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Abstract: Objective: This study was to identify key genes and biological pathways involved in responses of prostate 
epithelial cells after low-dose Cd exposure by using bioinformatic analysis. Methods: The gene chip data of prostate 
epithelial cells after low-dose Cd exposure were collected from public databases Gene Expression Omnibus. After 
identification of differentially expressed genes (DEGs), data were input into Qlucore Omics Explorer, Network Analyst, 
String, and Genclip for further analysis of gene expression profiles, protein-protein interactions (PPI) and protein-
chemicals interactions, and critical molecular pathways. Results: A total of 384 DEGs were identified in Cd treated 
group compared with control group. The number of DEGs gradually decreased over time, with the largest number at 
0 h. Furthermore, NDUFB5 (A, S), CYC1, UQCRB, ETFA (B), SNRPD2, and LSM3 (5, 6) were the hub proteins in the PPI 
network. A functionally grouped DEGs network was established, and the oxidative phosphorylation and mitochon-
drial ATP synthesis coupled electron transport signaling pathways were significantly enriched. Main genes related to 
Cd treatment were CYP1B1, STAT1, RPS27L, FKBP5, TYMS, and IDH1. Conclusions: Our results show that oxidative 
phosphorylation, especially mitochondrial oxidative phosphorylation significantly related to NAD[P]H, represents the 
main mechanism of NPrEC damage after low-dose Cd exposure. Low-dose Cd induces transient over-expression of 
relevant genes and causes the release of NAD[P]H from its normal protein binding sites, resulting in a disruption of 
the enzyme and protein activities and leading to subsequent toxic events.
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Introduction

Prostate cancer has high morbidity and mortal-
ity in male adults. It has been the most com-
mon cancer and the second leading cause of 
cancer-related death in American men [1]. In 
China, the incidence of prostate cancer is lower 
than Western countries, but a rising trend is 
shown in recent years [2]. In spite of great 
advance achieved on molecular mechanisms 
involved in pathogenesis of prostate cancer, 
particularly role of androgen signaling [3], fur-
ther efforts are still needed to clearly elucidate 
complex etiology of this disease, especially 
roles of genetic background, age, physiological 
status, lifestyle, and environmental risk factors 
[4]. 

Cadmium (Cd), an environmental and industrial 
pollutant, is released into the environment 
through the waste from heavy metal mining, 
manufacture of nickel-cadmium batteries, and 
other industrial and agricultural activities [5]. It 
can be easily absorbed by plants and animals, 
and eventually accumulate in human via the 
food chain, thus causing injuries [6]. Cd and Cd 
compounds have been classified by the 
International Agency for Research on Cancer 
and the U. S. National Toxicology Program as 
Group 1 human carcinogen. Non-occupational 
exposure to Cd is mainly from diet and smoking 
[7]. The targets of Cd include liver, lung, kidney 
cortex, bone, cardiovascular system, and 
immune system [8]. Recently, it has been dem-
onstrated that Cd can cause prostate injuries 
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[9]. For years, different possible mechanisms 
have been proposed for the Cd related carcino-
genesis [8, 10, 11], but molecular pathways 
involved in this process are still unclear. Several 
mechanisms have been proposed, including 
the generation of reactive oxygen species (ROS) 
and nitric oxide synthase responsible for oxida-
tive and nitrosative stress [12-15], the activa-
tion of proto-oncogenes, the alteration of DNA 
methylation, the dysregulation of gene expres-
sion [16], and other processes. 

In this study, the public microarray dataset 
GSE9951 constructed by Bakshi et al [17] was 
analyzed, and the differentially expressed ge- 
nes were identified in the prostate epithelial 
cell line NPrEC exposed to low-dose Cd. Gene 
ontology (GO) and pathway enrichment analy-

ses were performed to identify the up- and 
down-regulated genes. Furthermore, the PPI 
and PCI regulating DEGs were predicted, and 
the key regulatory network was built. Our 
results may contribute to a better understand-
ing of the molecular oncogenesis of prostate 
diseases caused by low-dose Cd exposure.

Materials and methods

Affymetrix microarray data

The gene expression data GSE9951 were do- 
wnloaded from the public database Gene Ex- 
pression Omnibus (GEO, http://www.ncbi.nlm.
nih.gov/geo/) by using the platform [HG-U133_
Plus_2] Affymetrix Human Genome U133 Plus 
2 Array (GPL570, Affymetrix Inc, Cincinnati, OH, 

Table 1. The top 50 differentially expressed genes identified in low-dose Cd treated NPrEC cells ver-
sus control cells
NO. Gene name Abbreviation NO. Gene name Abbreviation
1 Archaelysin family metallopeptidase 2 AMZ2 26 F-box protein 22 FBXO22

2 isocitrate dehydrogenase (NADP(+)) 1, cytosolic IDH1 27 deoxyribose-phosphate aldolase DERA

3
ADP ribosylation factor like GTPase 6 interacting 
protein 5

ARL6IP5 28 COMM domain containing 10 COMMD10

4 thymidylate synthetase TYMS 29 synaptophysin like 1 SYPL1

5 NADH:ubiquinone oxidoreductase subunit B5 NDUFB5 30 growth arrest specific 1 GAS1

6 F-box protein 4 FBXO4 31 general transcription factor IIH subunit 5 GTF2H5

7 FK506 binding protein 5 FKBP5 32 heterogeneous nuclear ribonucleoprotein F HNRNPF

8 ubiquinol-cytochrome c reductase core protein II UQCRC2 33 OCIA domain containing 1 OCIAD1

9 tripartite motif containing 14 TRIM14 34
signal transducer and activator of transcrip-
tion 1

STAT1

10 alcohol dehydrogenase 5 (class III), chi polypeptide ADH5 35
LSM3 homolog, U6 small nuclear RNA and 
mRNA degradation associated

LSM3

11 cytochrome P450 family 1 subfamily B member 1 CYP1B1 36 nicotinamide riboside kinase 1 NMRK1

12 transmembrane protein 19 TMEM19 37 churchill domain containing 1 CHURC1

13 electron transfer flavoprotein alpha subunit ETFA 38 tetraspanin 6 TSPAN6

14 cereblon CRBN 39
ADP ribosylation factor like GTPase 6 inter-
acting protein 5

ARL6IP5

15 ubiquinol-cytochrome c reductase binding protein UQCRB 40
translocase of inner mitochondrial mem-
brane 23 homolog B///translocase of inner 
mitochondrial membrane 23

TIMM23B///
TIMM23

16 serine racemase SRR 41
phosphatidylinositol glycan anchor biosyn-
thesis class F

PIGF

17 glucosamine-6-phosphate deaminase 1 GNPDA1 42 acireductone dioxygenase 1 ADI1

18 CD1d molecule CD1D 43 GLI family zinc finger 3 GLI3

19 collagen type VIII alpha 1 chain COL8A1 44
H3 histone, family 3A, pseudogene 4///H3 
histone, family 3B///H3 histone, family 3A

H3F3AP4///
H3F3B///H3F3A

20 serine racemase SRR 45 pyrophosphatase (inorganic) 2 PPA2

21
H3 histone, family 3A, pseudogene 4///H3 his-
tone, family 3B///H3 histone, family 3A

H3F3AP4///
H3F3B///H3F3A

46 general transcription factor IIA subunit 2 GTF2A2

22 lysosomal protein transmembrane 4 beta LAPTM4B 47 transcription factor like 5 TCFL5

23 translocase of outer mitochondrial membrane 22 TOMM22 48
progesterone receptor membrane compo-
nent 1

PGRMC1

24 transmembrane protein 230 TMEM230 49 ribosomal protein S27 like RPS27L

25 lysosomal protein transmembrane 4 beta LAPTM4B 50 cytochrome c oxidase copper chaperone COX11
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USA). This dataset contained 19 samples with 
each experimental condition having two biologi-
cal replicates, except one sample in cadmium 4 
h. Cd-treated and control samples were collect-
ed at 0, 4, 8, 16, and 32 h.

DEGs screening

The CEL raw data were downloaded and prep- 
rocessed by using the package oligo for Bi- 
oconductor (http://www.bioconductor.org/pac- 
kages/release/bioc/html/) in R environment. 
The method of robust multiarray average was 
used. The preprocessing process included ba- 
ckground correction, quartile data normaliza-

tion and probe summarization. The false dis-
covery rate was calculated to adjust the P-value 
with Benjamini-Hochberg method. Only genes 
meeting |log2FC| ≥0.50 and an adjusted 
P-value <0.05 were considered as DEGs. 

Expression profile analysis

Preprocessed dataset GSE9951 was imported 
into Qlucore Omics Explorer 3.1 software, stan-
dardized (Mean=0, SD=1), filtered, and ana-
lyzed with t-test (p<0.01, q<0.01). Finally, the 
data were clustered with Principal Compon- 
ents Analysis (PCA) and Hierarchical cluster 
analysis.

Figure 1. Gene expression profile at different time points. Red dots: up-regulated DEGs; green dots: down-regulated 
DEGs.
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PPI network construction

A PPI network of DEGs was constructed by 
using Search Tool for the Retrieval of Interacting 
Genes/Proteins database, with the threshold 
combined score of >0.4. In the PPI network, 
nodes and edges (lines) represent proteins and 
their interactions, respectively. Nodes with an 
average node connective degree ≥9 were con-
sidered as hub proteins.

Enrichment analysis for DEGs

The Database for Annotation, Visualization and 
Integrated Discovery (https://david.ncifcrf.
gov/), which uses analytical tools to extract bio-
logical functions for numerous genes, was used 
for enrichment analysis. The top 50 DEGs were 
independently input into the human gene func-
tion and network analysis software GenClip2.0 
for GO and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) functional and pathway 
enrichment analysis. The p-value <0.05 and 
gene count ≥2 were used as cut-off criteria. 
The primary parameters were adjusted if 
needed.

Results

Identification of DEGs

GSE9951 database contained 54675 genes. 
Based on the cut-off criteria, a total of 384 

DEGs, including 108 up-regulated and 132 
down-regulated genes (Figure 1). This suggests 
that the number of differentially expressed 
genes in the Cd exposed prostate epithelial 
cells decreased over time, and continuous Cd 
exposure reduces gene expression.

According to the gene expression pattern, the 
principal component analysis (PCA) was per-
formed for these genes. As shown in Figure 2, 
X, Y, and Z axis data variance contribution rates 
were 9%, 51% and 13%, respectively. Only sam-
ples at 0 h clustered on the Y axis, suggesting 
that the most significant differences between 
Cd treated cells and control cells were present 
at 0 h.

PPI network construction

The obtained PPI network based on the top 50 
DEGs between two groups is reported in Figure 
3. The top hub proteins were NDUFB5 (A, S), 
CYC1, UQCRB, ETFA (B), SNRPD2, and LSM3 (5, 
6). Interestingly, all these key proteins are relat-
ed to mitochondrial redox.

GO functional enrichment analysis of DEGs

The top 50 DEGs in two groups were inspected 
for enriched GO terms related to oxidative 
phosphorylation and mitochondrial ATP synthe-
sis coupled electron transport (Table 2).

Figure 2. Principal component analysis of differentially expressed genes be-
tween Cd treated cells and control cells.

genes were identified as dif-
ferentially expressed gene be- 
tween two analyzed groups. 
The top 50 DEGs are shown in 
Table 1.

Gene expression profiling

The gene expression profiles 
were detected at 4 time po- 
ints: 0 h, 8 h, 16 h and 32 h. 
Results showed that there 
were 4348 differentially exp- 
ressed genes at 0 h including 
1498 with up-regulated expr- 
ession and 2850 with down-
regulated expression; there 
were 1138 DEGs at 8 h, in- 
cluding 380 up-regulated and 
758 down-regulated genes; 
there were only 399 DEGs at 
16 h, including 104 up-regu-
lated and 295 down-regulated 
genes; at 32 h there were 240 
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GO functional enrichment diagram of DEGs

Genclip online software was used to obtain the 
GO functional enrichment diagram for the top 
50 DEGs. As reported in Figure 4, highly 
expressed genes included ATP5G3, NDUFB5, 
UQCRC2, TYMS, MGST1 and COX11, in good 
agreement with previous results.

KEGG enrichment analysis of DEGs

The top 50 DEGs were significantly enriched in 
three signaling pathways: oxidative phosphory-
lation (NDUFB5, ETFA), electron transport chain 
(NDUFB5, UQCRB, ATP5G3) and glucose regu-
lation of insulin secretion (UQCRB, UQCRC2, 
ATP5G3) (Figure 5).

Figure 3. The obtained PPI network for the top 50 DEGs.

Table 2. Functional enrichment analysis of top 50 DEGs of Cd treated cells and control cells
Term Number P-value

BP GO:0006119-oxidative phosphorylation 17 1.81E-09
GO:0022904-respiratory electron transport chain 10 4.75E-16
GO:0006091-generation of precursor metabolites and energy 9 1.09E-11
GO:0042775-mitochondrial ATP synthesis coupled electron transport 15 1.1E-11

CC GO:0098798-mitochondrial protein complex 16 5.74E-19
GO:0098800-inner mitochondrial membrane protein complex 15 5.74E-19
GO:0098803-respiratory chain complex 13 9.12E-18
GO:1990204-oxidoreductase complex 13 1.01E-15

MF GO:0008137-NADH dehydrogenase (ubiquinone) activity 7 2.32E-07
GO:0016491-oxidoreductase activity 16 2.32E-07
GO:0008121-ubiquinol-cytochrome-c reductase activity 4 4.28E-06
GO:0009055-electron carrier activity 6 0.000336
GO:0008320-protein transmembrane transporter activity 3 0.00826

KEGG 00190-Oxidative phosphorylation 15 3.64E-17
05012-Parkinson s disease 14 2.37E-15
04932-Non-alcoholic fatty liver disease (NAFLD) 14 3.52E-15

Note: BP: Biological Process; CC: Cellular Component; MF: Molecular Function; KEGG: Kyoto Encyclopedia of Genes and Ge-
nomes.
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Protein-chemicals interactions

As reported in Figure 6, the main genes signifi-
cantly related to Cd treatment were CYP1B1, 
STAT1, RPS27L, FKBP5, TYMS, and IDH1. All 
these genes are closely associated with mito-
chondrial function and play an essential role in 
the oxidative function.

Discussion

Prostate cancer is highly prevalent in older men 
and has been a leading cause of cancer related 
death from in men worldwide. The etiology of 
prostate cancer is complex and related to a lot 
of factors including age, race, environmental 

and lifestyle [18, 19]. Some environmental fac-
tors such as Cd exposure are less well studied 
than the aforementioned factors [20].

Cd has been classified as a human carcinogen 
by the International Agency for Research on 
Cancer (IARC, 1993) and the National Toxicolo- 
gy Program (NTP, 2004) [21]. Cd can affe- 
ct human health mainly through the food cha- 
in. Because of its very slow excretion rate 
(~0.001%/day) [22], Cd accumulates in human 
over time [23], and the prostate is one of organs 
with high bioaccumulation of Cd (0.45-28 µM) 
[24]. Thus, the bioaccumulation and toxic 
effects of Cd due to the exposure to low-dose 
Cd have attracted considerable attention. 

Figure 4. Histogram of enriched Go terms of the top 50 DEGs.

Figure 5. Histogram of KEGG analysis of DEGs.
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Previous studies have shown that Cd exposure 
is significantly associated with prostate cancer 
[25, 26], but the specific mechanisms are still 
poorly understood. The rapid development of 
omics-based techniques coupled to bioinfor-
matic analysis can help the elucidation of pos-
sible mechanisms related to low-dose Cd expo-
sure in prostate cancer.

In the present study, bioinformatic analysis was 
performed to investigate the differentially ex- 
pressed genes after low-dose Cd exposure in 
NPrEC. The public microarray dataset N. GS- 
E9951 constructed by Bakshi et al was used to 
identify the key genes and pathways involved in 
Cd-induced injury. A total of 384 DEGs were 
identified, and the number of DEGs decreased 
over time. Indeed, at 0 h, differences in gene 
expression between Cd treated and control 
cells were the most significant. We speculate 
that low-dose Cd exposure induces transient 
over-expression of genes related to the resis-

tance to Cd toxicity. However, the gene expres-
sion decreases over time due to the toxicity of 
Cd. Some in-vivo experiments [5, 27, 28] have 
demonstrated that Cd rapidly and transiently 
induces intracellular ROS formation soon after 
Cd exposure, and then ROS decreased to a 
level below the baseline after 6 h.

The PPI network constructed on the basis of 
top 50 DEGs revealed that the hub genes were 
NDUFB5, CYC1, UQCRB, ETFA, SNRPD, and 
LSM3. These key genes are all related to mito-
chondrial redox [29-34]. For example, CYC1 
accepts electrons from Rieske protein and then 
transfers electrons to cytochrome c in the mito-
chondrial respiratory chain [32]; UQCRB is a 
part of mitochondrial respiratory chain. It takes 
part in the oxidation-reduction and may affect 
the oxidoreductase activity via ETF-ubiquinone 
oxidoreductase [33]. These findings indicate 
that the mitochondrial oxidative stress is in- 
volved in Cd-induced damage. Indeed, Bertin 

Figure 6. Protein-chemicals interactions. Red and pink dots: DEGs; blue square: key chemicals.
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and Averbeck [35] demonstrated that Cd 
induced oxidative stress in many organisms, 
resulting in damages to different organs like 
the kidney, liver, lung, pancreas, testes, placen-
ta, and bone. We hypothesize that the Cd- 
induced damage to prostate cells may also be 
related to the excessive ROS production due to 
mitochondrial oxidative phosphorylation. The 
significantly enriched biological processes re- 
lated to oxidative phosphorylation and mito-
chondrial ATP synthesis coupled electron trans-
port identified in this study confirmed our hy- 
pothesis above. Analysis of signaling pathways 
also revealed the enrichment of oxidative phos-
phorylation (NDUFB5, ETFA) and mitochondrial 
electron transport chain (NDUFB5, UQCRB, 
ATP5G3).

Finally, the interactions between proteins and 
chemicals were further analyzed, and results 
showed that the key proteins related to Cd tox-
icity were CYP1B1, STAT1, RPS27L, FKBP5, 
TYMS, and IDH1. CYP1B1 is an enzyme involved 
in NADPH-dependent electron transport path-
way and can oxidize a variety of structurally 
unrelated compounds, including steroids, fatty 
acids, and retinoids. RPS27L plays a role in 
cysteine-type endopeptidase activity involved 
in apoptosis and metal ion binding [36]. These 
indicate that these genes are associated with 
mitochondrial oxidative stress and cell apopto-
sis. In conclusion, our study suggest that low-
dose Cd exposure may cause mitochondrial 
redox imbalance in prostate epithelial cells, 
under which the NADPH changes electron 
transport chain status, leading to the subse-
quent toxic events, such as cell apoptosis. The 
novelty of the study include that: we predict the 
key biomarkers and possible molecular mecha-
nisms of chronic cadmium exposure to prostate 
damage by genomics and data mining tech-
niques; It is further clarified that the time and 
quantity effect of chronic cadmium exposure 
leads to transcription spectrum changes; The 
key genes of the prostate mitochondria REDOX 
imbalance was clarified, and this may provide a 
basis for the study of mitochondrial oxidative 
damage.
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