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Abstract. Cadmium and nickel have been classified as 
carcinogenic to humans by the World Health Organization's 
International Agency for Research on Cancer. Given their 
prevalence in the environment, the fact that cadmium and 
nickel may cause diseases including cancer even at low doses 
is a cause for concern. However, the exact mechanisms under-
lying the toxicological effects induced by low-dose exposure to 
cadmium and nickel remain to be elucidated. Furthermore, it 
has recently been recognized that integrative analysis of DNA, 
mRNA and proteins is required to discover biomarkers and 
signaling networks relevant to human toxicant exposure. In the 
present study, we examined the deleterious effects of chronic 
low-dose exposure of either cadmium or nickel on global 
profiling of DNA copy number variation, mRNA and proteins. 
Array comparative genomic hybridization, gene expression 
microarray and functional proteomics were conducted, and a 
bioinformatics tool, which predicted signaling pathways, was 
applied to integrate data for each heavy metal separately and 
together. We found distinctive signaling networks associated 
with subchronic low-dose exposure to cadmium and nickel, 
and identified pathways common to both. ACTB, HSP90AA1, 

HSPA5 and HSPA8, which are key mediators of pathways 
related to apoptosis, proliferation and neoplastic processes, 
were key mediators of the same pathways in low-dose nickel and 
cadmium exposure in particular. CASP-associated signaling 
pathways involving CASP3, CASP7 and CASP9 were observed 
in cadmium-exposed cells. We found that HSP90AA1, one of 
the main modulators, interacted with HIF1A, AR and BCL2 in 
nickel-exposed cells. Interestingly, we found that HSP90AA1 
was involved in the BCL2-associated apoptotic pathway in the 
nickel-only data, whereas this gene interacted with several 
genes functioning in CASP-associated apoptotic signaling in 
the cadmium-only data. Additionally, JUN and FASN were 
main modulators in nickel-responsive signaling pathways. Our 
results provide valuable biomarkers and distinctive signaling 
networks that responded to subchronic low-dose exposure to 
cadmium and nickel.

Introduction

Toxic heavy metals including cadmium and nickel, which are 
common contaminants in occupational and environmental 
areas, may contribute to harmful effects on humans and 
other organisms. Unsafe persistent exposure to such metals is 
mediated through oral intake of contaminated water and food, 
inhalation of polluted air, or dermal contact from manufac-
turing processes and environmental contamination. Indeed, 
deleterious health effects caused by cadmium and nickel 
are similar, but the underlying mechanisms of toxicity and 
biological/toxicological signaling pathways are individually 
different (1-3).

Cadmium is a natural constituent of ocean water and the 
earth's crust and is commonly associated with zinc, lead and 
copper ores (4). Due to its physicochemical properties, it is 
utilized in a variety of ways, such as in batteries, pigment, 
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coating, plating, plastic stabilizers, non-ferrous alloys and 
photovoltaic devices. Ingestion of contaminated food and water 
and inhalation by active and passive smoking are considered 
the predominant routes for cadmium exposure (5). Cadmium 
is classified as carcinogenic to humans (group 1) by the World 
Health Organization's International Agency for Research on 
Cancer, as it acts as an epigenetic or indirect genotoxic element. 
The molecular mechanisms of cadmium carcinogenicity have 
been recently reviewed (6-8) and range from interference with 
thiol-containing proteins and consequent induction of oxida-
tive stress to genomic expression changes triggering cell cycle 
arrest, apoptosis, differentiation and immortalization. Strong 
data from epidemiological studies on occupational popula-
tions related to cadmium carcinogenicity showed that lung 
cancer occurs by breathing the metal (9). Cadmium affects 
the transcription of several genes; it induces protective genes, 
including those coding for metallothioneins with a cadmium-
chelating property (10,11), heat shock proteins (HSPs) with 
roles in protein renaturation (12,13) and heme-oxygenase I 
with an anti-oxidative role (14). Notably, cadmium may induce 
proto-oncogenes (15,16) which can contribute to carcinogen-
esis. Its effects on the sex hormone receptor genes (17) also 
suggest endocrine-disrupting activity. However, these effects 
of cadmium on gene expression are only a fraction of the 
effects, and the unidentified effects on gene functioning in 
toxicity and protection against cadmium must be clarified.

Nickel, a non-essential metal, occurs naturally in soils and 
volcanic dust. It also has been categorized as a carcinogenic 
heavy metal by the World Health Organization's International 
Agency for Research on Cancer. It combines with other 
metals to form alloys that are widely used to produce coins, 
jewelry and stainless steel. Nickel compounds are also applied 
to refining, electroplating, welding, color pigmentation in 
ceramics, the production of batteries, medical devices and 
carbon particles (18). Although several animal epidemio-
logical and cell culture studies have documented that nickel 
compounds are carcinogenic; the molecular mechanisms of 
nickel carcinogenicity have not been investigated (19-22). The 
mutagenic activity of nickel compounds to mammalian cells 
in vitro in the Salmonella mutation assay was found to be low, 
indicating that nickel-mediated mutagenic activity is not the 
definite mechanism underlying nickel carcinogenicity (23,24). 
A number of studies have implicated that aberrant modification 
of structural chromatin and epigenetic alterations might be the 
predominant contributable factors to nickel carcinogenesis. 

Both cadmium and nickel have adverse effects on human 
health by inducing oxidative stress, inhibiting DNA repair 
proteins, and dysregulating signal transduction, thereby 
leading to aberrant cell proliferation and differentiation (3). 
Furthermore, they have also been associated with an increased 
risk for diseases, including cancer, following chronic low-dose 
exposure (25,26). However, activation of these pathways still 
remains to be elucidated. In the present study, we comprehen-
sively explored molecular candidates and the mechanisms of 
toxicity, both common and distinct, for nickel and cadmium 
using integrative toxicogenomic and bioinformatic tools. We 
compared the effects of cadmium to those of nickel using 
comparative genomic hybridization (CGH) array, gene expres-
sion microarray and functional proteomics-based technologies 
in p53-proficient human colon carcinoma RKO cells. The 

cells were subchronically exposed to low levels of cadmium 
chloride or nickel acetate, based on a survival rate of at least 
80% after a 24-h treatment. We also identified both common 
and distinct mechanisms of toxicity underlying the individual 
metals. Similarities and differences in gene expression profiles, 
respective pathways and biological processes following low-
level exposure to each metal are also discussed.

Materials and methods

Cell culture and treatment. Human RKO colon carcinoma cells 
(ATCC no. CRL-2577) were cultured in RPMI-1640 (Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal bovine 
serum (Gibco) and 1% antibiotics (Gibco) at 37˚C and 5% CO2. 
Cadmium chloride and nickel (II) acetate were purchased 
from Sigma Co. (St. Louis, MO, USA). The 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and 
fluorescence-activated cell sorting analysis were conducted 
to select the sublethal doses of cadmium and nickel for our 
experimental design. The RKO cells were exposed to 50 µM 
cadmium and 20 µM nickel for 24 h prior to subsequent testing.

Array comparative genomic hybridization. Genomic DNA 
was extracted from RKO cells treated with either metal and 
subjected to copy number variation (CNV) analyses using 
Agilent SurePrint G3 microarrays with one million-format 
slides (Agilent Technologies, Palo Alto, CA, USA), in accor-
dance with the manufacturer's protocol. Briefly, DNA was 
labeled with the exo-Klenow fragment using random primers 
and cyanine 5 and cyanine 3 fluorescent-labeled nucleotides. 
Next, hybridization with the hybridization master mix, 
washing and drying were carried out. Subsequently, the micro-
array slides were scanned at 2-µm resolution using a G2539A 
microarray scanner (Agilent Technologies). Features were 
extracted from the scanned images using Feature Extraction 
software (Agilent Technologies). The extracted features were 
analyzed using Nexus Copy Number software (BioDiscovery, 
El Segundo, CA, USA). Thresholds were set at a minimum of 
three probes and a 0.4 average log ratio.

Gene expression microarray. Total RNA was extracted with 
the RNeasy Mini kit (Qiagen, Hilden, Germany) according 
to the manufacturer's recommendations. RNA quality was 
assessed with an Agilent Bioanalyzer Nano Chip 2100 (Agilent 
Technologies). The RNA samples were then labeled using a 
Low Input Quick Amp Labeling kit (Agilent Technologies), 
in accordance with the manufacturer's protocol. Hybridization 
was conducted using a Gene Expression Hybridization kit 
(Agilent Technologies). A gene expression microarray chip 
was designed to perceive pathways involving DNA damage 
and repair, apoptosis, oxidative stress and the cell cycle. The 
arrays were scanned on an Agilent scanner and analyzed using 
Feature Extraction software. Subio platform version 1.6 was 
used for the transcriptomic data analysis.

Functional proteomics. Cells were collected by scrapping 
and were washed in PBS (pH 7.4) for immunoprecipitation. 
After centrifugation, the cells were resuspended and homog-
enized in RIPA buffer [50 mM Tris-HCl pH 7.8, 150 mM 
NaCl, 0.5 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), 
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1% Triton X-100, 1 mM DTT and protease inhibitor cocktail 
(Roche, Mannheim, Germany)]. The homogenate was incu-
bated on ice for 30 min and then centrifuged at 13,000 rpm 
and 4˚C for 30 min to collect the supernatant. The samples 
were incubated with 4  µg rabbit anti-Gadd45a antibody (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) for 10 h and 
consecutively with 100 µl of ExactaCruz TMC to precipitate 
the Gadd45a-interacting proteins (Santa Cruz Biotechnology) 
for 11 h. After a series of washes, the immunoprecipitated 
samples were separated by SDS-polyacrylamide gel electro-
phoresis and visualized by Coomassie Blue staining. Protein 
bands with an altered expression pattern in response to the 
heavy metals were selected and subjected to protein identifica-
tion via mass spectrometry analysis.

Pathway analysis. Molecular pathways among differentially 
expressed genes identified by the microarray were dissected 
using Pathway Studio 8.0 software (Ariadne Genomics, 
Rockville, MD, USA). This program integrates relevant 
information among imported genes, consequently allowing 
identification of biological pathways, gene regulation networks 
and protein interaction maps. 

Results

Identification of molecular candidates for subchronic low-
dose exposure to cadmium and nickel. The RKO cells were 

subchronically exposed to either cadmium chloride or nickel 
acetate at concentrations of 50 or 20 µM, respectively, for 
different periods of time depending on the target molecule 
of interest. These concentrations of the metal compounds 
were determined as sublethal doses and resulted in <20% 
cytotoxicity (27,28). Most of the genes differentially expressed 
by cells exposed to cadmium or nickel were HSPs, including 
HSP90AA1, HSP90AB1, HSPA1A, HSP90B1, HSPA2, 
HSPA5, HSPA8 and HSPA9 (Table I). Twenty genes were 
significantly altered in the cadmium-exposed cells (Table II). 
Interestingly, most of them overlapped with the commonly 
altered genes between the cadmium- and nickel-exposed cells. 
However, there were unique molecular networks involving 
the response to cadmium alone that were different from the 
common networks, as represented in Figs. 1 and 2, respec-
tively. Twenty-six genes were differentially expressed in the 
nickel-exposed cells (Table III). Among them, several genes, 
including FASN, HSP90AB1, HSP90B1, HSPA5, HSPA8, 
KRT18 and P4HB were dysregulated both at the transcription 
and protein levels following nickel exposure. 

Dissection of networks related to subchronic low-dose 
exposure to cadmium or nickel, together or alone. We also 
attempted to identify interactive networks among cadmium-
and/or nickel-responsive genes using Pathway Studio software 
version 8.0. Based on a number of reliable studies, relevant 
components in the putative signaling pathways were chosen 

Table I. Key genes among the commonly expressed genes in cells subchronically exposed to low-level cadmium and nickel after 
integrative toxicogenomic analysis.

Gene symbol Gene ID Gene name

ACTB 60 Actin, β
AKR1C2 1646 Aldo-ketoreductase family 1, member C2 (dihydrodiol dehydrogenase 2;
  bile acid binding protein; 3-α hydroxysteroid dehydrogenase, type III)
DCD 117159 Dermcidin
HSP90AA1 3320 Heat shock protein 90 kDa α (cytosolic), class A member 1
HSP90AB1 3326 Heat shock protein 90 kDa α (cytosolic), class B member 1
HSPA1A (HSPA1B) 3303 Heat shock 70 kDa protein 1A
HSP90B1 7184 Heat shock protein 90 kDa β (Grp94), member 1
HSPA2 3306 Heat shock 70 kDa protein 2 
HSPA5 3309 Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa)
HSPA8 3312 Heat shock 70 kDa protein 8
HSPA9 3313 Heat shock 70 kDa protein 9 (mortalin)
IDH1 3417 Isocitrate dehydrogenase 1 (NADP+), soluble 
KRT18 3875 Keratin 18 
MYH7 4625 Myosin, heavy chain 7, cardiac muscle, β
NUDC 10726 Nuclear distribution C homolog (A. nidulans)
P4HB 5043 Prolyl 4-hydroxylase, β polypeptide 
PGK1 5230 Phosphoglycerate kinase 1
PPP1R13B 23368 Protein phosphatase 1, regulatory subunit 13B
RNF128 79589 Ring finger protein 128, E3 ubiquitin protein ligase
RPH3AL 9501 Rabphilin 3A-like (without C2 domains)
TWIST1 7291 Twist homolog 1 (Drosophila)
UTS2 10911 Urotensin 2
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and incorporated into the established networks. As a result, 
common biological processes disturbed by both cadmium 
and nickel were cell proliferation and apoptotic cell death, 
which can lead to neoplasms (Fig. 1). Four genes, ACTB, 
HSP90AA1, HSPA5 and HSPA8, were identified as main 
modulators in a common signaling pathway affected by 
cadmium and nickel. In cadmium-exposed cells, signaling 
networks associated with apoptosis, cell proliferation and 
neoplasm were affected. Several genes, BIRC3, HSPA5, 
HSPA8 and HSP90AA1, were revealed to be key modula-
tors in cadmium only exposed cells (Fig. 2). Cells exposed 
only to nickel were associated with a unique signaling 
pathway related to apoptosis, cell differentiation, cell prolif-
eration and neoplasm interacting with FASN, HSP90AA1, 
HSP90AB1 and JUN genes (Fig. 3).

Discussion

The mechanisms of toxicity for low-dose exposure to cadmium 
and nickel are unclear. Therefore, we comprehensively 
explored molecular candidates and the mechanisms of toxicity, 
both common and distinct, for both metals using integrative 
toxicogenomic and bioinformatic tools. Similarities and 
differences in gene subsets, pathways and biological processes 
in response to each metal are further discussed.

Using a high-resolution CGH array, we found no significant 
difference in recurrent CNV following continuous low-level 
exposure to both metals tested when comparing the tenth 
passage of the culture to the first. Less than 700 gene enti-
ties with altered expression at the mRNA and protein levels 

were identified by gene expression microarray and functional 
proteomic analysis after a 24-h exposure to either metal indi-
vidually. This small subset of genes exhibiting a very slight to 
mild extent of metal-induced profiling change in terms of gene 
structure might be attributable to the low-level metal exposure 
of the cells. A number of studies have reported an association 
between DNA copy number variation and predisposition to 
several genetic diseases, including cancers, neurodegenerative 
disorders and obesity (29,30). These findings suggest that the 
significant contribution of a particular CNV to pathogenesis is 
involved in an altered dose of genes within the chromosomal 
region affected. Furthermore, cadmium and nickel induce 
carcinogenesis in diverse experimental models in vitro and 
in vivo. However, we found no significant alteration in recur-
rent CNV following low-level exposure to the metals after 
ten passages, suggesting that such a metal treatment has an 
undetectable impact on DNA structural variations based 
on aberrant copy number. However, exposure duration will 
be prolonged with such low doses in future research, as ten 
passages may have been insufficient for CNV to occur in 
p53-proficient carcinoma cells.

Alterations in gene and protein expression levels were 
analyzed in RKO cells following a 24-h low-dose exposure to 
either metals using gene expression microarray and functional 
proteomics, respectively. Nineteen transcripts and 69 protein 
entities were altered in the cadmium-exposed cells, whereas 
629 transcripts and 69 protein entities were differentially 
expressed in nickel-exposed cells. Among them, 22 protein 
entities, including several members of the heat shock protein 
(HSP) family, were commonly altered in the cells treated with 

Table II. Key genes among the differentially expressed genes in cells subchronically exposed to low-level cadmium only after 
integrative toxicogenomic analysis.

Gene symbol Gene ID Gene name

ACTB 60 Actin, β
AKR1C2 1646 Aldo-ketoreductase family 1, member C2 (dihydrodiol dehydrogenase 2;
  bile acid binding protein; 3-α hydroxysteroid dehydrogenase, type III) 
DCD 117159 Dermcidin
HSP90AA1 3320 Heat shock protein 90 kDa α (cytosolic), class A member 1
HSP90AB1 3326 Heat shock protein 90 kDa α (cytosolic), class B member 1
HSP90B1 7184 Heat shock protein 90 kDa β (Grp94), member 1
HSPA5 3309 Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa)
HSPA8 3312 Heat shock 70 kDa protein 8
HSPA9 3313 Heat shock 70 kDa protein 9 (mortalin)
IDH1 3417 Isocitrate dehydrogenase 1 (NADP+), soluble 
KRT18 3875 Keratin 18 
MYH7 4625 Myosin, heavy chain 7, cardiac muscle, β
NUDC 10726 Nuclear distribution C homolog (A. nidulans)
P4HB 5034 Prolyl 4-hydroxylase, β polypeptide 
PGK1 5230 Phosphoglycerate kinase 1
PPP1R13B 23368 Protein phosphatase 1, regulatory subunit 13B
RNF128 79589 Ring finger protein 128, E3 ubiquitin protein ligase
RPH3AL 9501 Rabphilin 3A-like (without C2 domains)
TWIST1 7291 Twist homolog 1 (Drosophila)
UTS2 10911 Urotensin 2
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either cadmium or nickel. These proteins might be considered 
valuable biomarkers for cadmium and nickel exposure even 
at the low levels used. These entities are classified according 
to their functions, such as ligands (i.e., UTS2), stress proteins 
(i.e., ACTB, AKR1C2, DCD, HSPA1A, HSPA2, HSP90AA1, 
HSP90B1, KRT18 and MYH7), kinases and phosphatases 
(i.e., PGK1 and PPP1R13B, respectively), transcription factors 
(i.e., TWIST1), and other enzymes (i.e., AKR1C2, IDH1, 
P4HB and RNF128). Our data suggest that the molecular 
candidates identified here, including many regulatory factors 
and stress proteins, are potential metal carcinogenicity 
markers, which were consistently observed in previous studies 
(3). HSPs are stress-inducible proteins that fold and unfold 
other proteins and represent a suite of highly conserved and 
broadly distributed proteins in nature (31). HSP expression 
is regulated by temperature and other stressors (32). Recent 
studies have shown that diverse HSPs are activated by heavy 
metals including cadmium, copper, lead and zinc in cell 
lines, shrimp and the sea star (31,33,34). Although our data 
showed downregulation of HSPs, they can be suggested as 
potential carcinogenesis-related genes in response to low-dose 
cadmium or nickel. Six genes, including AFAP1, EIF3F, FASN, 
HSPA1A, JUN and TRIP10 were distinct in nickel-exposed 

cells. Interestingly, EIF3F increased significantly in response 
to low-level nickel exposure. EIF3F is a protein complex 
with at least 13 non-identical subunits (35). The functions of 
the individual subunits have not been clarified; however, a 
recent study demonstrated that EIF3F is involved in apoptotic 
signaling (36). The EIF3F gene is also differentially expressed 
by volatile organic compounds (37); however, no reports have 
found a nickel-modulated signaling network involving EIF3F. 
Thus, these data are the first results indicating that the EIF3F 
gene is dysregulated by subchronic exposure to low-dose 
nickel and also suggest that this gene might be involved in 
apoptotic signaling. The FASN gene product is a key enzyme 
for palmitate biosynthesis into long-chain saturated fatty acids 
in the presence of the reduced form of nicotinamide adenine 
dinucleotide phosphate (38,39). Additionally, this protein fuses 
with estrogen receptor α in some cancer cell lines. Another 
study demonstrated alterations in rat liver lipid metabolism 
induced by nickel deficiency (40). Thus, nickel has detrimental 
impacts on lipid metabolism involving FASN. JUN, a c-jun 
oncoprotein, is an essential component of the activator protein 
(AP) transcription complex. Upon heterodimerization with 
other Jun/Fos members, JUN forms an active AP-1 complex 
that regulates expression of many target genes harboring 

Figure 1. Representative scheme showing common interaction networks in cells subchronically exposed to low-level cadmium and nickel.
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AP-1-binding DNA elements within their promoters. These 
AP-1 target genes are involved in various crucial cellular 
functions such as cell cycle progression, migration, prolifera-
tion and apoptosis. JUN is activated upon phosphorylation by 
c-jun-N-terminal kinase, which responds to diverse biological 
stress signals (41). Interestingly, JUN both induces and inhibits 
cellular apoptosis (42-44).

A number of reports have demonstrated that oxidative 
stress, interference with cell proliferation, dysregulation of 
oncogenes or tumor-suppressor genes, and an impaired DNA 
repair system are predominant mechanisms driven by carcino-
genic metal compounds (3,45,46). We found that ACTB, 
HSP90AA1, HSPA5 and HSPA8 acted as key components of 
pathways associated with proliferation, apoptosis and 
neoplastic processes in response to cadmium and nickel 
(Fig. 1). The metals also interacted with important components 
in multiple signaling pathways crucial for cell growth, prolif-
eration, survival, cell cycle, drug resistance, the stress response 
and carcinogenesis, including AKT1, BAG1, BAX, CDK1, 
CFTR, HSF1, TP53, MAPK3, MAPK8, STAT3 and TNF 
(Fig. 1). Herein, we showed that both cadmium and nickel 

influenced key components in the AKT1-mediated pathway, 
similar to a recent study showing that cadmium-induced reac-
tive oxygen species activate the Akt/mTOR pathway by 
activating the positive regulator PI3K, resulting in neuronal 
apoptosis (47). These findings suggest that particular stress-
inducible proteins, protein kinases, or transcription factors 
may be prominent biomarkers of subchronic exposure to 
cadmium or nickel and may be used to develop preventive 
approaches for associated disorders and/or diseases; however, 
the underlying mechanisms of toxicity must be identified. 
Furthermore, targeting regulatory component crosstalk among 
the mitogen-activated protein kinase pathways representing a 
cascade of sequential phosphorylation events might offer new 
opportunities to develop novel anticancer agents designed to 
be target-specific chemotherapeutic drugs. In addition to 
common responses, we also examined the mechanisms of 
toxicity that were unique to each metal compound. Our 
pathway analysis results of cadmium-treated cells found that 
the caspase (CASP)-associated pathway was a mechanism 
unique to cadmium involving CASP3, CASP7 and CASP9 
(Fig. 2). Gene expression changes in nickel-exposed cells were 

Figure 2. Representative scheme showing different interaction networks in cells subchronically exposed to only low-level cadmium.
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associated with a hypoxic response. Our data showed that 
HSP90AA1, one of the main modulators, directly interacted 
with hypoxia inducible factor-1α (HIF-1α) (Fig. 3). HIF-1α is a 
transcription factor that induces the transcription of genes 
involved in glycolysis, glucose transport, apoptosis and other 
cellular processes as a result of a change in intracellular oxygen 
concentration (45). PGK1, encoding phosphoglycerate 
kinase 1, was found to be one of the HIF-1α targets to be 
dysregulated in nickel-exposed cells, suggesting that nickel 
induces a hypoxic-like response through HIF-1α, which was 
consistent with the results of a comparative genomic expres-
sion analysis in rat liver-derived cells exposed to nickel, 
cadmium, or chromium (46). Dysregulation of HIF-1α inter-
feres with cellular energy metabolism, such as glycolysis, 
causing cells to shift toward non-oxidative forms of ATP 
production and altering production of glycolytic enzymes and 
glucose transporters (48). HSP90AA1 directly interacted with 
the androgen receptor (AR) based on the nickel-responsive 
pathway analysis. An abundance of evidence has revealed that 
the AR forms a heterodimer complex with Hsp90, resulting in 
a stable, unbound AR (49). Growth of a normal and neoplastic 
prostate is mediated by the AR, a ligand-dependent transcrip-
tion factor activated by high affinity androgen binding. The 

AR is highly expressed in recurrent prostate cancer cells. 
Here, HIF-1α interacted with the AR in response to subchronic 
nickel exposure (Fig. 3). Interestingly, we also found that 
HSP90AA1 was involved in the BCL2-related apoptotic 
pathway uniquely in response to nickel exposure (Fig. 3), 
whereas it interacted with several CASP genes functioning in 
CASP-associated apoptotic signaling unique to cadmium 
exposure alone (Fig. 2). These data suggest that interference 
with the apoptotic process was likely common to both metals, 
but that the responsive interaction network with molecular 
targets was distinct in response to each metal. These findings 
support that HSP90 contributes to the pathogenesis of chronic 
diseases, including cancers, rheumatoid and arthritis, particu-
larly through apoptosis (50,51). Targeting HSP90 has emerged 
as a potential avenue for therapeutic inter vention. HSP90 is a 
molecular chaperone required for the post-translational 
stability and function of numerous key signal transduction 
proteins, termed ‘client’ proteins (52,53). A number of these 
client proteins have been causally implicated in the pathogen-
esis of prostate cancer, including AR, HER2, AKT and 
RAF1 (54-56). The interaction of these proteins with HSP90 
regulates their half-life. We revealed from our pathway analysis 
that HSP90AA1 directly interacted with Src encoding Src 

Table III. Key genes among the differentially expressed genes in cells subchronically exposed to low-level nickel only after 
integrative toxicogenomic analysis.

Gene symbol Gene ID Gene name

ACTB 60 Actin, β
AFAP1 60312 Actin filament associated protein 1
AKR1C2 1646 Aldo-ketoreductase family 1, member C2 (dihydrodiol dehydrogenase 2;
  bile acid binding protein; 3-α hydroxysteroid dehydrogenase, type III)
DCD 117159 Dermcidin
EIF3F 8665 Eukaryotic translation initiation factor 3, subunit F
FASN 2194 Fatty acid synthase
HSP90AA1 3320 Heat shock protein 90 kDa α (cytosolic), class A member 1
HSP90AB1 3326 Heat shock protein 90 kDa α (cytosolic), class B member 1
HSP90B1 7184 Heat shock protein 90 kDa β (Grp94), member 1
HSPA1A 3303 Heat shock 70 kDa protein 1A
HSPA5 3309 Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa)
HSPA8 3312 Heat shock 70 kDa protein 8
HSPA9 3313 Heat shock 70 kDa protein 9 (mortalin)
IDH1 3417 Isocitrate dehydrogenase 1 (NADP+), soluble 
JUN 3725 Jun proto-oncogene
KRT18 3875 Keratin 18 
MYH7 4625 Myosin, heavy chain 7, cardiac muscle, β
NUDC 10726 Nuclear distribution C homolog (A. nidulans)
P4HB 5034 Prolyl 4-hydroxylase, β polypeptide 
PGK1 5230 Phosphoglycerate kinase 1 
PPP1R13B 23368 Protein phosphatase 1, regulatory subunit 13B
RNF128 79589 Ring finger protein 128, E3 ubiquitin protein ligase
RPH3AL 9501 Rabphilin 3A-like (without C2 domains)
TRIP10 9322 Thyroid hormone receptor interactor 10
TWIST1 7291 Twist homolog 1 (Drosophila)
UTS2 10911 Urotensin 2
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protein-tyrosine kinase. Src is a member of a large family of 
structurally related kinases, many of which are expressed in 
highly differentiated cell types (57,58). Src and its family 
members play a key regulatory role transducing signals from 
cell surface receptors and coupling receptors with the cyto-
plasmic signaling machinery involved in several cellular 
processes, such as cell growth, differentiation, migration, 
proliferation, survival and specialized cell signaling. 
Additionally, JUN and FASN were shown here to be main 
modulators in unique nickel-responsive signaling pathways 
(Fig. 3) and their products have been implicated in tumor 
initiation and development of various tissues, as evidenced 
from cellular and/or epidemiological studies (59-61). JUN has 
a regulatory role in HIF-1α function through these interac-
tions. Stabilizing HIF-1α is dependent on c-Jun domains for 
DNA binding and heterodimerization (62). Indeed, HIF-1α is 
activated by interacting with c-Jun, allowing increased expres-
sion of vascular endothelial growth factor, which is a signal 
protein involved in stimulating vasculogenesis and angiogen-
esis (63). JUN was regulated by interaction with the AR. 
Intriguingly, JUN and FASN were also governed by interacting 
with AKT1, INS and LEP in nickel-responsive signaling path-
ways. We also found that JUN was controlled by an interaction 
with APEX1, a redox-sensitive repair protein that plays an 
essential role in the base excision repair (BER) system. Apart 

from APEX1, we found that many other proteins were related 
to the DNA damage response and DNA repair particularly in 
the BER pathway; FEN1, PARP1, PCNA and POLB were 
uniquely responsible for the nickel-associated network. JUN 
interacted with MITF, whose product is called microph-
thalmia-associated transcription factor, which has a key role in 
the development, survival and function of particular cell types, 
such as melanocytes, retinal pigment epithelial cells and 
osteoclasts (64). FASN was found to regulate ERBB2 or HER2 
expression and vice versa. Previous studies have consistently 
reported FASN-mediated regulation of ERBB2 expression and 
a suppressive effect on ERBB2 overexpression by inhibiting 
FASN-encoded fatty acid synthase in cancer cells (65). Other 
evidence supports that ERBB2, previously identified in 
preneoplastic breast lesions, upregulates FASN expression 
(66). Furthermore, FASN overexpression increases ERBB1 or 
epidermal growth factor receptor (EGFR) and ERBB2 protein 
expression levels as well as tyrosine phosphorylation (67). 
Treatment of EGFR and ERBB2 with kinase inhibitors 
suggests that both EGFR and ERBB2 are activated by regu-
lating EGF-mediated FASN expression (68). Interestingly, 
nickel seemed to uniquely perturb the cell differentiation 
process associated with expression and function of both 
common (HSP90AA1, HSP90B1, HSPA5, NUDC and 
TWIST1) and distinct (JUN) components (Fig. 3). This result 

Figure 3. Representative scheme showing different interaction networks in cells subchronically exposed to only low-level nickel.
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suggests that although a similar subset of genes was altered 
upon exposure to cadmium and nickel individually, they might 
contribute to unique network interactions and cellular 
processes (Figs. 1-3). This might be attributable to the 
combined effects of the expression patterns and regulation of 
the components involved in different signaling pathways. 
Taken together, our results identified valuable biomarkers and 
distinctive signaling networks in response to subchronic low-
dose exposure of carcinogenic metals cadmium and nickel. 
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