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Abstract

This study investigated the role of the PI3K/Akt pathway in cadmium (Cd) induced malignant 

transformation of normal prostate epithelial (PWR1E and RWPE1) cells. Both PWR1E and 

RWPE1 cells were exposed to 10μM Cd for one year and designated as Cd-PWR1E and Cd-

RWPE1. Cd-RWPE1 cells robustly formed tumors in athymic nude mice. Functionally, Cd-

exposure induced tumorigenic attributes indicated by increased wound healing, migration and 

invasion capabilities in both cell lines. RT2-array analysis revealed many oncogenes including 

P110α, Akt, mTOR, NFKB1 and RAF were induced whereas tumor suppressor (TS) genes were 

attenuated in Cd-RWPE1. This was validated by individual quantitative-real-time-PCR at 

transcriptional and by immunoblot at translational levels. These results were consistent in Cd-

PWR1E vs parental PWR1E cells. Gene Set Enrichment Analysis revealed that five prostate 
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cancer (PCa) related pathways were enriched in Cd-exposed cells compared to their normal 

controls. These pathways include the KEGG- Pathways in cancer, Prostate Cancer Pathway, 

ERBB, Apoptosis and MAPK pathways. We selected up- and down-regulated genes randomly 

from the PI3K/Akt pathway array and profiled these in the TCGA/GDC prostate-adenocarcinoma 

(PRAD) patient cohort. An upregulation of oncogenes and downregulation of TS genes was 

observed in PCa compared to their normal controls. Taken together, our study reveals that the 

PI3K/Akt signaling is one of the main molecular pathways involved in Cd-driven transformation 

of normal prostate epithelial cells to malignant form. Understanding the molecular mechanisms 

involved in the Cd-driven malignant transformation of normal prostate cells will provide a 

significant insight to develop better therapeutic strategies for Cd-induced prostate cancer.
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Introduction

Cadmium (Cd) is a toxic heavy metal and a major chemical pollutant in the industrial and 

agricultural environment. Technological progress and industrialization in most economically 

developed countries resulted in an excessive use of Cd that enhanced its dissemination in the 

environment (UNEP, 2010; WHO, 2010). Cd is thus recognized as an occupational health 

hazard and a threat to animal health (Julin et al., 2012). Atmospheric cadmium deposition or 

contamination in the soil due to increased use of Cd containing fertilizer is a threat to public 

health. Food is thus a prime reason of Cd exposure in majority parts of the world and the 

extent of exposure depends mainly on dietary intake (Mezynska and Brzoska, 2018). The 

International Agency for Research on Cancer (IARC) classified Cd as a human carcinogenic 

agent (IARC, 1993). Previous studies reveal that exposure of Cd is associated with adverse 

implications on bones, kidneys, liver and triggers the induction of cancer (Liu et al., 2009).

Like other metals, Cd exposure enhances oxidative stress or production of reactive oxygen 

species (ROS) which is often related to Cd toxicity and carcinogenesis. As described by Liu 

et al (Liu et al., 2009), hydrogen peroxide, superoxide anion, and hydroxyl radicals, 

generated due to Cd overload, are often associated with the activation of redox sensitive 

transcription factors (e.g., NF-κB, AP-1 and Nrf2) and a variation of ROS mediated gene 

expression leading to tissue damage and tumorigenesis (Waalkes, 2003). Furthermore, 

studies have proven that this metal has a broad spectrum of genetic and epigenetic effects 

that affect all phases of carcinogenesis (Waisberg et al., 2003; Bertin and Averbeck, 2006; 

Costa et al., 2017; Salemi et al., 2017). Cd modifies the expression of several genes related 

to carcinogenesis, such as c-myc, c-jun, and c-fos; stress response genes such as glutathione; 

metallothionein and related genes; transcription and transduction factors (Waisberg et al., 

2003).

Several studies have demonstrated the association of Cd exposure and prostate cancer risk 

(Mezynska and Brzoska, 2018; Rapisarda et al., 2018). Human prostate cell in vitro studies 

have also shown the role of Cd in malignancies (Waalkes, 2003). A recent meta-analysis 
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evaluated the association between prostate cancer risk and Cd exposure (Ju-Kun et al., 

2016). Results suggest that exposure to higher Cd concentrations represents a risk factor for 

prostate cancer. These observations, together with in vivo data suggests a carcinogenic role 

for Cd in inducing prostate cancer. However, the underlying molecular mechanisms of Cd 

induced prostate cancer are largely unexplored (Waalkes and Rehm, 1994; Pal et al., 2017). 

Prostate cancer is among the top ten diagnosed cancers and is second leading cause of 

cancer deaths in 2020 in the United States. As per the recent estimates, 191,930 men will be 

diagnosed with prostate cancer and 33,330 deaths will occur in 2020 (Siegel et al., 2020). 

Prostate cancer cells undergo a plethora of molecular changes that lead to the uncontrolled 

growth properties. Activation of PI3K/Akt pathway is one of the major molecular alterations 

that drive the most aggressive forms of prostate cancer (Mulholland et al., 2012; Nacerddine 

et al., 2012). This pathway coordinates complex multifunctional molecular and functional 

events that mediate tumor progression and metastasis (Majumder and Sellers, 2005; Kalaany 

and Sabatini, 2009). Thus, active PI3K/AKT pathway is critical to prostate cancer 

progression and metastasis. PI3K/AKT/mTOR pathway has been reported to be activated by 

various chemical toxicants to induce malignant cell transformation (Jing et al., 2012; Li and 

Wang, 2014; Roy et al., 2014). . In this study, we investigated the role of PI3K/Akt pathway 

in Cd induced malignant transformation of normal prostate epithelial cells.

Materials and Methods

Human prostate epithelial cell lines and their culture

Human normal prostate epithelial cell lines RWPE1 and PWR1E were purchased from 

American Type Culture Collection (ATCC) (Manassas, VA). DNA short-tandem repeat 

analyses by ATCC were employed for their authentication. Cells were maintained at 37°C in 

an incubator and grown in keratinocyte serum free growth medium containing 5 ng/mL 

human recombinant epidermal growth factor, 0.05 mg/mL bovine pituitary extract (Gibco, 

Carlsbad, CA) and 1x penicillin/streptomycin.

Chemicals, assays and reagents used in the study

Cadmium chloride (CdCl2) was purchased from Sigma (St. Louis, MO). cDNA synthesis kit 

and TaqMan primer assays and kits were purchased from Biorad (Hercules, CA) and 

ThermoFisher Scientific (South San Francisco, CA), respectively. RT2 profiler reagents and 

array plate for PI3K/Akt pathway (Cat. # PAHS-058Z) were purchased from Qiagen 

(Redwood city, CA).

In vivo studies

We performed a pilot experiment with four mice to determine the cancerous transformation 

of normal RWPE1 cells after Cd-exposure. RWPE1 or Cd-RWPE1 cells (1x107) were 

subcutaneously implanted in nude mice in both right and left flanks (Balb c nu/nu; Harlan 

Laboratories Inc., Indianapolis, IN) (Figure 1A). Thus, we had four replicates for each cell 

line. Tumors were measured weekly and volume calculated as per the formula (Length x 

width (2))/2. All animal care and monitoring were in accordance with the UCSF, VA 

Medical Center and National Institutes of Health guidelines for the care and use of 

laboratory animals.
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Extraction of RNA

Extraction of RNA was performed as described previously (Dasgupta et al., 2020). Briefly, 

RNA from cells was extracted using combination of TRIzol reagent (Thermo Fisher 

Scientific) and RNeasy columns (Qiagen). RNase-Free DNase kit (Qiagen) was employed 

for DNase digestion. NanoDrop ND-1000 (NanoDrop Technologies, Wilmingon, DE) was 

used to measure RNA concentration and quality.

PI3K/Akt pathway profiler array analysis

RT2 PCR profiler array PAHS-058Z (Qiagen) was used for determining expression of 

PI3K/Akt pathway members. Samples from three biological replicates from the parental 

normal cells (PWR1E and RWPE1) and Cd exposed cells (Cd-PWR1E and Cd-RWPE1) 

were used for RNA extraction. Pooled RNA was used for cDNA synthesis and RT2 array 

analysis. Relative quantification changes in expression of genes between parental and Cd-

exposed groups were determined by real time PCR and data analyzed by using Gene Globe 

Data Analysis Software (Qiagen). The RT2 profiler array has 84 PI3K/Akt pathway genes, 

five endogenous control genes, positive and negative PCR controls.

Validation of array results by qRT-PCR

cDNA was synthesized from RNA (1 ug) employing iScript Reverse Transcription Supermix 

(Biorad). TaqMan assays were performed with inventoried gene assays using a 7500 Fast 

Real Time PCR System ((Thermo Fisher Scientific). GAPDH served as an endogenous 

control. The change in relative expression of genes was calculated by using the formula: 

Fold change in gene expression, 2−ΔΔCt = 2−wherein ΔCt = Ct (detected genes) − Ct 

(GAPDH) and Ct represents threshold cycle number.

Wound healing assay

To determine whether Cd exposure induces increased wound healing capability in normal 

prostate epithelial cells, a scratch was made on cell monolayer. Percent wound closure was 

analyzed by comparing the width of the wound at 24 vs 0 hour of the same cell line. The 

data represents an average of three biological replicates.

Migration and invasion assays

For migration and invasion, cytoselect assay kits (Cell Biolabs, Inc) were employed 

following manufacturer’s instructions. Briefly, 10x104 cells in 300 μl of serum-free media 

were added to the top chamber, and the lower chamber contained 400 μl of keratinocyte 

growth medium having 5 ng/mL EGF and 0.05 mg/mL bovine pituitary extract (Gibco/

Invitrogen, Carlsbad, CA). Cells that migrated or invaded on the lower side of the chamber 

after 16hrs of incubation at 37°C in a 5% CO2 incubator were stained either with crystal 

violet (Cd-RWPE1 and parental RWPE1) or with the stain provided in the kit (Cd-PWR1E 

and parental PWR1E) and air dried. Migrated/invaded cells were photographed using a light 

microscope. Extraction of the stain was performed with the extraction solution in the kit and 

absorbance was read on SpectraMax plate reader (Molecular Devices, LLC., San Jose, CA). 

Percent migration or invasion was analyzed based on the absorbance values. The data is 

represented by average percent migrated or invaded cells.
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Western blot analysis

Protein was extracted from cultured cells employing radioimmunoprecipitation assay (RIPA) 

buffer (ThermoFisher Scientific) following the manufacturer’s instructions, 1x protease and 

phosphatase inhibitor cocktail (ThermoFisher Scientific) was added to the RIPA buffer. 

Protein from three biological replicates were pooled together and resolved on 10 or 15% 

sodium dodecyl sulfate (SDS) polyacrylamide gel. Membranes were blocked with Odyssey 

blocking buffer (LI-COR Biosciences, Lincoln, NE) and probed with specific antibodies for 

PI3KCA (4249; Cell Signaling Technology), p-c-RAF1 (Ser338) (9427; Cell Signaling 

Technology), CCND1 (2922, Cell Signaling Technology), pAkt (Ser473) (4060; Cell 

Signaling Technology) and GAPDH (sc-32233; Santa Cruz Biotechnology).

Human gene expression in TCGA data

TCGA Wanderer (http://maplab.imppc.org/wanderer/) is an interactive viewer to explore 

gene expression data in human cancers and it was used to obtain gene expression data in the 

prostate adenocarcinoma (PRAD) cohort (PCa n=374; normal n==52).

Characterization of enriched pathways by gene set enrichment analysis (GSEA)

To analyze the enriched pathways in Cd-exposed cells vs. normal parental control cells, 

profiler array expression data were subjected to Broad Institute, “Gene Set Enrichment 

Analysis (GSEA) version 3.0”. Parental cells served as controls for computing enrichment 

score (ES) and normalized enrichment scores (NES).

Statistical data analyses

Gene Globe software (Qiagen, Redwood city, CA) was employed to determine the 

expression of the 84 PI3K/Akt pathway gene in Cd-exposed Cd-RWPE1/Cd-PWR1E vs. 

normal parental RWPE1/PWR1E samples. The 35 CT value was set as cut-off. Significant 

fold upregulation cut off was considered 2 fold or higher and significant downregulation cut-

off was considered as <0.5. Fold-Change (2^ (- Delta Delta CT) is the normalized gene 

expression (2^(- Delta CT)) in the Cd-exposed (Cd-RWPE1/CdPWR1E) samples divided by 

the normalized gene expression (2^ (- Delta CT)) in the parental normal (RWPE1/PWR1E) 

samples. Other statistical data analyses were done using GraphPad Prism 5 and/or MedCalc 

version 10.3.2. Quantified data is based on the average of at least triplicate samples or as 

indicated. Error bars in the figures represent standard deviation or standard error of the mean 

and a p-value <0.05 was considered statistically significant.

Results

Cadmium induces aggressive oncogenic characteristics in normal prostate epithelial cells

We used normal human prostate epithelial cell lines RWPE1 and PWR1E for this study. 

RWPE1 (ATCC CRL-11609) are epithelial cells derived from the peripheral zone of a 

histologically normal adult human prostate. These epithelial cells were transfected with a 

single copy of the human papilloma virus 18 (HPV-18) to establish the RWPE1 cell line 

(Bello et al., 1997). PWR1E (ATCC CRL-11611) was developed from human prostatic 

epithelial cells, derived from a normal prostate with mild hyperplasia and immortalized with 
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an adenovirus 12-SV40 hybrid virus (Ad12-SV40). Both cell lines organize into acini and 

secrete PSA into the lumen when exposed to androgen (Bello-DeOcampo et al., 2001; 

Webber et al., 2001). The most remarkable characteristics include growth stimulation, 

increased androgen receptor expression and PSA induction in response to androgens, which 

evidently denotes their prostatic epithelial origin. We followed the previous report for levels 

of Cd exposure (Achanzar et al., 2001). RWPE1 and PWR1E cells were subjected to 10μM 

Cd-exposure for a year. This chronic Cd-exposure changed these normal cells into 

oncogenic cells and were designated as Cd-RWPE1 and Cd-PWR1E. Unlike parental 

RWPE1 and PWR1E cells, Cd-RWPE1 and Cd-PWR1E cells showed a multiple layer 

growth and were more adhesive. However, no dramatic changes were observed in both cell 

lines post Cd-exposure (Figure 1A). 10μM Cd dose was selected as it lies within the 

estimated Cd range of 11-28μM (assuming that 1g of wet tissue equals 1 ml) in the prostates 

of men that have no known occupational Cd-exposure (Elinder, 1985; Achanzar et al., 2001). 

We performed a pilot experiment with four nude mice (Balb c nu/nu) to get a definitive 

confirmation of cadmium induced malignant transformation of RWPE1 cells in vivo. We 

injected 1x107 Cd-RWPE1 and parental RWPE1 cells subcutaneously in mice (Figure 1B). 

In all we had four replicates for each cell line. Cd-RWPE1 cells formed tumors in all four 

mice with an average tumor volume of 1509 mm3 at week seven (Figure 1C–D). Palpable 

tumors were formed at 3 weeks after Cd-RWPE1 cell implantation. At termination of the 

experiment significant tumor burden was observed in Cd-RWPE1 inoculated mice (Figure 

1D). Tumors were not observed in mice that received batch matched normal parental 

RWPE1 cells (Figure 1D).

Cadmium exposure modulates PI3K/Akt pathway genes

To decipher the effect of Cd on the PI3K/Akt signaling, we used a PI3K/Akt pathway array 

plate. This array plate contains 84 PI3K/Akt pathway genes (Supplemental Table 1) and 5 

housekeeping control genes. In addition, the array plate has an assay to determine 

contamination by genomic DNA. Additional 3 assays are provided each for showing positive 

and negative PCR reaction controls. The 35 Ct value was set as cut-off for the analysis. 

Scatter plot analysis showed that many genes in the PI3K/Akt signaling are differentially 

expressed in Cd-RWPE1 cells vs. normal parental RWPE1 cells (Figure 2A). Fold change in 

expression was normalized to the expression in housekeeping genes and this relative fold 

change indicated a wide upregulation of most of the PI3K/AKT pathway genes in both Cd-

RWPE1 and Cd-PWR1E compared to normal parental cells (Supplemental Table 1). In Cd-

RWPE1 cells, 14 genes were significantly upregulated and 7 genes were significantly 

downregulated compared to normal RWPE1 (Table 1). Whereas in Cd-PWR1E vs. PWR1E 

cells, 23 genes were upregulated and 2 genes were significantly downregulated (Table 1). 

The cut-off for significance for upregulated fold change was 2 and for the downregulated 

was 0.5 fold. The upregulation in gene expression ranged from 2 to 7 fold and 

downregulation ranged from 0.08 to 0.47 fold in Cd-RWPE1 vs RWPE1 (Table 1). Whereas 

in Cd-PWR1E vs PWR1E cells, the upregulation was from 2 to 17. Heat map of Cd-RWPE1 

vs RWPE1 indicates the overall fold-change in gene expression involved in the PI3K/Akt 

pathway (Figure 2B). Supplemental Table 1 has details for all PI3K/Akt pathway genes and 

their relative fold regulation including array location for both cell lines.
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Quantitative real-time PCR (qRT-PCR) validation of array results

We selected genes randomly from the array results to confirm the Cd-induced modulation in 

gene expression by qRT-PCR analysis. We used TaqMan gene expression assay system for 

qRT-PCR. Expression of genes such as PIK3CA (p=0.005; Figure 2C), Akt3 (p=0.001; 

Figure 2D), p21 (p=0.001; Figure 2E), p27 (p=0.003; Figure 2F), PTEN (p=0.01; Figure 2G) 

and PIK3R1 (p<0.0001; Figure 2H) were differentially expressed in Cd-RWPE1 vs. normal 

RWPE1 cells. These results were consistent in Cd-PWR1E compared to normal parental 

PWR1E (Figure 2I) cells. For qRT-PCR analysis, GAPDH was utilized as the endogenous 

control.

Cadmium induced translational modulation of PI3K/Akt pathway genes

We performed immunoblot assays to examine the effect of Cd on the translation of 

PI3K/Akt pathway genes. A significant increase in the protein levels of PI3KCA, p-c-

RAF(Ser338), pAkt(Ser473) and CCND1 was observed in Cd-RWPE1 in comparison to the 

parental RWPE1 cells (Figure 2J). These results along with the qRT-PCR data indicate that 

Cd modulates the PI3K/Akt pathway at both transcriptional and translational levels.

Cadmium exposure induces tumorigenic characteristics in normal prostate epithelial cells

The PI3K/Akt pathway drives aggressive forms of prostate cancer and metastasis. We sought 

to investigate the effect of Cd on the tumorigenic functional attributes such as wound healing 

capability, migration and invasion of both Cd-RWPE1 and Cd-PWR1E vs. normal parental 

controls.

Cd-exposure induces increased wound healing capability in normal cells

Cd exposed cells were more proficient than parental normal cells in closing an artificial 

wound created over a confluent cell monolayer (Figure 3A–B, G–H). Cd-RWPE1 cells 

showed 66% wound closure at 24 vs 0 hours in these cells. Similarly, parental RWPE1 cells 

showed 29% wound closure at same time points (Figure 3A–B). Cd-PWR1E showed ~60% 

wound closure at 24 vs 0 hours, whereas parental PWR1E showed ~30% wound closure at 

the same time points (Figure 3G–H). These results reveal that Cd exposure increased the 

wound healing ability of normal prostate epithelial cells which is an attribute of malignant 

transformation.

Cd-exposure induces increased cell migration and invasion in normal cells

To discern whether Cd-mediated modulation of the PI3K/Akt pathway has aggressive 

phenotypic implications, we performed in vitro chemotactic trans-well invasion and 

migration assays. A robust increase in migration of Cd-RWPE1 (67%, p<0.0001; Figure 3C–

D) and Cd-PWR1E (75%, p<0.0001; Figure 3I–J) cells was observed compared to their 

parental controls. Similarly, a significant increase in invasion was observed in Cd-RWPE1 

(62%, p<0.0001; Figure 3E–F) and Cd-PWR1E (90%, p=0.002; Figure 3K–L) compared to 

parental controls. These results confirm that aggressive tumorigenic characteristics are 

induced in normal prostate epithelial cells upon Cd-exposure. These phenotypic experiments 

reveal that increased wound healing, migration and invasion are core aspects of cadmium-

induced aggressive phenotypic transformation of normal prostate epithelial cells. The 
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molecular mechanism underlying these Cd-induced functional effects is thus partly via the 

modulation of PI3K/Akt pathway.

Enrichment of prostate cancer related pathways in Cd-exposed normal cells analyzed by 
gene set enrichment analysis (GSEA)

For GSEA analysis, we utilized curated gene sets (C2) and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway mapping. All the modulated genes in Cd-exposed (Cd-

RWPE1; Cd-PWR1E) cells vs. normal parental (RWPE1; PWR1E) cells were analyzed in 

comparison to the KEGG pathway database to investigate the pathways that are likely to be 

correlated with our RT2-array results. We observed 5 overlapping enriched pathways in Cd-

treated cells (Cd-RWPE1) which were negatively correlated with parental RWPE1 (Figure 

4A–E). The overlapping pathways include KEGG Apoptosis (ES=0.56, NES=1), KEGG 

ERBB (ES=0.25, NES=1), KEGG MAPK (ES=0.48, NES=1), KEGG Pathways in cancer 

(ES=0.33, NES=1) and KEGG Prostate Cancer pathways (ES=0.35, NES=1) (Figure 4A–E). 

A list of genes differentially expressed in these pathways are shown in Figure 5. 

Interestingly, all these pathways are implicated in prostate cancer progression and 

metastasis. Similar results were obtained in Cd-PWR1E vs PWR1E (Supplemental Figure 1, 

2). These results further confirm that the PI3K/Akt pathway is one of the main and important 

pathways involved in Cd-driven cancerous transformation of normal prostate cells.

Genes modulated by Cd exposure are implicated in prostate cancer

We randomly selected genes that were modulated by Cd-exposure and determined their 

expression in TCGA/GDC prostate adenocarcinoma (PRAD) cohort (PCa n= 374; normal 

n=52). The expression profiles of PTEN and PIK3R1 were significantly downregulated 

whereas Akt1, Akt2 and MTOR (Figure 6) were overexpressed in cancer compared to 

normal prostate samples. The overexpressed genes are oncogenic whereas under-expressed 

genes are tumor suppressor components in the PI3K/Akt pathway and are implicated in 

prostate carcinogenesis.

Discussion

Cadmium is reported to be a type I carcinogen by the International Agency for Cancer 

Research (IARC, 1993; Mulware, 2013). Multiple risk factors are responsible for 

development of prostate cancer that include dietary factors, androgen, obesity and exposure 

to cadmium (Allott et al., 2013). Epidemiologic studies investigating the association 

between Cd-exposure and prostate cancer susceptibility have yielded inconsistent findings. 

Reports based on literature meta-analysis suggest Cd exposure is associated with prostate 

cancer development (Ju-Kun et al., 2016; Wei et al., 2017; Mezynska and Brzoska, 

2018).Whereas, some studies have reported insignificant or no association between Cd 

exposure and prostate cancer risk (Thun et al., 1985; Chen et al., 2009; Sawada et al., 2012; 

Eriksen et al., 2015; Chen et al., 2016a). The identification of environmental factors 

responsible for the development of aggressive prostate cancer phenotype is a promising area 

of study. In this study we aimed to investigate the effect of Cd-exposure in inducing wound 

healing, migration and invasion in normal prostate epithelial cells (RWPE1 and PWR1E). 

Increased wound healing, migration and invasion are the hallmarks of metastatic prostate 
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cancer. We subjected these normal prostate cells to 10uM Cd in culture for a year guided by 

a previous publication (Achanzar et al., 2001). Initially, we confirmed the malignant 

transformation of cadmium exposed RWPE1 cells (Cd-RWPE1) in a pilot experiment by 

inoculating the Cd-RWPE1 cells into nude mice. We observed robust tumor formation with 

Cd-RWPE1 in nude mice. Our results are consistent with a previous study that reported 

inoculation of nude mice with the cadmium-transformed human prostate epithelial cells 

resulted in formation of highly invasive and metastatic epithelial tumors (Achanzar et al., 

2001). Comparable results were observed in rats, where chronic cadmium exposure induced 

proliferative lesions and prostatic tumors (Waalkes et al., 1988; Waalkes et al., 1999a; 

Waalkes et al., 1999b).

The PI3K/Akt pathway is constitutively active in prostate cancer and drives cancer 

progression to advanced metastatic disease (Gao et al., 2003; Majumder and Sellers, 2005; 

Shukla et al., 2007; Sun et al., 2007; Wang et al., 2007; Taylor et al., 2010; Tanaka et al., 

2011; Baiz et al., 2012; Harashima et al., 2012; Imamura et al., 2012; Lin et al., 2012; 

Mulholland et al., 2012; Nacerddine et al., 2012). This pathway coordinates complex 

multifunctional events that govern tumor-associated processes such as cell survival, cell 

cycle, growth epithelial-mesenchymal transition (EMT), migration and angiogenesis (Chan 

et al., 1999; Datta et al., 1999; Testa and Bellacosa, 2001; Brazil et al., 2002; Majumder and 

Sellers, 2005; Kalaany and Sabatini, 2009). Our results show that Cd exposure induced 

oncogenes while suppressing the tumor suppressor genes in the PI3K/Akt pathway. Cd 

exposure modulated the PI3K/Akt pathway genes at both the transcriptional and 

translational level. A previous study reported the Cd-exposure of human metastatic prostate 

cancer cell line (1-LN) increased its proliferation via induction of signaling pathways such 

as protein kinase C, farnesyl transferase, MEK1/2, ERK1/2, p38MAPK and PI3-kinase 

(PI3K) (Misra et al., 2003). We observed that Cd triggered induction of the PI3K/Akt 

pathway induced aggressive malignant phenotype in normal prostate epithelial cells. This 

was indicated by enhanced wound healing capability, migration and invasion. Unregulated 

cell migration and invasion are common features of cancer cells that favor metastatic 

dissemination. In addition, the frequency of genomic aberrations in the PI3K/Akt pathway 

correlates with prostate cancer progression, rising from 50% in primary to 100% in 

metastatic tumors (Taylor et al., 2010). From these results we infer that Cd exposure induces 

an invasive and metastatic phenotype in normal prostate epithelial cells partly via induction 

of the PI3K/Akt pathway, though further studies are needed to examine this phenomenon in 
vivo.

We applied Gene Set Enrichment Analysis (GSEA) using our PCR array expression data for 

the PI3K/Akt pathway. GSEA is a powerful computational method that connects gene 

expression with biological processes present across phenotypes (Subramanian et al., 2005). 

Comparative transcriptomics for all the modulated genes was performed in both Cd-

RWPE1/Cd-PWR1E arrays for enrichment of pathways keeping parental RWPE1/PWR1E 

cells as control. RT2 array data of the PI3K/Akt pathway overlapped with five other 

pathways indicated by enrichment of the KEGG-prostate cancer pathway, KEGG-ERBB, 

KEGG-Apoptosis, KEGG-MAPK and KEGG-Pathways in cancer in Cd-RWPE1/CD-

PWR1E vs parental normal controls. Interestingly all these pathways are implicated in 

prostate carcinogenesis and regulation of these pathways was reported to be effective in 
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preventing the progression and metastasis of prostate cancer (Fu et al., 2003; Maroni et al., 

2004; Mulholland et al., 2012). Our results are consistent with a previous systems biology 

approach study that showed the enrichment of the PI3K/Akt pathway along with other 

pathways involved in the carcinogenic activity of cadmium (Chen et al., 2016b). Further, we 

randomly selected PI3K/Akt pathway genes and profiled these in publicly available 

TCGA/GDC matched prostate adenocarcinoma(PRAD) data set (cancer=374; normal=52). 

An upregulation of the oncogenic components and downregulation of the PI3k/Akt pathway 

tumor suppressor components in prostate cancer compared to normal prostate samples was 

observed. It has been reported that protooncogene activation and tumor suppressor gene 

inactivation are responsible for Cd-induced carcinogenesis (Hartwig, 2010; Asara et al., 

2013). This data further supports our finding that the PI3K/Akt pathway is the major 

molecular signaling underlying the Cd-induced cancerous transformation of normal prostate 

cells. However, other pathways may also be involved and need to be further investigated.

Taken together, our study demonstrates that enhanced PI3K/Akt signaling is one of the main 

molecular mechanisms underlying Cd-induced prostate cancer. Functionally, Cd-induced 

PI3K/Akt pathway lead to aggressive tumorigenic characteristics in normal prostate cells. 

Further, we show that five overlapping signaling pathways may mediate the carcinogenic 

effects following Cd exposure. Identification of key molecular pathways and their functional 

analyses will provide critical information regarding their contribution to Cd induced 

malignant transformation. In addition, this study highlights the PI3K/Akt pathway as a 

promising therapeutic target to regulate invasive and metastatic prostate cancer.
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• Normal prostate epithelial RWPE1 and PWR1E cells were exposed to 

cadmium (Cd).

• Cadmium exposed RWPE1 (Cd-RWPE1) cells formed tumors in nude mice.

• Molecular mechanism involved the PI3K/Akt pathway genes.

• Activation of these genes was observed at transcription and translation levels.

• Gene Set Enrichment Analysis showed enrichment of prostate cancer related 

pathways.
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Figure 1. 
Cell phenotype and tumor formation in nude mice. Parental (RWPE1/PWR1E) and 

cadmium-exposed (Cd-RWPE1/Cd-PWR1E) cells under the reflected light microscope (A). 

Sketch showing injection scheme (B). Tumor formation by Cd-RWPE1 cells (C-D). Batch 

matched parental RWPE1 cells did not result in any tumors (D). Tumor volume over the 

course of experiment (D). There were four replicates for each cell line. Error bars ±SE.
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Figure 2. 
Differential expression by RT2 profiler array, real-time PCR and immunoblot analyses of the 

PI3K/Akt signaling pathway. Scatter plot representing the array results. Upregulated genes 

are indicated by red points and downregulated genes are in green (A). Heat Map shows the 

fold changes in expression of 84 PI3K/Akt pathway genes in Cd-RWPE1 vs. RWPE1 cells 

(B). The complete gene names, location on array and fold changes are indicated in 

Supplemental Table 1. TaqMan gene expression (C-I) and immunoblot (J) analyses of 

selected PI3K/Akt pathway genes. Graphical representation of the relative fold upregulation 

in protein levels based on the average intensity of the target proteins in all replicates and 

normalized to their endogenous controls (K). Error bars ±SD. Experiments were performed 
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three times and each time there were three replicates in TaqMan assays. For RT2 profiler 

array RNA from three biological replicates was pooled together for the cDNA synthesis for 

all four cell lines.
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Figure 3. Cadmium exposure induces aggressive tumorigenic characteristics in normal prostate 
epithelial cells.
Wound healing assay. Percent artificial wound closure after 24 hours (A; G). Representative 

pictures of the artificial wound at 0 and 24 hours of cell culture (B; H). Error bar ±SD. 

Chemotactic cell migration and invasion assay. Average percent migration (C; I) and 

invasion (E; K) in Cd-exposed (Cd-RWPE1 and Cd-PWR1E) cells compared to their normal 

parental (RWPE1 and PWR1E) controls. Data are represented as the mean ±SD from at least 

three replicates. Representative pictures of migration (D; J) and invasion (F; L) in both cell 

lines.
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Figure 4. Gene set enrichment analysis (GSEA) for the characterization of gene expression in 
Cd-exposed compared to normal controls.
Cd-RWPE1 is denoted as “1” and parental normal RWPE1 as “0” in the plots. Five 

overlapping pathways are enriched in Cd-RWPE1 vs. Parental RWPE1 as control. These 

pathways are KEGG_Prostate cancer Pathway (A). KEGG_Apoptosis (B). KEGG_MAPK 

(C). KEGG_Pathways in cancer (D). KEGG_ERBB (E) pathways. Same pathways were 

enriched in Cd-PWR1E vs. normal parental PWR1E cells (Supplemental Figures 1 and 2).
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Figure 5. Up- and down-regulated genes that are correlated with the pathway enrichment plots 
(A-E) in Cd-RWPE1 compared to the parental RWPE1.
Overexpressed genes are in red and underexpressed genes are in blue. These lists correspond 

to each gradient red and blue bars located at the middle of Enrichment plots in the Figure 

4A–E and represent the genes that are assigned in these plots.
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Figure 6: 
Genes modulated by Cd-exposure are differentially expressed in the TCGA data base. Box 

plot analysis of the PI3K/Akt pathway genes in the TCGA prostate adenocarcinoma (PRAD) 

cohort (cancer=374; normal=52). * p≤0.05.
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Table 1.

Significantly up- (>2 fold) and down-regulated (<0.5) genes in Cd exposed (Cd-RWPE1; Cd-PWR1E) 

compared to parental normal (RWPE1; PWR1E) cells.

Upregulated genes: Cd-PWR1E vs PWR1E Upregulated gene: Cd-RWPE1 vs RWPE1

Position Symbol Fold Change Position Symbol Fold Change

A01 ADAR 4.19 A04 AKT3 2.27

A05 APC 2.48 A12 CDKN1B 4.76

A06 BAD 3.17 B09 ELK1 4.54

A08 CASP9 5.24 B10 FASLG 3.29

A11 CDC42 2.87 D11 MYD88 2.09

B02 CSNK2A1 2.29 D12 NFKB1 2.19

B05 EIF4B 2.55 E01 NFKBIA 3.26

B08 EIF4G1 2.2 E04 PDGFRA 4.10

B11 FKBP1A 2.36 E07 PDPK1 2.12

B12 FOS 13.78 F06 RAC1 2.34

C05 GRB2 3.08 G05 TCL1A 2.22

C06 GSK3B 2.23 G07 TLR4 7.30

C08 HSPB1 8.78 G08 TOLLIP 2.06

D02 ITGB1 5.13 H02 B2M 2.31

D06 MAPK14 6.41 Downregulated gene: Cd-RWPE1 vs RWPE1

D07 MAPK3 4.6 C04 GRB10 0.43

D11 MYD88 16.82 C05 GRB2 0.36

F03 PTEN 3.45 C09 IGF1 0.09

F06 RAC1 2.6 D01 IRS1 0.36

F07 RAF1 2.69 E10 PIK3R1 0.43

F09 RBL2 3.25 E11 PIK3R2 0.47

F10 RHEB 2.09 G06 TIRAP 0.22

F11 RHOA 3.54

Downregulated gene: Cd-PWRE1 vs PWRE1

E05 PDK1 0.1

F02 PRKCZ 0.5
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