Selection of cadmium-resistant cells could represent an adaptive survival 

mechanism that may contribute to progression of prostatic malignancies. 
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Background 

Cadmium is a ubiquitous environmental pollutant that is classified as a human carcinogen 

by the International Agency for Research on Cancer and the National Toxicology Program. 

Exposure to cadmium and cadmium-containing compounds primarily occurs in the workplace (e. 

g. mining, smelting, processing, product formulations, and battery manufacturing).   Meanwhile, 

non-occupational exposure is also widespread and stems from foods and tobacco smoke [1]. 

Furthermore, cadmium has been detected in significant amounts in all tested zinc-containing 

dietary supplements [2]. Cadmium has a long biological half-life (>25 years), due to the flat 

kinetics of its excretion [3].  The prostate is one of the organs with highest levels of cadmium 

accumulation [4, 5].  The carcinogenic properties of cadmium have been extensively studied, 

using in vitro cell culture and in vivo animal models.  In vitro studies have reported malignant 

transformation of non-tumorigenic human prostate epithelial cells following cadmium exposure.  

The cells transformed by cadmium demonstrate morphological alterations, anchorage-

independent growth in soft agar, and formation of tumors when transplanted into SCID mice [6].  

In addition, cadmium chloride has been shown to produce premalignant and/or invasive 

epithelial lesions in the rat ventral prostate when administered in drinking water [7-9].  

Interestingly, patients with prostate cancer appear to have higher levels of cadmium both in the 

circulation and in prostatic tissues [10].  Aberrant gene expression resulting in increased cell 

proliferation or blockade of apoptosis may be the mechanisms responsible for cadmium-

mediated carcinogenesis [11].  

Inhibitor of apoptosis proteins (IAPs) are a family of caspase inhibitors that selectively 

regulate the activity of both initiator and effector caspases [12, 13].  In addition to the regulation 

of apoptosis, IAPs are also involved in various cellular
 

functions, including cell cycle 
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modulation,
 
intracellular signal transduction and targeting of proteins to the ubiquitin-proteasome 

degradation machinery [14-16].  Of all the members of the IAP family, the X-linked inhibitor of 

apoptosis protein (XIAP) has received the most interest.  XIAP is a 57 kDa protein with three 

zinc-binding baculovirus IAP repeat (BIR) domains.  These domains are essential for the 

inhibitory activity of XIAP in apoptosis.  An additional zinc-binding motif, the really interesting 

new gene (RING) domain, contains E3 ubiquitin ligase activity [16].  Importantly, XIAP is the 

only member of the IAP family that is able to directly inhibit both the initiation and execution 

phases of the caspase cascade [17]. Many studies have revealed a strong association between 

XIAP expression levels and carcinogenesis [13, 17].  Elevated XIAP protein expression is 

described in a number of human cancers, including lymphoma [18], colon [19], lung [20], renal 

[21], hepatocellular [22], and prostate cells [23, 24].  Increased XIAP levels have been linked to 

mechanisms by which cells escape anoikis and apoptosis that are induced by radiation, 

chemotherapy, and death receptors activation [17, 23, 25].   

 Here, we demonstrate that cadmium down-regulates the expression of XIAP at the post-

transcriptional level in prostate cancer cells. The observed modulation of XIAP expression 

occurs via an NF-κB–independent mechanism and is due to cadmium-mediated inhibition of 

proteasome activity. 
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Results  

 Cadmium down-regulates XIAP expression at post-transcriptional level in prostate 

cancer cells. 

The ability of cadmium to substitute zinc in zinc finger domains and impair function of 

the wild-type zinc finger proteins has been established [26]. Given that XIAP contains three 

zinc-binding BIR domains and a zinc-binding RING domain, we examined the impact of 

cadmium on the expression of XIAP in prostate cancer cell lines.   

To establish relevance of our in vitro investigations, it was essential to consider whether 

the concentrations
 
of cadmium used in our experiments were compatible with those that were

 

found in target cells of exposed organisms. The concentrations of cadmium used in our study 

(10-30µM) were indeed within the range documented for prostatic tissues in humans [27].  As 

demonstrated in Figure 1A, treatment of human PC-3 and DU-145 cells with cadmium resulted 

in a decrease of XIAP protein level.  Inhibition of XIAP expression is selective, as cadmium
 
had 

no effect on the levels of other members of IAP family, namely cIAP1 and cIAP2 (Fig. 1A).   

Furthermore, it is important to note that XIAP down-regulation was observed at cadmium 

concentrations that had no significant effect on cell viability (Fig 1B).  To test the possibility that 

cadmium modulates XIAP expression at the transcriptional level, we examined the levels of 

XIAP mRNA in PC-3 and DU-145 cells incubated with cadmium by real-time PCR.  As shown 

in Figure 1C, XIAP mRNA levels were not suppressed by cadmium. 

 

Modulation of XIAP expression by cadmium occurs via NF-κκκκB–independent, 

proteasome-mediated mechanism. 
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XIAP is a protein that is regulated by NF-κB [28].  Involvement of the proteasome 

pathway in post-translational regulation of IAPs likewise has been demonstrated [18, 29, 30].  

Data from our laboratory, shown in Figure 2A, demonstrate that both the NF-κB inhibitor BAY 

11-7085 and the proteasome inhibitor MG132 markedly reduce XIAP expression in PC-3 

prostate cancer cells. Importantly, reduction of XIAP expression was not secondary to a rise in 

cell death. The viability of cells following co-culture with either BAY 11-7085 or MG132 

exceeded 85%, as examined by propidium iodide staining followed by flow cytometry analysis 

(data not shown).  Notably, expression levels of cIAP1 and cIAP2 proteins were also slightly 

reduced in these cells.  Inhibitory effects of BAY 11-7085 and MG132 on the NF-κB 

transcriptional activity may be responsible for this finding.  Recent studies document discrepant 

data on the effect of cadmium on the activation of NF-κB.  Some reports demonstrate cadmium-

induced inhibition of NF-κB binding to DNA [31], while others note an increase in NF-κB 

activity in cells treated with cadmium [32, 33].  Therefore, we examined the effect of cadmium 

on the status of NF-κB activity in PC-3 prostate cancer cells using the luciferase reporter assay. 

The findings presented in Figure 2B demonstrate that NF-κB activation was markedly reduced in 

cells pre-treated with either cadmium or NF-κB inhibitor BAY 11-7085.  Nevertheless, given 

that XIAP mRNA levels were not suppressed in cadmium-treated cells (Fig. 1C), the results of 

our experiments suggest that NF-κB-controlled pathway is not involved in cadmium-mediated 

down-regulation of XIAP protein levels in prostate cancer cells.  Importantly, cadmium either 

alone (Fig. 1B) or in combination with TNF-α (data not shown) did not affect cell viability at the 

time point studied. 

To examine the possibility that cadmium modulates XIAP expression via proteasome-

dependent mechanisms, we first examined trypsin- and chymotrypsin-like proteasome activities 
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in PC-3 cells cultured in the presence of cadmium. As demonstrated in Figure 2C, cadmium 

significantly reduced only chymotrypsin-like proteasome activity in PC-3 cells. Similar results 

were obtained with a proteasome inhibitor MG132 (Fig. 2C). MG132 is a peptide aldehyde that 

acts as a potent competitive inhibitor of the chymotrypsin-like activity of the proteasome 

complex [34].  To validate further the possibility that cadmium down-regulates the expression of 

XIAP at the post-transcriptional level via proteasome-mediated NF-κB-independent mechanism, 

we transfected PC-3 cells with the N-terminally HA-tagged XIAP constructs under the control of 

the NF-κB-independent SV40 promoter [35]. As demonstrated in Figure 2A and D, cadmium 

completely blocked XIAP expression irrespective of the transcriptional origin.  This was 

documented by Western blotting analysis using the anti-HA antibody.  In addition, pre-treatment 

with a proteasome inhibitor MG132 also completely blocked expression of XIAP, whereas 

treatment with NF-κB inhibitor, BAY 11-7085, had no effect on the XIAP expression. Therefore, 

the results of our experiments reveal that cadmium down-regulates expression of XIAP through 

an NF-κB–independent, proteasome-mediated mechanism.  

The potential sensitivity of various domains of XIAP to cadmium-mediated down-

regulation was also examined in PC-3 cells.  These cells were transfected with the appropriately 

truncated constructs containing N-terminal HA-tag under the control of SV40 promoter. As 

shown in Figure 3A, the expression of all examined XIAP domains was reduced in the presence 

of cadmium, as was the expression of the full length XIAP protein.  Similar results were obtained 

with XIAP constructs carrying mutations of the zinc binding sites. As demonstrated in Figure 

3B, mutations of zinc binding sites didn’t protect XIAP from cadmium-mediated depletion. 

Given that other D-block transition metals such as copper can also modulate XIAP 

expression at the post-transcriptional level [36], cell culture medium was supplemented with 
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various metal ions.  As demonstrated in Figure 4A, the addition of cadmium, but not other metals 

was responsible for reduction of XIAP expression.  Cadmium belongs to the same chemical 

group as the metal zinc and competes with this element for cysteinyl clusters in many proteins 

[26, 37].  Therefore, we examined whether the supplementation with zinc could restore XIAP 

expression in the presence of cadmium. The results presented in Figure 4B demonstrate that the 

addition of zinc failed to restore XIAP expression in cadmium-treated cells.  Furthermore, to 

determine whether down-regulation of XIAP expression is a reversible process, we replaced 

cadmium-containing medium with fresh medium without cadmium. Depletion of cadmium from 

the cell culture medium completely restored XIAP expression in PC-3 cells after 4 hours (Fig. 

4B). 

 

Cadmium sensitizes prostate cancer cells to TNF-αααα-mediated apoptosis.  

The inhibition or down-regulation of XIAP lowers the apoptotic threshold [17, 38, 39].  

Therefore, we evaluated the pro-apoptotic effect of cadmium in combination with TNF-α on 

prostate cancer cells.  Treatment with TNF-α alone had no significant effect on cell death in PC-

3 cells, as prostate cancer cells are generally resistant to TNF-α-mediated apoptosis. Treatment 

with cadmium alone induced apoptosis only in 16% of cells as was detected by the TUNEL 

assay. Concomitant treatment with TNF-α and cadmium, on the other hand, induced apoptosis in 

53% of cells (Fig. 5A).  We demonstrated previously that direct small interfering RNA-mediated 

knockdown of XIAP results in sensitization of PC-3 cells to death ligand-mediated apoptosis, 

suggesting that depletion of XIAP by itself is sufficient to reverse apoptosis resistance in prostate 

cancer cells [40].   Recent studies reveal that caspase family members induce XIAP cleavage 

under stress conditions [41].  The inhibition of caspase activity with the pan-caspase inhibitor Z-
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VAD-FMK efficiently blocked apoptosis in PC-3 cells concomitantly treated with TNF-α and 

cadmium (Fig. 5A).  However, Z-VAD-FMK did not block
 
the ability of cadmium to reduce the 

XIAP protein levels (Fig. 5B), indicating that cadmium-mediated down-regulation of XIAP 

protein levels is a caspase-independent process. 

Acquisition of apoptosis-resistance can potentially contribute to progression of prostatic 

malignancies.   We investigated whether prolonged treatment with cadmium results in selection 

of prostate cancer cells with cadmium-resistant phenotype.  PC-3 cells were pre-treated with 

cadmium at 30 µM for 7 days.  As demonstrated in Figure 5C, expression of XIAP in cadmium-

selected PC-3 cells (PC-3-Cd) was not modified after treatment with escalating concentrations of 

cadmium, whereas cadmium completely reduced XIAP protein levels in parental PC-3 cells at all 

tested concentrations. Moreover, cadmium-selected PC-3 cells were also resistant to apoptosis in 

response to concomitant treatment with TNF-α and cadmium (Fig. 5D).  Our experiments 

demonstrate that indeed cadmium treatment results in the establishment of cadmium resistant 

phenotype in prostate cancer cells. 
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Discussion  

Cadmium is a toxic heavy metal. Its wide use in industry is suspected to have widespread 

deleterious effects on human health through occupational and environmental exposure.  The 

element contributes to pathogenesis of osteoporosis, non-hypertrophic emphysema, irreversible 

renal tubular injury, anemia, eosinophilia, anosmia and chronic rhinitis.  In addition, cadmium is 

a potent human carcinogen and occupational exposure to the metal is associated with cancers of 

the lung, prostate, pancreas, and kidney [42].    The biological half-life of cadmium in humans is 

estimated to be >25 years, thereby assuring the metal’s accumulation in tissues during one’s 

lifetime [3].  Therefore, cadmium progressively accumulates in the human prostate with 

increasing age.  Indeed, the prostate is an organ with one of the highest levels of cadmium [4, 5].   

Multiple mechanisms of carcinogenesis for cadmium have been suggested.  These 

include aberrant gene expression, inhibition of DNA damage repair, induction of oxidative 

stress, and inhibition of apoptosis [43].  In contrast, some studies demonstrate that cadmium can 

inhibit the formation of chemically induced and spontaneously occurring tumors in animals when 

given at non-toxic concentrations [44, 45].  

The present study provides the first evidence that cadmium induces depletion of XIAP in 

prostate caner cells at the post-transcriptional level via proteasome-mediated mechanisms. The 

inhibition or down-regulation of XIAP in cancer cells lowers the apoptotic threshold, thereby 

inducing cell death and/or enhancing the cytotoxic action of chemotherapeutic agents.  Recent 

studies demonstrate that XIAP antagonist 1396-34 sensitizes PC-3 and DU-145 prostate cancer 

cells to chemotherapeutic agents and TRAIL [46].  In accord with these reports, our data show 

that cadmium-mediated down-regulation of XIAP coincides with increased sensitivity of PC-3 

prostate cancer cells to TNF-α-mediated apoptosis. 
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Cadmium induces generation of reactive oxygen species in target cells with subsequent 

mitochondrial damage [47].  Mitochondrial collapse results in the release of various apoptogenic 

factors into the cytoplasm.  These include IAP-binding proteins Smac/DIABLO and Omi/HtrA2 

[48].  Interestingly, both Smac/DIABLO and Omi/HtrA2 are capable of inducing caspase-

independent degradation of IAPs including XIAP, cIAP1 and cIAP2 [49-51].  However, the 

potential involvement of Smac/DIABLO and Omi/HtrA2 in cadmium-mediated XIAP depletion 

could be excluded based on the findings that Smac/DIABLO selectively reduces the protein 

levels of cIAP1 and cIAP2 but not that of XIAP [51], whereas Omi/HtrA2 induces proteolytic 

cleavage of all IAPs (i.e. XIAP, cIAP1 and cIAP2) [50].  Importantly, cadmium-mediated 

depletion of XIAP was selective, as cadmium
 
had no effect on the levels of other members of the 

IAP family, namely cIAP1 and cIAP2 (Fig. 1A). 

Selection of apoptosis-resistant
 
cells is a potential mechanism for tumor progression.  

Results of our experiments reveal that pre-treatment with cadmium produces development of 

apoptosis-resistance in response to concomitant treatment with TNF-α and cadmium in prostate 

cancer cells (Fig. 5D).  Development of apoptosis-resistance coincides with restoration of XIAP 

expression in cadmium-selected PC-3 cells. Interestingly, while some studies demonstrate that 

high levels of XIAP have an unfavorable prognosis in cancers of various tissue origins [21, 52], 

other data suggest that elevated XIAP levels are associated with a favorable clinical outcome 

[53, 54].  Likely, XIAP expression alone cannot serve as a predictive marker of chemoresistance. 

Given that tumorigenesis is a complex multifactorial process, expression levels and functional 

states of other critical pro- and anti-apoptotic molecules must be integrated for accurate 

prognostication. Recent studies by Seeger et al. demonstrate that the finely tuned balance 
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between XIAP and its antagonists is critical in determining the clinical outcome in cancer 

patients [55]. 

A potential explanation for the development of cadmium-resistant phenotype in prostate 

cancer cells is increased expression of metallothioneins in response to cadmium treatment, 

resulting in the intracellular chelation of cadmium ions.  Albrecht et al. demonstrated that 

exposure of the normal prostate cells to cadmium results in the rapid induction of the various 

metallothionein isoforms with eventual accumulation easily exceeding 10% of total cellular 

protein.  Moreover, maximum accumulation of metallothioneins was detected on days 7-13 after 

the start of treatment [56]. 

Recent reports suggest that several metals may modulate XIAP integrity.  For instance, 

elevated copper levels result in a conformational change in XIAP, which accelerates its 

degradation. Importantly, copper does not reduce XIAP mRNA expression [36]. These data 

indicate that both cadmium and copper modulate XIAP expression at the post-transcriptional 

level.  Despite these published reports in cell culture of other tissues, our experiments suggest 

that copper’s effects on XIAP expression in prostate tissues are not as significant, since pre-

treatment with copper had no effect on XIAP expression in prostate cancer cells (Fig. 4A). 

Given cadmium’s chemical similarity to zinc, a possibility exists that cadmium 

exchanges for zinc and leads to instability of the XIAP protein. The selective antagonism by zinc 

of the carcinogenic effect of cadmium suggests that zinc may act at a variety of important 

binding sites, including those that are potentially important for regulation of gene expression or 

of the enzyme’s catalytic activity.  Indeed, the ability of cadmium, to substitute zinc in the zinc 

finger domains and impair function of the wild-type zinc finger proteins has been demonstrated 

[26].  Cadmium’s substitution for zinc in the tumor suppressor protein, p53 alters p53 
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conformation and results in loss of DNA binding capacity and suppression of p53-dependent cell 

cycle arrest.  Zinc supplementation, on the other hand, reactivates p53 and restores its tumor 

suppressive functions [26].  Indeed, zinc and cadmium are the only two metal ions that appear to 

effect cellular XIAP levels.  In contrast to cadmium, it is the depletion of zinc that leads to 

cellular reduction of XIAP [40].  Nevertheless, in contrast to data available for p53, zinc 

supplementation in our hands failed to restore expression of XIAP in cells treated with cadmium 

(Fig. 4B).  

XIAP is one of the NF-κB-regulated proteins [28]. Nevertheless, our data suggest that 

suppression of XIAP expression by cadmium is likely an NF-κB-independent process.  Our work 

shows that cadmium reduces XIAP levels even when the protein is expressed under an NF-κB-

independent SV40 promoter.  Instead, the mechanism for XIAP suppression may be proteasome-

dependent. 

 

Conclusions 

In this study we investigated the molecular mechanisms of cadmium-mediated XIAP 

down-regulation in prostate cancer cells. Our results demonstrate that cadmium down-regulates 

the expression of XIAP at post-transcriptional level via an NF-κB–independent mechanism.  

Furthermore, our work reveals the critical role of a proteasome-dependent mechanism for the 

cadmium-mediated modulation of XIAP expression. 
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Methods 

 

Cells and materials 

Cell lines were obtained from ATCC (Rockville, MD) and maintained in RPMI 1640 

medium (Bio-Whittaker, Walkersville, MD) supplemented with 10% FBS (Hyclone, Logan, 

UT), gentamicin (50 mg/L), sodium pyruvate (1 mM) and non-essential amino acids (0.1 mM).  

 

 

Antibodies and Reagents 

Antibody to HA-tag was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  

Antibody to XIAP was obtained from Cell Signaling Technology (Beverly, MA).  TNF-α and 

antibody to β-actin were obtained from Sigma (St. Louis, MO). MG132, BAY 11-7085 and Z-

VAD.FMK were obtained from Biomol (Plymouth Meeting, PA).  

 

Western Blot Analysis  

 Cells were lysed in a boiling SDS buffer (66 mM Tris-HCl (pH 7.5), 2% SDS) for 10 

minutes. SDS-PAGE and Western blotting were performed as previously described [57].  

  

Real-Time PCR analysis 

Total RNA was isolated from cells using Mini RNA isolation II Kit (Zymo Research, 

Orange, CA) following with DNase I (New England Biolabs, Ipswich, MA) treatment. RNA was 

purified using RNA Clean and Concentrator Kit (Zymo Research).  Total RNA (1 µg) was 

reverse transcribed in final volume of 20 µl with 100 U of Superscript III Reverse Transcriptase 
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(Invitrogen, Gaithersburg, MD) according to the manufacturer’s instructions. After reverse 

transcription cDNA samples were diluted 40 fold, and 5 µl of diluted cDNA were amplified by 

real-time PCR using the XIAP TaqMan Gene Expression Assay (ID# Hs00745222_s1). GAPDH 

Gene Expression Assay (ID# Hs99999905_m1) was used as endogenous control. Each sample 

was run in triplicate for both XIAP and GAPDH in 20 µl reaction using TaqMan Gene 

Expression Master Mix according to the manufacturer’s instructions (Applied Biosystems, Foster 

City, CA). Reactions were carried out in an Applied Biosystems 7500 real-time PCR System. 

Analysis of relative XIAP gene expression data was carried out using the 2
-∆∆CT

 method [58].  

 

Plasmids and transfection 

pEBB-HA-XIAP vector and XIAP truncation mutants were a kind gift from
 
Dr. C. S. 

Duckett (University of Michigan Medical School, Ann Arbor, MI).  Transfections were 

performed using TransIT-Prostate transfection kit (Mirus Bio, Madison, WI).  

 

Luciferase reporter assay 

Cells were transfected with pNF-κB-luc (Stratagene, La Jolla, CA) and pRL-TK 

(Promega, Madison, WI) plasmids. Twenty-four hours after transfection, cells were treated with 

cadmium (30µM) or NF-κB inhibitor BAY 11-7085 (10µM) for 3 hours followed by treatment 

with TNF-α (20 ng/ml) for an additional 4 hours. Samples were assayed for firefly and renilla 

luciferase activities using the Dual-Glo Luciferase assay System (Promega) and normalized as 

instructed by the manufacturer. 
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Zinc finger mutagenesis 

The strategies for nonfunctional zinc finger mutation have been described previously [59]. 

C63V and C66S mutations of zinc finger in BIR1 domain of XIAP BIR1-2 polypeptide were 

generated by PCR with overlapping internal primers spanning the mutated region and external 

primers containing restriction sites (underlined in primer ssequences) for the cloning into the 

pEBB vector. BIR1-2 ORF was used as a template. Briefly, two PCR products were amplified 

using first forward 5`-atcttgggatccATGACTTTTAACAGTTTTGAAGG and reverse 5`-

TGtgaACTAAAgacCCGCACGGT primer pairs and second forward 5`-

ACCGTGCGGgtcTTTAGTtcaCA and reverse 5`-atcttgatcgat 

TTAGGATGGATTTCTTGGAAGATTTG primer pairs. These PCR products were purified, 

diluted, mixed and re-amplified with external primers for subsequent cloning into pEBB vector. 

The same strategy was used to generate H220A and H223A mutations in the BIR2 domain of 

XIAP BIR1-2 polypeptide. Overlapping internal primers had 5`-

GAAgccAGGCGAgccTTTCCTAATT and 5`-AATTAGGTTTggcTCGCCTggcTTC sequences, 

while external primers remained the same. All mutations were confirmed by sequencing in the 

Fox Chase Cancer Center Automated DNA Sequencing Facility. 

 

Measurement of apoptosis 

 DNA fragmentation was detected using APO-BRDU kit (The Phoenix Flow Systems, 

Inc., San Diego, CA).  
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Measurement of proteasome activity 

 Cells were lysed in a buffer (50 mM Tris (pH 7.6), 150 mM NaCl, 1% Triton X-100).  

Protein concentration was measured with a commercial kit (Bio-Rad, Richmond, CA).   The 

proteasome activity assay was performed in 96-well plates by incubating 10 µg of proteins with 

fluorescent proteasome substrates (Biomol, Plymouth Meeting, PA) as suggested by the 

manufacturer.



 18

Competing interests  

The authors declare that they have no competing interests. 

 

 

Authors' contributions 

KG carried out immunobloting and drafted the manuscript. PM performed real-time PCR 

analysis. RGU contributed to the concept and design of the study and helped to draft the 

manuscript. AK carried out flow cytometry analysis. DJK and EF examined proteasome activity 

and performed luciferase reporter assay. VMK conceived the studies, oversaw the experimental 

work and finalized the manuscript. All authors have read and approved the final manuscript. 

 

 

Acknowledgements 

We thank Dr. C. S. Duckett (University of Michigan Medical School, Ann Arbor, MI) for 

the pEBB-HA-XIAP vector and XIAP truncated mutants.  Financial support: VMK (NIH 

CA108890 and CA134463; RGU (American Institute for Cancer Research Grant); AK 

(Department of Defense, Physician Research Training Award). 



 19

References 

1. Huff J, Lunn RM, Waalkes MP, Tomatis L, Infante PF: Cadmium-induced cancers in 

animals and in humans. Int J Occup Environ Health 2007, 13:202-212. 

2. Krone CA, Wyse EJ, Ely JT: Cadmium in zinc-containing mineral supplements. Int J 

Food Sci Nutr 2001, 52:379-382. 

3. Kim BJ, Kim MS, Kim KB, Kim KW, Hong YM, Kim IK, Lee HW, Jung YK: 

Sensitizing effects of cadmium on TNF-alpha- and TRAIL-mediated apoptosis of 

NIH3T3 cells with distinct expression patterns of p53. Carcinogenesis 2002, 23:1411-

1417. 

4. Achanzar WE, Achanzar KB, Lewis JG, Webber MM, Waalkes MP: Cadmium induces 

c-myc, p53, and c-jun expression in normal human prostate epithelial cells as a 

prelude to apoptosis. Toxicol Appl Pharmacol 2000, 164:291-300. 

5. Bakshi S, Zhang X, Godoy-Tundidor S, Cheng RY, Sartor MA, Medvedovic M, Ho SM: 

Transcriptome analyses in normal prostate epithelial cells exposed to low-dose 

cadmium: oncogenic and immunomodulations involving the action of tumor 

necrosis factor. Environ Health Perspect 2008, 116:769-776. 

6. Nakamura K, Yasunaga Y, Ko D, Xu LL, Moul JW, Peehl DM, Srivastava S, Rhim JS: 

Cadmium-induced neoplastic transformation of human prostate epithelial cells. Int J 

Oncol 2002, 20:543-547. 

7. Waalkes MP, Rehm S, Cherian MG: Repeated cadmium exposures enhance the 

malignant progression of ensuing tumors in rats. Toxicol Sci 2000, 54:110-120. 

8. Waalkes MP, Rehm S, Perantoni AO, Coogan TP: Cadmium exposure in rats and 

tumours of the prostate. IARC Sci Publ 1992:391-400. 

9. Martin JJ, Martin R, Codesal J, Fraile B, Paniagua R, Santamaria L: Cadmium chloride-

induced dysplastic changes in the ventral rat prostate: an immunohistochemical and 

quantitative study. Prostate 2001, 46:11-20. 

10. Brys M, Nawrocka AD, Miekos E, Zydek C, Foksinski M, Barecki A, Krajewska WM: 

Zinc and cadmium analysis in human prostate neoplasms. Biol Trace Elem Res 1997, 

59:145-152. 

11. Goyer RA, Liu J, Waalkes MP: Cadmium and cancer of prostate and testis. Biometals 

2004, 17:555-558. 

12. Deveraux QL, Takahashi R, Salvesen GS, Reed JC: X-linked IAP is a direct inhibitor 

of cell-death proteases. Nature 1997, 388:300-304. 

13. Eckelman BP, Salvesen GS, Scott FL: Human inhibitor of apoptosis proteins: why 

XIAP is the black sheep of the family. EMBO Rep 2006, 7:988-994. 

14. Hofer-Warbinek R, Schmid JA, Stehlik C, Binder BR, Lipp J, de Martin R: Activation of 

NF-kappa B by XIAP, the X chromosome-linked inhibitor of apoptosis, in 

endothelial cells involves TAK1. J Biol Chem 2000, 275:22064-22068. 

15. Uren AG, Beilharz T, O'Connell MJ, Bugg SJ, van Driel R, Vaux DL, Lithgow T: Role 

for yeast inhibitor of apoptosis (IAP)-like proteins in cell division. Proc Natl Acad Sci 

U S A 1999, 96:10170-10175. 

16. Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD: Ubiquitin protein ligase 

activity of IAPs and their degradation in proteasomes in response to apoptotic 

stimuli. Science 2000, 288:874-877. 



 20

17. Schimmer AD, Dalili S, Batey RA, Riedl SJ: Targeting XIAP for the treatment of 

malignancy. Cell Death Differ 2006, 13:179-188. 

18. Kashkar H, Deggerich A, Seeger JM, Yazdanpanah B, Wiegmann K, Haubert D, 

Pongratz C, Kronke M: NF-kappaB-independent down-regulation of XIAP by 

bortezomib sensitizes HL B cells against cytotoxic drugs. Blood 2007, 109:3982-3988. 

19. Krajewska M, Kim H, Kim C, Kang H, Welsh K, Matsuzawa S, Tsukamoto M, Thomas 

RG, Assa-Munt N, Piao Z, et al: Analysis of apoptosis protein expression in early-

stage colorectal cancer suggests opportunities for new prognostic biomarkers. Clin 

Cancer Res 2005, 11:5451-5461. 

20. Hofmann HS, Simm A, Hammer A, Silber RE, Bartling B: Expression of inhibitors of 

apoptosis (IAP) proteins in non-small cell human lung cancer. J Cancer Res Clin 

Oncol 2002, 128:554-560. 

21. Mizutani Y, Nakanishi H, Li YN, Matsubara H, Yamamoto K, Sato N, Shiraishi T, 

Nakamura T, Mikami K, Okihara K, et al: Overexpression of XIAP expression in renal 

cell carcinoma predicts a worse prognosis. Int J Oncol 2007, 30:919-925. 

22. Shiraki K, Sugimoto K, Yamanaka Y, Yamaguchi Y, Saitou Y, Ito K, Yamamoto N, 

Yamanaka T, Fujikawa K, Murata K, Nakano T: Overexpression of X-linked inhibitor 

of apoptosis in human hepatocellular carcinoma. Int J Mol Med 2003, 12:705-708. 

23. Berezovskaya O, Schimmer AD, Glinskii AB, Pinilla C, Hoffman RM, Reed JC, Glinsky 

GV: Increased expression of apoptosis inhibitor protein XIAP contributes to anoikis 

resistance of circulating human prostate cancer metastasis precursor cells. Cancer 

Res 2005, 65:2378-2386. 

24. Nomura T, Yamasaki M, Nomura Y, Mimata H: Expression of the inhibitors of 

apoptosis proteins in cisplatin-resistant prostate cancer cells. Oncol Rep 2005, 

14:993-997. 

25. Cao C, Mu Y, Hallahan DE, Lu B: XIAP and survivin as therapeutic targets for 

radiation sensitization in preclinical models of lung cancer. Oncogene 2004, 23:7047-

7052. 

26. Meplan C, Mann K, Hainaut P: Cadmium induces conformational modifications of 

wild-type p53 and suppresses p53 response to DNA damage in cultured cells. J Biol 

Chem 1999, 274:31663-31670. 

27. Ogunlewe JO, Osegbe DN: Zinc and cadmium concentrations in indigenous blacks 

with normal, hypertrophic, and malignant prostate. Cancer 1989, 63:1388-1392. 

28. Stehlik C, de Martin R, Kumabashiri I, Schmid JA, Binder BR, Lipp J: Nuclear factor 

(NF)-kappaB-regulated X-chromosome-linked iap gene expression protects 

endothelial cells from tumor necrosis factor alpha-induced apoptosis. J Exp Med 

1998, 188:211-216. 

29. Inoue T, Shiraki K, Fuke H, Yamanaka Y, Miyashita K, Yamaguchi Y, Yamamoto N, Ito 

K, Sugimoto K, Nakano T: Proteasome inhibition sensitizes hepatocellular carcinoma 

cells to TRAIL by suppressing caspase inhibitors and AKT pathway. Anticancer 

Drugs 2006, 17:261-268. 

30. Zhao J, Tenev T, Martins LM, Downward J, Lemoine NR: The ubiquitin-proteasome 

pathway regulates survivin degradation in a cell cycle-dependent manner. J Cell Sci 

2000, 113 Pt 23:4363-4371. 



 21

31. Shumilla JA, Wetterhahn KE, Barchowsky A: Inhibition of NF-kappa B binding to 

DNA by chromium, cadmium, mercury, zinc, and arsenite in vitro: evidence of a 

thiol mechanism. Arch Biochem Biophys 1998, 349:356-362. 

32. Hyun JS, Satsu H, Shimizu M: Cadmium induces interleukin-8 production via NF-

kappaB activation in the human intestinal epithelial cell, Caco-2. Cytokine 2007, 

37:26-34. 

33. Jeong EM, Moon CH, Kim CS, Lee SH, Baik EJ, Moon CK, Jung YS: Cadmium 

stimulates the expression of ICAM-1 via NF-kappaB activation in cerebrovascular 

endothelial cells. Biochem Biophys Res Commun 2004, 320:887-892. 

34. Giuliano M, Lauricella M, Calvaruso G, Carabillo M, Emanuele S, Vento R, Tesoriere G: 

The apoptotic effects and synergistic interaction of sodium butyrate and MG132 in 

human retinoblastoma Y79 cells. Cancer Res 1999, 59:5586-5595. 

35. Golovine K, Makhov P, Uzzo RG, Shaw T, Kunkle D, Kolenko VM: Overexpression of 

the zinc uptake transporter hZIP1 inhibits nuclear factor-kappaB and reduces the 

malignant potential of prostate cancer cells in vitro and in vivo. Clin Cancer Res 

2008, 14:5376-5384. 

36. Mufti AR, Burstein E, Csomos RA, Graf PC, Wilkinson JC, Dick RD, Challa M, Son JK, 

Bratton SB, Su GL, et al: XIAP Is a copper binding protein deregulated in Wilson's 

disease and other copper toxicosis disorders. Mol Cell 2006, 21:775-785. 

37. Freedman LP, Luisi BF, Korszun ZR, Basavappa R, Sigler PB, Yamamoto KR: The 

function and structure of the metal coordination sites within the glucocorticoid 

receptor DNA binding domain. Nature 1988, 334:543-546. 

38. Altieri DC: Validating survivin as a cancer therapeutic target. Nat Rev Cancer 2003, 

3:46-54. 

39. Srinivasula SM, Ashwell JD: IAPs: what's in a name? Mol Cell 2008, 30:123-135. 

40. Makhov P, Golovine K, Uzzo RG, Rothman J, Crispen PL, Shaw T, Scoll BJ, Kolenko 

VM: Zinc chelation induces rapid depletion of the X-linked inhibitor of apoptosis 

and sensitizes prostate cancer cells to TRAIL-mediated apoptosis. Cell Death Differ 

2008, 15:1745-1751. 

41. Deveraux QL, Leo E, Stennicke HR, Welsh K, Salvesen GS, Reed JC: Cleavage of 

human inhibitor of apoptosis protein XIAP results in fragments with distinct 

specificities for caspases. EMBO J 1999, 18:5242-5251. 

42. Waisberg M, Joseph P, Hale B, Beyersmann D: Molecular and cellular mechanisms of 

cadmium carcinogenesis. Toxicology 2003, 192:95-117. 

43. Joseph P: Mechanisms of cadmium carcinogenesis. Toxicol Appl Pharmacol 2009, 

238:272-279. 

44. Waalkes MP, Diwan BA: Cadmium-induced inhibition of the growth and metastasis 

of human lung carcinoma xenografts: role of apoptosis. Carcinogenesis 1999, 20:65-

70. 

45. Waalkes MP, Diwan BA, Weghorst CM, Bare RM, Ward JM, Rice JM: 

Anticarcinogenic effects of cadmium in B6C3F1 mouse liver and lung. Toxicol Appl 

Pharmacol 1991, 110:327-335. 

46. Schimmer AD, Welsh K, Pinilla C, Wang Z, Krajewska M, Bonneau MJ, Pedersen IM, 

Kitada S, Scott FL, Bailly-Maitre B, et al: Small-molecule antagonists of apoptosis 

suppressor XIAP exhibit broad antitumor activity. Cancer Cell 2004, 5:25-35. 



 22

47. Belyaeva EA, Dymkowska D, Wieckowski MR, Wojtczak L: Mitochondria as an 

important target in heavy metal toxicity in rat hepatoma AS-30D cells. Toxicol Appl 

Pharmacol 2008, 231:34-42. 

48. Saelens X, Festjens N, Walle LV, van Gurp M, van Loo G, Vandenabeele P: Toxic 

proteins released from mitochondria in cell death. Oncogene 2004, 23:2861-2874. 

49. Althaus J, Siegelin MD, Dehghani F, Cilenti L, Zervos AS, Rami A: The serine protease 

Omi/HtrA2 is involved in XIAP cleavage and in neuronal cell death following focal 

cerebral ischemia/reperfusion. Neurochem Int 2007, 50:172-180. 

50. Yang QH, Church-Hajduk R, Ren J, Newton ML, Du C: Omi/HtrA2 catalytic cleavage 

of inhibitor of apoptosis (IAP) irreversibly inactivates IAPs and facilitates caspase 

activity in apoptosis. Genes Dev 2003, 17:1487-1496. 

51. Yang QH, Du C: Smac/DIABLO selectively reduces the levels of c-IAP1 and c-IAP2 

but not that of XIAP and livin in HeLa cells. J Biol Chem 2004, 279:16963-16970. 

52. Shi YH, Ding WX, Zhou J, He JY, Xu Y, Gambotto AA, Rabinowich H, Fan J, Yin XM: 

Expression of X-linked inhibitor-of-apoptosis protein in hepatocellular carcinoma 

promotes metastasis and tumor recurrence. Hepatology 2008, 48:497-507. 

53. Hwang C, Oetjen KA, Kosoff D, Wojno KJ, Albertelli MA, Dunn RL, Robins DM, 

Cooney KA, Duckett CS: X-linked inhibitor of apoptosis deficiency in the TRAMP 

mouse prostate cancer model. Cell Death Differ 2008, 15:831-840. 

54. Seligson DB, Hongo F, Huerta-Yepez S, Mizutani Y, Miki T, Yu H, Horvath S, Chia D, 

Goodglick L, Bonavida B: Expression of X-linked inhibitor of apoptosis protein is a 

strong predictor of human prostate cancer recurrence. Clin Cancer Res 2007, 

13:6056-6063. 

55. Seeger JM, Brinkmann K, Yazdanpanah B, Haubert D, Pongratz C, Coutelle O, Kronke 

M, Kashkar H: Elevated XIAP expression alone does not confer chemoresistance. Br 

J Cancer, 102:1717-1723. 

56. Albrecht AL, Singh RK, Somji S, Sens MA, Sens DA, Garrett SH: Basal and metal-

induced expression of metallothionein isoform 1 and 2 genes in the RWPE-1 human 

prostate epithelial cell line. J Appl Toxicol 2008, 28:283-293. 

57. Kolenko VM, Uzzo RG, Dulin N, Hauzman E, Bukowski R, Finke JH: Mechanism of 

apoptosis induced by zinc deficiency in peripheral blood T lymphocytes. Apoptosis 

2001, 6:419-429. 

58. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using real-time 

quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25:402-408. 

59. Webster LC, Zhang K, Chance B, Ayene I, Culp JS, Huang WJ, Wu FY, Ricciardi RP: 

Conversion of the E1A Cys4 zinc finger to a nonfunctional His2,Cys2 zinc finger by 

a single point mutation. Proc Natl Acad Sci U S A 1991, 88:9989-9993. 

 

 



 23

Figure legends 

Figure 1.  Effect of cadmium on XIAP protein and mRNA levels in prostate cancer cells.  (A) 

PC-3 and DU-145 cells were treated with indicated concentrations of cadmium for 16 hours. 

Levels of XIAP, cIAP1 and c IAP2 proteins were detected in cell lysates by immunoblotting 

using specific antibodies. Expression of β-actin was used to control equal protein loading. 

Representative data from one of four experiments is shown. (B) The effect of cadmium on the 

viability of PC-3 and DU-145 cells. Cells were cultured in the absence or presence of cadmium 

(30µM) for 16 hours, harvested and stained with propidium iodide followed by flow cytometry 

analysis. X axis represents fluorescence intensity, Y axis represents cell number. Representative 

data from one of three experiments.  (C) PC-3 and DU-145 cells were treated with cadmium 

(30µM) for indicated periods of time. XIAP mRNA levels were examined by real-time PCR 

analysis as described in Materials and Methods.  

 

Figure 2.  (A) The effect of NF-κB inhibitor BAY 11-7085 and proteasome inhibitor 

MG132 on the expression of XIAP, cIAP1 and cIAP2  in PC-3 prostate cancer cells. Cells were 

treated with either BAY 11-7085 (5µM) or MG132 (5µM) for 16 hours. Levels of XIAP, cIAP1 

and c IAP2 proteins were detected in cell lysates by immunoblotting using specific antibodies. 

Expression of β-actin was used to control equal protein loading. (B) Luciferase reporter assay of 

NF-κB activity in PC-3 cells. Cells were pre-incubated with cadmium (30µM) or NF-κB 

inhibitor BAY 11-7085 (5µM) for 3 hours followed by incubation with or w/o TNF-α (20 ng/ml) 

for an additional 4 hours.  Columns, means of three different samples; bars, SEM. (C) Analysis 

of proteasome activity in PC-3 cells. Cells were incubated with cadmium (30µM) or the 

proteasome inhibitor MG132 (5µM) for 3 hours. Chymotrypsin- and trypsin-like activities were 
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examined as described in Materials and Methods. Columns, means of three different samples; 

bars, SEM. (D) PC-3 cells were transfected with the N-terminally HA-tagged XIAP construct 

under the control of the NF-κB independent SV40 promoter. Four hours after transfection cell 

culture medium was replaced with medium containing either cadmium (30µM) or MG132 (5µM) 

or BAY 11-7085 (5µM) and cells were cultured for additional 16 hours. Expression of XIAP and 

β-actin was detected by immunoblotting with anti-HA or anti-actin antibodies respectively. 

Representative data from one of three experiments is shown. 

 

Figure 3.   Cadmium blocks expression of various XIAP domains. (A) PC-3 cells were 

transfected with the indicated HA-tagged XIAP constructs or (B) BIR 1-2 constructs with point 

mutations in zinc binding sites under the control of the SV40 promoter.  Four hours after 

transfection cell culture medium was replaced with medium containing cadmium (30µM) and 

cells were cultures for an additional 16 hours. Expression of XIAP truncated mutants and β-actin 

was detected by immunoblotting with anti-HA or anti-actin antibodies, respectively.  

Representative data from one of three experiments.  

 

Figure 4.  (A) Expression of XIAP in prostate cancer cells was prevented by cadmium 

only but not by other tested metal ions.  PC-3 cells were transfected with the HA-tagged XIAP 

construct under the control of the SV40 promoter. Four hours after transfection cell culture 

medium was replaced with medium containing 30µM of indicated metal salts and cells were 

cultured for additional 16 hours. Expression of XIAP and β-actin was detected by 

immunoblotting with anti-HA or anti-actin antibodies respectively. (B) PC-3 cells were 

transfected with the HA-tagged XIAP construct under the control of the SV40 promoter.  Four 
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hours after transfection cell culture medium was replaced with medium containing cadmium 

(30µM) and cells were cultured for an additional 16 hours with or without equimolar 

concentration of zinc. In an additional set of experiments, cells were first incubated in cadmium-

containing medium.  After 16 hours, all medium containing cadmium was removed and replaced 

with fresh medium.  Cells were then incubated for an additional 4 hours in the absence of 

cadmium. 

 

Figure 5.  (A) PC-3 cells were pre-treated with cadmium (30µM) for 16 hours followed 

by stimulation with TNF-α (20 ng/ml) with or without Z-VAD.FMK (50µM) for an additional 

20 hours.  The percentage of apoptotic cells was determined by the APO-BRDU assay followed 

by flow cytometry analysis.  Representative data from one of three experiments is shown. (B) 

PC-3 cells were pre-incubated with or without Z-VAD.FMK (50µM) for 30 minutes followed by 

treatment with cadmium (30µM) for 16 hours. XIAP expression was detected in cell lysates by 

immunoblotting with specific antibody.  (C) PC-3 cells were cultured in medium alone or in the 

presence of cadmium (30µM) for 7 days followed by treatment with indicated concentrations of 

cadmium for 16 hours. XIAP expression was detected in cell lysates by immunoblotting.  (D) 

Aliquots of cells described in panel C were pre-treated with cadmium (30µM) for 16 hours 

followed by stimulation with TNF-α (20 ng/ml) for an additional 20 hours.  The percentage of 

apoptotic cells was determined by the APO-BRDU assay. Representative data from one of three 

experiments is shown. 
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