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Abstract

Purpose: Cadmium (Cd) is reported to be associated with carcinogenesis. The molecular
mechanisms associated with Cd-induced prostate cancer (PCa) remain elusive.

Materials and Methods: RWPE1, PWR1E and DU 145 cells were used. RT? Profiler array,
real-time-quantitative-PCR, immunofluorescence, cell cycle, apoptosis, proliferation and colony
formation assays along with Gene Set Enrichment Analysis (GSEA) were performed.

Results: Chronic Cd exposure of non-malignant RWPE1 and PWRL1E cells promoted cell
survival, proliferation and colony formation with inhibition of apoptosis. Even a two-week Cd
exposure of PCa cell line (DU 145) significantly increased the proliferation and decreased
apoptosis. RTZ profiler array of 84 genes involved in the Erk/MAPK pathway revealed induction
of gene expression in Cd-RWPEL1 cells compared to RWPEL. This was confirmed by individual
TagMan gene expression analysis in both Cd-RWPE1 and Cd-PWR1E cell lines. GSEA showed an
enrichment of the Erk/MAPK pathway along with other pathways such as KEGG-ERBB, KEGG-
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Cell Cycle, KEGG-VEGF, KEGG-Pathways in cancer and KEGG-prostate cancer pathway. We
randomly selected upregulated genes from Erk/MAPK pathway and performed profile analysis in
a PCa data set from the TCGA/GDC data base. We observed upregulation of these genes in PCa
compared to normal samples. An increase in phosphorylation of the Erk1/2 and Mek1/2 was
observed in Cd-RWPEL1 and Cd-PWRL1E cells compared to parental cells, confirming that Cd-
exposure induces activation of the Erk/MAPK pathway.

Conclusion: This study demonstrates that Erk/MAPK signaling is a major pathway involved in
Cd-induced malignant transformation of normal prostate cells. Understanding these dominant
oncogenic pathways may help develop optimal therapeutic strategies for PCa.

Keywords
Cadmium toxicity; prostate cancer; Erk/MAPK pathway

Introduction

Cadmium (Cd) occurs naturally in the earth’s crust at a concentration of 0.1-0.5 ppm and is
commonly associated with zinc, lead, and copper ores(Bako et al., 1982; van der Gulden et
al., 1995; Chan and Giovannucci, 2001; Amzal et al., 2009; Luevano and Damodaran, 2014;
Rani et al., 2014; Byber et al., 2016; Mezynska and Brzoska, 2018). It is also a natural
constituent of ocean water with average levels between <5 and 110 ng/L. Higher levels have
been reported near coastal areas and in marine phosphates and phosphorites. Cd is widely
distributed in the environment as a result of anthropogenic activity and is currently one of
the most extensive toxic pollutants of occupational and environmental concern (Bako et al.,
1982; van der Gulden et a/., 1995; Chan and Giovannucci, 2001; Amzal et al., 2009;
Luevano and Damodaran, 2014; Rani et al., 2014; Byber et al., 2016; Mezynska and
Brzoska, 2018). The most dangerous characteristic of Cd is its life time accumulation due to
its elimination half-life of 10-30 years (Bako et a/., 1982; van der Gulden et a/., 1995; Chan
and Giovannucci, 2001; Amzal et al., 2009; Luevano and Damodaran, 2014; Rani et al.,
2014; Byber et al., 2016; Mezynska and Brzoska, 2018). For non-occupationally exposed
populations, Cd exposure normally results from tobacco consumption and diet choices. Cd is
selectively taken up from soil by certain edible food items such as grains, potatoes and
vegetables (Amzal et al., 2009). Occupational Cd exposure occurs when dust and fumes are
inhaled in Cd emitting industries and metal mines (NTP, 2016). Following absorption by
either the lung or intestinal epithelium, Cd enters the systemic circulation and exists as a
mixture of free cations and metal compounds in blood (Zalups and Ahmad, 2003). Cd
exposure is associated with diverse toxic effects including nephrotoxicity, teratogenicity,
endocrine, reproductive and cardiovascular toxicities (Rani ef a/., 2014; Byber et al., 2016;
Jacobo-Estrada et al., 2017). Cd has been implicated in cancer development and has been
classified as a type | carcinogen by the International Agency for Cancer Research (IARC,
1993; Giaginis et al., 2006). Some epidemiological studies have demonstrated significant
correlation between Cd exposure and prostate cancer risk (Ju-Kun et af., 2016).

Prostate cancer is the most frequent malignancy in men, with an estimated 191,930 new
cases in the USA in 2020 (Siegel et al., 2020). In addition, prostate cancer is the second
most fatal cancer in men after lung and bronchus tumors, resulting in 33,330 estimated
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deaths in USA during 2020 (Siegel et a/., 2020) The number of identified cases of prostate
cancer has substantially increased since the introduction of serum PSA screening and the
development of prostate biopsy in the late 1980s (Potosky et al., 1995). Prostate cancer is
generally a slowly progressing disease and, in many instances, will not progress from an
indolent to an aggressive stage. Hence, active surveillance has emerged as an alternative to
immediate treatment for men with low-risk disease. This management strategy is intended to
decrease overtreatment and its related adverse effects but has raised the complex issue of
patient selection. In this evolving landscape, the identification of environmental factors that
might promote prostate cancer progression towards more aggressive stages has received
much interest. The etiology of prostate cancer development has been found to be associated
with a multitude of causative risk factors that include obesity, androgen, dietary fat, exposure
to trace elements and cadmium (Chan and Giovannucci, 2001; Venkateswaran and Klotz,
2010; Allott et al., 2013). Several epidemiological and meta-analysis reports suggest a
positive association between Cd exposure and prostate cancer risk (Bako et al., 1982;
Elinder ef al., 1985; Garcia Sanchez et al., 1992; van der Gulden et al., 1995; Vinceti ef al.,
2007; Julin et al., 2012; Cheung et al., 2014; Ju-Kun et al., 2016; Rapisarda et al., 2018).
Several mechanisms have been reported to be responsible for Cd carcinogenesis including,
induction of oxidative stress (Valverde et al., 2001), autophagy (Pal et al., 2017), suppression
of DNA repair (Hartwig and Schwerdtle, 2002; Lutzen et al., 2004), alteration of DNA
methylation (Pierron et al., 2014) inhibition of apoptosis and protooncogene activation
(Asara et al., 2013), inactivation of tumor suppressor genes and cell adhesion disruption
(Hartwig, 2010) and recently by induction of zinc finger of the cerebellum 2 (ZIC2)
expression in benign prostatic hyperplasia 1 (BPH1) cells (Chandrasekaran et af., 2020).
Long term exposure of nonmalignant human prostate epithelial cells (RPWE-1) to Cd in
culture transformed them to malignant phenotypes (Achanzar et a/., 2001; Luevano and
Damodaran, 2014). However, the molecular mechanisms associated with malignant
transformation of the normal prostate epithelial cells remain elusive.

The present study was undertaken to investigate the molecular mechanisms of Cd induced
tumorigenicity in non-malignant prostate epithelial cells (RWPE1 and PWR1E). We exposed
these cells to 10uM Cd in culture for almost a year following a previously published report
(Achanzar et al., 2001). These transformed cells were named as Cd-RWPE1 and CdAPWR1E.
We performed a detailed analysis of the Erk/MAPK signaling pathway in these cells
compared to their parental cells. This study provides evidence that the Erk/MAPK signaling
is one of the dominant molecular fingerprint for the carcinogenic mode of action of Cd in
inducing prostate cancer.

Materials and Methods

Cell lines and culture

Human normal prostate epithelial cells RWPE1 and PWR1E and prostate cancer cell line
DU 145 were obtained from the American Type Culture Collection (ATCC) (Manassas, VA).
These human-derived cell lines were authenticated by DNA short-tandem repeat analysis by
ATCC. RWPEL1 and PWRIE cells were cultured in keratinocyte growth medium
supplemented with 5 ng/mL human recombinant epidermal growth factor, 0.05 mg/mL
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bovine pituitary extract (Gibco/Invitrogen, Carlsbad, CA), 1x antibiotic/antimycotic
solution. The prostate cancer cell line DU 145 was cultured as a monolayer in RPMI
medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 50 ug/mL
penicillin, 50 ug/mL streptomycin (Invitrogen, Carlsbad, CA). All cell lines were maintained
in an incubator with a humidified atmosphere of 95% air and 5% CO, at 37°C.

Chemicals, reagents and antibodies

CdCl;, was obtained from Sigma Chemical Co., St. Louis, MO. cDNA synthesis kits were
purchased from Biorad. For real-time quantitative PCR (qRT-PCR) analysis, TagMan primer
assays and kits were purchased from ThermoFisher Scientific Inc. South San Francisco, CA.
Erk/MAPK pathway array (Cat. # PAHS-0612), a first strand cDNA synthesis kit and
reagents for the array were obtained from Qiagen, Redwood city, CA. Antibodies for
phosphor-Mek 1/2 (CST #9154P), phospho-p44/42 (CST #4370P) with anti-rabbit 1gG (H
+L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate) as secondary antibody (CST #4412)
were used.

RNA extraction

Total RNA was extracted from confluent (70-80%) plates of cultured cells using a
combination of TRIzol reagent (Invitrogen) and RNeasy columns (Qiagen, Redwood city,
CA). On-column DNase digestion was also performed with RNase-Free DNase set (Qiagen,
Redwood city, CA). RNA quality and concentration were assessed using a NanoDrop
ND-1000 (NanoDrop Technologies, Wilmingon, DE) spectrophotometer and were
electrophoresed in agarose gels to check integrity. Extracted RNA was stored at —-80°C.

RT2 profiler PCR array analysis

Expression profiling of the Erk/MAPK signaling pathway was performed using human RT2
profiler PCR array PAHS-061Z (Qiagen) based on SYBR-Green real time PCR. Three
biological replicates were prepared from RWPEL and Cd-RWPEL1 cells and the isolated
RNA from these replicates were pooled. cDNA was synthesized from the pooled RNA using
RT2 first strand kit following the manufacturer’s instructions. SYBR-Green real-time PCR
was performed and relative quantification changes in expression were measured by
obtaining the threshold cycle. Data from the array was analyzed using the GeneGlobe Data
Analysis Center (Qiagen). The real-time PCR module transforms threshold cycle (CT)
values to calculated results for relative fold changes in expression normalized to
housekeeping genes. The array includes a total of 84 Erk/MAPK pathway genes (Table 1), 5
housekeeping genes, an assay for determining genomic DNA contamination and three assays
each for positive and negative PCR controls.

Quantitative real time PCR

First strand cDNA was prepared from total RNA (1 ug) using the iScript Reverse
Transcription Supermix (Biorad Lab. Inc., Hercules, CA). For real-time PCR, cDNA was
amplified with Inventoried Gene Assay Products containing two gene-specific primers and
one TagMan MGB probe (6-FAM dye-labeled) using the TagMan Universal Fast PCR
Master Mix in a 7500 Fast Real Time PCR System (Applied Biosystems). Thermal cycling
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conditions included 95°C for 20 seconds, 40 cycles of 95°C for 3 seconds, and 60°C for 30
seconds according to the TagMan Fast Universal PCR Protocol. GAPDH was used as an
endogenous control and vehicle control was used as a calibrator. The comparative Ct method
was used to calculate the relative changes in gene expression in the 7500 Fast Real Time
PCR System. The relative changes of gene expression were calculated using the following
formula: Fold change in gene expression, 2-28Ct = 2-where ACt = Ct (detected genes) — Ct
(GAPDH) and Ct represents threshold cycle number. The experiments were repeated at least
three times (biological replicates) with three technical replicates each times.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 minutes. Prior to overnight incubation with
1:100 fold diluted primary antibody, cells were blocked with blocking buffer (1x PBS/5%
normal goat serum/0.3% Triton X-100) for 1 hour. After washing with PBS, cells were
treated with 1:100 fold diluted secondary antibody for 2 hours and counterstained with 0.5
ug/mL of 4”,6-diamidino-2-phenylindole (DAPI) for 5 minutes. Cells were then mounted
using Prolong Gold Antifade reagent and images were captured using Zeiss microscope
(model: Axio Imager.D2). The primary antibodies used are pMek 1/2 (CST #9154P),
phospho-p44/42 (CST #4370P) with anti-rabbit 1gG (H+L), F(ab’)2 Fragment (Alexa
Fluor® 488 Conjugate) as secondary antibody (CST #4412).

Cell cycle, proliferation, colony formation and apoptosis assays

Fluorescence-activated cell sorting (FACS) analysis was done to test the effect of Cd
exposure on cell cycle distribution and apoptosis of all cell lines. Equal numbers of cells
were seeded and cultured for 24 hours. Cells were then harvested, washed with cold PBS,
and stained with propidium iodide (PI-A) and Annexin-V-FITC using FITC-ANNEXIN V-
PI-A KIT (BD Biosciences) for apoptosis and nuclear stain 4”,6-diamidino-2-phenylindole
(DAPI) (BD Biosciences) for cell cycle analysis according to the manufacturer’s protocol.
Stained cells were immediately analyzed by FACS (BD FACSVerse; BD Biosciences). Cell
viability/proliferation was determined by using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI) according to the manufacturer’s protocol.
For cell viability assay, cells were seeded in 96-well microplates at a density of 5x103 cells
per well. After 24 hours of culture, cell viability was determined by adding 20ul/well of the
CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI)
according to the manufacturer’s protocol. Absorbance at 490 nm was measured with a
kinetic microplate reader (Spectra MAX 190; Molecular Devices Co., Sunnyvale, CA).

Human mRNA expression data

The expression levels of MRNAs in a human prostate adenocarcinoma sample cohort
(n=534) were obtained from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). Human
PCa (n=483) and normal (n=51) tissue cohorts from databases were analyzed using Mann-
Whitney U-test after gene expression data was normalized by scaling the values of reads per
million in order to eliminate bias of the differences between individual patients.
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Gene set enrichment analysis

To compare the gene expression signatures between RWPE1 and Cd-RWPEL1 cells, the
expression data from QIAGEN gPCR array analysis was subjected to Broad Institute, “Gene
Set Enrichment Analysis (GSEA) version 3.0”. The enrichment score (ES) and normalized
enrichment score (NES) were computed by using parental RWPE1 as control.

Statistical analysis

Results

Gene Globe data analysis software (Qiagen) was used to analyze the Erk/MAPK pathway
gene expression profile in Cd-RWPE1 compared to RWPE1 samples. Three biological
replicates for each group were pooled together to perform the gPCR RT? array analysis. The
C cut-off was set to 35. Fold regulation cut off was set to 2. Fold-Change (2” (- Delta Delta
CT)) is the normalized gene expression (2(- Delta CT)) in the Cd-RWPE1 sample divided
by the normalized gene expression (2" (- Delta CT)) in the parental RWPE1 sample that
served as the control. The scatter plot was used to compare the normalized expression of
every gene on the array between the Cd-RWPE1 and RWPE1 samples and the visualization
was represented by a heat map. Statistical analyses were performed with GraphPad Prism 5
and/or MedCalc version 10.3.2. All quantified data represents an average of at least triplicate
samples or as indicated. Error bars represent standard deviation or standard error of the
mean as indicated in figure legends. All tests were performed two tailed and p-values <0.05
were considered statistically significant.

Cadmium exposure modulates Erk/MAPK pathway genes

We exposed two non-malignant human prostate epithelial cells (RWPE1 and PWR1E) cells
to 10uM Cd in culture for almost a year following a previously published report (Achanzar
et al., 2001). Cd exposed cells Cd-RWPE1 and Cd-PWR1E showed increased cell growth
and proliferation compared to normal parental controls (RWPEL and PWRL1E). Since ERK/
MAPK pathway is the major signaling pathway involved in cell growth and proliferation, we
sought to investigate this pathway in detail as a molecular driver of Cd-induced malignant
transformation of normal prostate cells to prostate cancer. We performed ERK/MAPK
pathway specific RT2 profiler array analysis. The Erk/MAPK array includes a total of 84
genes (Supplemental Table 1), 5 housekeeping genes, one assay for determining genomic
DNA contamination along with 3 assays each for positive and negative PCR controls. For
the analysis the Ct cut-off was set to 35. The scatter plot analysis showed that many genes in
the Erk/MAPK pathway are upregulated in Cd-RPWEL1 cells when compared to normal
RWPEL1 cells (Figure 1A). Relative fold change in expression normalized to housekeeping
genes indicated that most of these genes were upregulated in Cd-RWPE1 cells compared to
normal RWPEL. The cut-off for fold change was 2. The relative fold upregulation ranged
from 2 to 7 fold (Table 1). Among the genes only MAPK10, a proapoptotic gene (Ying ef
al., 2006), was found to be downregulated (3.32 fold). Heat map shows the overall fold-
regulation of genes involved in the Erk/MAPK signaling pathway (Figure 1B). All gene
names for the heat map and relative fold regulation along with array location are shown in
Supplemental Table 2.
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Confirmation of array results by real-time quantitative PCR analysis

To confirm the array results, we performed gRT-PCR analysis for selected genes using the
TagMan gene expression assay system. Consistent with the array results, expression of genes
such as Erkl (p=0.006), MAPK7 (p=0.005) and CCND1 (p=0.002) were significantly higher
in Cd-RWPE1 compared to the normal RWPEL1 cells (Figure 1C). We further examined
these genes in Cd-PWR1E compared to parental PWR1E cells. The results were consistent
with that of Cd-RWPEL cells (Fig. 1D). GAPDH was used as the internal control for qRT-
PCR.

Cd exposure induces activation of Erk1/2 and Mek1/2

Phosphorylation of the Erk (p44/42) and Mek 1/2 represents the activation of the Erk/MAPK
pathway. Hence, we performed immunofluorescence assay to determine the phospho-Mek
1/2 and phospho-Erk 1/2 at protein level in situ. Our results show that phosphorylation of
both proteins increased in Cd-RWPE1 and Cd-PWRZ1E cells compared to normal parental
RWPE1 and PWRL1E cells (Fig. 1E).

Functional implication of Cd exposure in normal prostate epithelial cells

The Erk/MAPK signaling pathway is involved in the proliferation and survival of cancer
cells. We observed an increase in pro-survival genes in both the array and gRT-PCR results.
Thus, we sought to determine the effect of Cd exposure on cell proliferation, colony
formation, cell cycle distribution and apoptosis in Cd-RWPEL and Cd-PWRL1E cells
compared to their normal parental cells RPWE1 and PWRL1E.

Cell Proliferation and colony formation

We observed that Cd-RWPEL1 cells had a significant higher proliferation rate (p<0.0005)
after seeding at 24, 48 or 72 hours compared to normal RWPEL cells (Figure 2A). Cadmium
exposure significantly induced colony formation (p=0.02) in Cd-RWPEL cells compared to
parental RWPEL cells (Figure 2B-C). Similar results were observed in Cd-PWRZ1E cells
with significantly increased proliferation (p<0.0001; Fig. 2D) and colony formation
capability (p=0.01; Fig. 2E-F) compared to parental PWR1E. These results indicate the pro-
survival effect of Cd exposure in normal prostate epithelial cells.

Cell cycle and apoptosis analyses

Fluorescence-activated cell sorting (FACS) analysis revealed significantly higher number of
Cd-RWPEL cells (27%) in the proliferative S-phase of the cell cycle compared to parental
RWPEL1 cells (16%) (Figure 2G—H). This observation is consistent with significantly less
Cd-RWPEL cells (55%) in the GO/G1 phase compared to RWPEL (69%), indicating that
more Cd-RWPEL1 cells had entered the actively dividing S-phase (Figure 2G—H). These
results are consistent with the array gene expression results that showed up-regulation of
cyclins (CCNE1, CCND3, CCNDI) and cyclin dependent kinases (CDKZ2, CDK4, CDK®6)
(Table 1). FACS analysis for apoptosis was performed using an FITC-Annexin-V-propidium
iodide-A (PI-A) kit. Viable cells (lower left quadrant) are FITC Annexin V and PI negative.
Early apoptotic cells (lower right quadrant) are FITC Annexin V positive and Pl negative.
Late apoptotic cells (upper right quadrant) and necrotic (upper right quadrant) are Annexin
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V and PI positive. The movement of cells through these four stages provides a measure of
apoptosis. The percentage of total apoptotic cells (early apoptotic + late apoptotic) in
parental RWPE1 was double (~3%) that of Cd-RWPEL1 cells (~1.5%) (Figure 21-J).
Consistent results were obtained in Cd-PWR1E cells compared to parental PWR1E (Fig
2K-L). These results indicate that Cd exposure decreased the capability of normal prostate
epithelial cells to undergo apoptosis. We further examined the effect of two-week Cd
exposure on prostate cancer cell line DU 145. Interestingly, Cd-exposed DU 145 (Cd-DU
145) showed increased proliferation (Supplemental Fig. 1A) and less apoptotic cell fraction
(Supplemental Fig. 1B) compared to parental DU 145 cells. Disruption of apoptosis has
been shown to play major role in tumor formation and malignant progression (Wyllie et al.,
1999).

The above functional experiments indicate that increased proliferation and decreased
apoptosis are key aspects of cadmium-induced malignant transformation of normal prostate
epithelial cells RWPE1 and PWRL1E.

Characterization of gene expression by gene set enrichment analysis (GSEA)

We performed GSEA analysis utilizing curated gene sets (C2) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway mapping, whereby all the upregulated genes in Cd-
RWPE1 compared to normal RWPEL cells were compared with the KEGG pathway
database to examine which pathways are likely to be correlated with our array results. In
concordance with our finding in the gPCR array, KEGG MAPK signaling pathway was
enriched in Cd-treated cells and negatively correlated with RWPE1 (enrichment score (ES) =
-0.33, normalized enrichment score (NES) = —1) (Figure 3A-B). In addition, other related
pathways such as KEGG ERBB pathway (ES= —0.34, NES= -1), KEGG Cell Cycle
pathway (ES= —0.50, NES= -1), KEGG VEGF pathway (ES= —0.46, NES= -1), KEGG
Pathways in cancer (ES= -0.43, NES= -1) and KEGG Prostate Cancer pathway (ES=
-0.53, NES= -1) (Figure 4A-E; Supplemental Figure 2) were also enriched in Cd-treated
cells compared to parental RWPEL. These results further confirm that the Erk/MAPK
pathway is one of the major pathways involved in Cd induced malignant transformation of
normal prostate epithelial cells.

Genes induced by Cd exposure are overexpressed in prostate cancer

We randomly selected some genes that were enriched in Cd-RWPE1 compared to normal
RWPEL cells and profiled their expression in a large cohort of prostate adenocarcinoma (n=
534) available at TCGA/GDC data base. As expected the expression profiles of the selected
genes [MAP2K1 (p=1.9E-08), MAP2K2 (p=9.9E-09), MAP2K3 (p=1.5E-06), MAP2K5
(p=0.002), MAPZKE6 (p=0.0002), MAPKI (p=0.01), MYC (p=9.9E-09) and RAF1(p=0.03)]
were significantly higher in prostate cancer compared to normal prostate samples (Figure 5).

Discussion

This study provides evidence about the Erk/MAPK signaling pathway being one of the
major molecular pathways for the carcinogenic mode of action of Cd exposure in prostate
cancer. In the USA, prostate cancer incidence and mortality rates have risen from year to
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year. Prostate cancer is currently the most commonly diagnosed cancer in American men
with estimated new cases of 191,930 in 2020 (Siegel et a/., 2020). It is the second-leading
cause of cancer related deaths with an estimated 33,330 deaths for 2020 (Siegel et a/., 2020).
The etiology of prostate cancer remains elusive because of its complex, multifactorial
nature, which includes evidence of genetic, dietary, hormonal, and environmental risk
factors (Sommer et al., 1995; Hsing et al., 2000). Substantial evidence indicates that one
such risk factor is exposure to carcinogenic metals (Luevano and Damodaran, 2014; Ju-Kun
etal., 2016; Wei et al., 2017; Mezynska and Brzoska, 2018; Rapisarda et al., 2018). Several
epidemiologic studies have reported an association between occupational or environmental
Cd exposure and prostate cancer incidence (Bako et a/., 1982; Elinder et al., 1985; Garcia
Sanchez et al., 1992; van der Gulden et a/., 1995; Vinceti et al., 2007; Julin et al., 2012;
Cheung et al., 2014). In this study we exposed normal prostate epithelial cells (RWPEL1 and
PWR1E) to Cd similarly as guided by a previous publication (Achanzar et al., 2001) to
perform in depth investigation of role of the Erk/MAPK pathway in this malignant
transformation.

Erk/MAPK pathway mediated intracellular signaling is associated with a variety of cellular
activities including cell proliferation, differentiation, survival, death, and transformation
(McCubrey et al., 2006; Kholodenko and Birtwistle, 2009). In prostate cancer, the MAPK
pathway was found to be significantly elevated in both primary and metastatic lesions
(Mulholland et al., 2012) and its inhibition was highly effective in preventing the
development of metastatic prostate cancer (Fu et al., 2003; Maroni et al., 2004; Mulholland
et al., 2012). An increase in the activity of the MAPK pathway has been correlated with the
progression of prostate cancer to more advanced disease (Gioeli et al., 1999; Clark et al.,
2005). We observed that functionally, chronic Cd exposure of normal prostate epithelial cells
induced tumorigenic characteristics indicated by higher survival and proliferation of Cd-
RWPEL and Cd-PWRL1E cells compared to parental RWPE1 and PWRL1E cells. Our PCR
array showed an increase in the expression of pro-survival genes of the Erk/MAPK pathway.
Interestingly, array results showed downregulation of the MAPKI0gene on Cd exposure.
This gene is known to be pro-apoptotic in various cancers (Ying et al., 2006; Li and Luo,
2017). Consistent with these results we observed that Cd exposure induced apoptotic
resistance in prostate epithelial cells as indicated by less apoptotic cells in Cd-RWPE1
compared to parental RWPE1. Apoptosis is a genetically controlled process, by which cells
with irreparable damage self-destruct, facilitating their removal from the population (Wyllie,
1992). Disruption of apoptosis has been shown to play major role in tumor formation and
malignant progression (Wyllie ef al., 1999). Previous studies have shown that chronic
cadmium exposure of prostate epithelial cells altered expression of important apoptotic
regulators and derangement of the apoptotic process was a key aspect of their malignant
transformation (Lowe and Lin, 2000; Achanzar et al., 2001). Our study highlights another
dimension of Cd induced malignant transformation of normal prostate epithelial cells
involving entire Erk/IMAPK pathway.

Cancer genomics has the potential to identify biologic determinants associated with any
cancer. We explored this at the transcriptome level by performing Gene Set Enrichment
Analysis (GSEA). Comparative transcriptomics was performed for all the differentially
expressed genes in the Cd-RWPEL array for pathway enrichment considering parental
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RWPEL1 as control. In concordance with our finding in the qPCR array, we found enrichment
of the MAPK pathway. In addition, our array data overlapped with other pathways that are
implicated in prostate carcinogenesis. We observed enrichment of KEGG-ERBB, KEGG-
Cell Cycle, KEGG-VEGF, KEGG-Pathways in cancer and KEGG-prostate cancer pathways
were also enriched as the genes overlapped with that of Cd-RWPE1 compared to parental
RWPEL1 cells. Increased Erk was observed in human lung epithelial cells upon exposure to
Cd (Jing et al., 2012). Low dose Cd also activated Erk signaling in endothelial cells
(HUVECS) with an increase in VEGFR-2 (Kim et al., 2012). We observed an increase in Erk
and Mek1/2 protein levels in situ in Cd-RWPEL and Cd-PWR1E cells compared to their
normal parental controls. Further, we randomly selected upregulated genes from Erk/MAPK
pathway and performed profile analysis in a larger prostate adenocarcinoma data set (n=534)
from the TCGA/GDC data base. We observed upregulation of these genes in prostate cancer
compared to normal prostate samples. These data further strengthen our finding that the Erk/
MAPK pathway is involved in Cd-induced malignant transformation of normal prostate
epithelial cells.

This study provides evidence that enhanced Erk/MAPK signaling is one of the major
molecular events involved in the transformation of Cd exposed carcinogenesis of normal
prostate epithelial cells. In addition, Cd exposure increased the proliferative capability of
prostate cancer cells as well. Functionally, Cd-induced Erk/MAPK signaling resulted in the
induction of tumorigenic attributes in normal prostate epithelial cells. In the USA, prostate
cancer incidence and mortality rates have risen, and it is the second leading cause of cancer
deaths in men. Understanding the dominant oncogenic pathways involved in the
transformation of normal prostate epithelial cells to malignant forms by cadmium will help
in developing better therapeutic strategies to reduce the morbidity and mortality of prostate
cancer.
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Refer to Web version on PubMed Central for supplementary material.
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. Normal prostate epithelial RWPE1 and PWR1E cells were exposed to
cadmium (Cd).

. Chronic Cd exposure transformed these normal cells to malignant form.

. Molecular mechanism involved was the Erk/MAPK signaling 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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PCR array analysis of the Erk/MAPK signaling pathway. Scatter plot comparison of
normalized gene expression between RWPE1 and Cd-RWPEL cells. The central line
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indicates unchanged gene expression. Data points in red are the upregulated genes and in
green are downregulated genes of the Erk/MAPK pathway (A). Heat Map visualization of

the fold changes in expression in 84 genes of the Erk/MAPK pathway in Cd-RWPE1

compared to RWPEL1 cells (B). The gene names and fold regulation along with the location

on array are indicated in Supplemental Table 2. Quantitative real-time PCR analysis of

selected Erk/MAPK pathway genes utilizing TagMan gene expression assays in Cd-RWPE1
vs. parental normal RWPEL (C) and Cd-PWRLE vs. parental normal PWRL1E (D).

Immunofluorescence assay (E). Error bars £SD.
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Figure 3:
Gene Set Enrichment Analysis (GSEA) of the Erk/MAPK signaling pathway enriched in

Cd-RWPEL (denoted as “1” in the plot) compared to RWPEL1 (denoted as “0” in the plot) as
control. Differential expression of genes (A) correlated with the enrichment plot (B) of
MAPK signaling pathway genes. Red-overexpression, Blue-lower expression. The gene lists
counterpart to each gradient red and blue bar that is located at the middle of Enrichment plot
and indicate the genes assigned in the plot.
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Gene Set Enrichment Analysis of pathways enriched in Cd-RWPE1 compared to RWPE1 as
control. KEGG_Pathways in cancer (A). KEGG_Cell Cycle (B). KEGG_ERBB (C).
KEGG_Prostate Cancer (D). KEGG_VEGF (E). Enrichment plots are shown in
Supplemental Figure 2. Red-overexpression, Blue-lower expression. The gene lists
counterpart to each gradient red and blue bar that is located at the middle of Enrichment plot
in Supplemental Figure 2A—E and indicate the genes were assigned in the plot.
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Figure 5:
TCGA data analysis. Box plot analysis of the Erk/MAPK signaling pathway genes in a large

prostate adenocarcinoma data cohort (n=534) from TCGA data base.
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Differential expression of the Erk/MAPK pathway genes in gRT2 PCR array.

Upregulated Genes:

Position | Gene Symbol | Fold Change
A08 CCND1 261
Al10 CCND3 2.6
All CCNE1 6.72
B04 CDKN1A 3.73
B05 CDKN1B 2.49
B08 CDKN2B 2.88
B10 CDKN2D 5.03
C04 E2F1 2.14
CO08 ETS1 2.8
C09 ETS2 2.01
D03 JUN 3.05
D04 KRAS 251
D05 KSR1 2.79
D07 MAP2K1 2.01
D09 MAP2K3 2.86
D12 MAP2K6 25
E02 MAP3K1 2.09
EO03 MAP3K2 2.07
E1l MAPK13 3.07
E12 MAPK14 241
FO3 MAPK7 3.28
F09 MAX 2.64
G02 MYC 247
G03 NFATC4 55
GO06 PRDX6 2.02
G08 RAF1 2.76
G09 RB1 2.06
G12 TP53 341
Down-regulated Genes:

Position | Gene Symbol | Fold Change
EO08 MAPK10 -3.32
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