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Abstract

JunD, a member of the AP-1 family, is essential for cell proliferation in prostate cancer (PCa) 

cells. We recently demonstrated that JunD knock-down (KD) in PCa cells results in cell cycle 

arrest in G1-phase concomitant with a decrease in cyclin D1, Ki67, and c-MYC, but an increase in 

p21 levels. Furthermore, the over-expression of JunD significantly increased proliferation 

suggesting JunD regulation of genes required for cell cycle progression. Here, employing gene 

expression profiling, quantitative proteomics, and validation approaches, we demonstrate that 

JunD KD is associated with distinct gene and protein expression patterns. Comparative integrative 

analysis by Ingenuity Pathway Analysis (IPA) identified 1) cell cycle control/regulation as the top 

canonical pathway whose members exhibited a significant decrease in their expression following 

JunD KD including PRDX3, PEA15, KIF2C, and CDK2, and 2) JunD dependent genes are 

associated with cell proliferation, with MYC as the key downstream regulator. Conversely, JunD 

over-expression induced the expression of above genes including c-MYC. We conclude that JunD 

is a key regulator of cell cycle progression and inhibiting its target genes may be an effective 

approach to block prostate carcinogenesis.
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1. Introduction

Prostate cancer (PCa) is the most prevalent malignancy in men worldwide and remains the 

frequent cause of cancer-related deaths in men [1–3]. Early stage PCa is localized in the 

prostate gland and is treatable by surgery and radiation therapy and the prognosis in these 

patients is very good. However, later stages of this disease metastasize to the bone and other 

tissues posing a significant problem for treatment [2, 4–8]. The majority of PCa deaths are 

due to metastatic disease. Current treatments for metastatic disease are hormonal therapy 

and chemotherapy [4, 6–8]. Hormonal therapies are based on the inhibition of biosynthesis 

and/or action of androgens; however, when cancer cells develop resistance to these 

treatments, they become castration resistant or hormone refractory prostate cancers [6–8]. 

There is no effective therapy for these cancers which are responsible for the mortality in 

majority of patients. Therefore, developing therapeutic strategies to target development and 

progression of metastatic prostate cancers will lead to significant increase in the survival of 

prostate cancer patients. Despite recent breakthroughs in identifying specific PCa genes such 

as ETS/ERG gene fusions [3, 9], PTEN deletions [3, 10], MYC overexpression [11, 12], 

NKX3.1 loss of function [11, 13], AR, SPOP, and FOXA1 somatic mutations [3, 8], the 

molecular mechanisms involved in the initiation and progression of PCa still remain to be 

clearly understood. The development of PCa occurs with uncontrolled cell proliferation 

which leads to development of benign low-grade prostatic intraepithelial neoplasia (LGPIN), 

followed by high-grade PIN (HGPIN), a precursor for invasive carcinoma, which leads to 

the development of highly invasive intraductal carcinoma [14, 15]. The initiation of 

carcinogenesis in the prostate is primarily dependent on deregulation of genes that control 

cell proliferation and as a result causes either a loss of inhibitory controls of cell cycle 

progression or an upregulation of factors which stimulate cell proliferation [16–18].

Transcription factors (TFs) have been implicated as important drivers of PCa, primarily due 

to their overexpression in PCa cell lines and/or PCa patient tissue samples. Well studied 

examples include c-MYC [11, 12, 19], ETS [9, 20], GATA2 [21, 22], and E2F3 [23, 24]. 

Members of the activating protein-1 (AP-1) transcription factor family are often implicated 

as oncogenic cancer drivers [20, 25–29]. The AP-1 transcription factor is composed of dimer 

combinations primarily formed between the Jun (JunB, c-Jun, and JunD) and Fos (FosB, c-

Fos, Fra1, and Fra2) protein family members [29, 30]. Jun proteins form homodimers (Jun-

Jun) or heterodimers (Jun-Fos), while Fos proteins can only form heterodimers with Jun 

proteins that bind to the TPA-response element (TRE) or cyclic AMP-responsive elements 

(CRE) in the promoter regions of target genes [20, 29, 30]. AP-1 activity is modulated 

through its dimer composition which leads to differential transcriptional and biological 

functions [20]. AP-1 regulates cellular proliferation, survival, apoptosis, inflammation, 

differentiation, locomotion, and plays a central role in oncogenesis [20, 28, 29]. The AP-1 

transcription factors and their upstream kinases have been implicated in PCa initiation and 

progression [31–33]. For example, c-Jun or c-Fos overexpression increases cell proliferation 
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and invasiveness of PCa cell lines [34]. Furthermore, high levels of these proteins are 

associated with PCa disease recurrence [33]. Previous studies also indicate that JunD along 

with Fra1 and Fra2 are essential in PCa proliferation and confer protection against radiation-

induced cell death [35]. Our previous studies show that JunD is required for proliferation of 

PCa cells, while c-Jun and JunB had no effect on cell proliferation [29].

c-MYC, an oncogenic TF, is involved in regulating several biological activities including 

cell proliferation, apoptosis, and also carcinogenesis [36–40]. c- MYC protein has been 

found to be overexpressed in several cancers including PCa [11, 36, 37], but in normal (non-

transformed) cells, c-MYC expression levels are low and its function is tightly regulated by 

developmental or mitogenic signals [40–42]. c-MYC regulates the cell cycle and cell 

metabolism. c-MYC levels accumulate as the initial response gene and are maintained at 

high levels throughout the cell cycle in the presence of growth factors [19, 43]. In the 

presence of mutations, c-MYC levels become out of control thereby leading to 

tumorigenesis [19, 40]. Several reports have described in-depth analyses of normal c-MYC 

function as well as its overexpression leading to carcinogenesis, but little is known regarding 

its regulation. We recently reported that in the absence of JunD protein in PCa cells, cell 

proliferation is inhibited along with a significant decrease in the levels of proteins involved 

in cell cycle regulation including c-MYC [29]. Furthermore, the over-expression of JunD 

significantly increased cell proliferation and colony formation in PCa cells [29]. This data 

suggested that JunD (as a part of AP-1 TF) regulates the expression of genes which are 

required for the progression of cell cycle and a decrease in JunD protein levels may result in 

decreased expression of these genes and inhibition of cell cycle.

In this current study, we investigated the changes in cell cycle regulatory genes following 

JunD knock-down (KD) in PCa cells by microarray and proteomic analysis. We identified 

down-regulated JunD dependent genes that are associated with cell cycle regulation. Our 

results demonstrated an important role for JunD and JunD dependent genes in PCa initiation 

and carcinogenesis.

2. Materials and Methods

2.1. Chemical and Reagents

Antibodies against JunD (Cat. # sc-74), PRDX3 (Cat. # sc-59663), and c-MYC (Cat. # 

sc-40) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Antibodies 

against CDK2 (Cat. # sc-2848), CDK4 (Cat. # sc-166373), KIF2C (Cat. # sc-81305), EIF1/B 

(Cat. # sc-390122), PEA15 (Cat. # sc-166678), Cyclin A or CCNA1 (Cat. # sc-271682), 

α2B-AR or ADRA2B (Cat. # sc-390430), PLCD4 (Cat. # sc-373875), TCF4 (Cat. # 

sc-166699), Annexin II or ANAX2 (Cat. # sc-28385), ELMO2 (Cat. # sc-365739), ERO1-

Lα (Cat. # sc-100805), and Tropomyosin or PTMA (Cat. # sc-74480) were all provided as 

samples from Santa Cruz Biotechnology, Inc. (Dallas, TX). The antibody against Ki-67 (Cat. 

# NA59) was purchased from Calbiochem (Burlington, MA). The antibody against anti-α-

Tubulin (Cat. # T5168) was purchased from Sigma-Aldrich (St. Louis, MO). Anti-mouse 

IgG-HRP was purchased from GE Healthcare (Piscataway, NJ). Goat anti-rabbit IgG-HRP 

(immunoglobulin horseradish peroxidase) and Rhodamine-phalloidin were purchased from 

Promega (Madison, WI). Small interfering RNA transfection reagent (Cat # sc-29528), JunD 
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(Cat. # sc-3578), PRDX3 (Cat. # sc-40833), and Control-A (Cat. # 37007) siRNAs were all 

purchased from Santa Cruz Biotechnology, Inc. Lipofectamine 3000 Transfection Reagent 

and DAPI were purchased from ThermoFisher Scientific, Inc. (Waltham, MA). JQ1 inhibitor 

(Cat # 27400) was purchased from BPS Bioscience (San Diego, CA) and dissolved in 

dimethyl sulfoxide (Fisher Scientific) to a stock concentration of 10 mM, aliquoted and 

stored at −80°C. G418 (Cat. # 345810) was purchased from Calbiochem.

2.2. Cell Lines and Cell Culture

Human PCa cell lines (PC3 and DU145) were purchased from ATCC (Manassas, VA). Cells 

were cultured in the recommended growth media [MEM media supplemented with 5% fetal 

bovine serum (FBS)] in 100% humidity at 37°C with 5% CO2 as described previously [29]. 

DU145 cells overexpressing JunD (D1), generated from a previous study were cultured as 

above, with an addition of 200 ng/ml G418 [29].

2.3. Generation of JunD Knock-out (KO) cells by CRISPR/Cas9 genome editing.

PC3 JunD KO cells were generated using CRISR/Cas9 as previously described [44, 45]. In 

brief, CRISPR/Cas9 single-guide RNAs (sgRNAs) targeting 2 locations on JunD exon 1 

were identified using the CRISPR design tool provided by Zhang’s Lab at MIT (http://

crispr.mit.edu/) as follows, 5’-GCCTACCCCCCTGCGCGCCGA-3’ and 5’-

GTTCGCGTAGACAGGCGCTTC-3’ (Supplemental Figure 1A). Each sgRNA was cloned 

into an all in one-WT Cas 9 plasmid vector, previously generated in Dr. Chunliang Li’s Lab 

(St. Jude Children’s Research Hospital, Memphis TN). Plasmids containing sgRNAs were 

validated by Sanger sequencing using the U6 promoter forward primer 5’-

GAGGGCCTATTTCCCATGAT-3’ and then transfected into PC3 cells using Lipofectamine 

3000 reagent, according to the manufacture’s protocol. Western blot analyses were 

performed to confirm the knock-out of JunD protein. JunD knock-out cells were used in 

additional functional assays.

2.4. Transient Transfection with JunD, PRDX3, and Control siRNAs

The transient knock-down of JunD or PRDX3 protein in PC3 and DU145 cells were 

performed using previously described methods [29]. In brief, PC3 and DU145 cells were 

transfected with 60 nM of JunD, PRDX3, or control siRNA using transfection reagents 

(Santa Cruz Biotechnology) following manufacturer’s recommendations. Seventy-two hours 

after transfection, the knock-down of JunD or PRDX3 expression in PC3 and DU145 were 

confirmed by Western blot analysis and then subjected to several functional analyses.

2.5. Cell Proliferation Assays

Cell growth assays were performed to examine the growth rates of PC3 wt and PC3 JunD 

knock-out (KO) cells generated by CRISPR/Cas9. Cells were seeded in 6-well plates at a 

density of 1 × 105 cells/well and cell proliferation was determined after 4 days. Cells were 

trypsinized and counted using a Cellometer as previously described [29, 46]. To determine 

the growth rate, cells were also seeded in 24-well plates at a density of 2 × 104 cells/well and 

counted on days 1, 2, 4, 6, and 8 using a hemocytometer.

Elliott et al. Page 4

Cancer Lett. Author manuscript; available in PMC 2020 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://crispr.mit.edu/
http://crispr.mit.edu/


To determine the effects of the knockdown of JunD or PRDX3 on cell proliferation, DU145 

and PC3 cells were seeded in 6-well plates at a density of 1.5 × 105 cells/well. Cell 

proliferation was examined 72 hrs following transient transfection with JunD or PRDX3, 

and control siRNAs. Cell growth assays were performed using cell counting in a Cellometer.

2.6. Treatment of cells with JQ1 inhibitor

To determine dose-dependent effects of JQ1, DU145 cells were seeded in 24 well plates at a 

density of 2 × 104 cells/well (for cell proliferation assays) or at a density of 1.5 × 105 cell/

well in 6 well plates (for protein lysates) overnight and then incubated with different 

concentrations of JQ1 (0, 0.1, 0.5, 1, 2.5, 5, and 10μM) in the presence of 1% FBS for 72hrs. 

Control or JunD over-expressing DU145 cells (D1) were incubated in the presence or 

absence of 5 μM JQ1 for 72hrs using the same cell densities as mentioned above for cell 

proliferation assays or for protein lysates. Cells were counted using a hemocytometer and 

cell lysates were collected for western blot analyses.

2.7. Immunofluorescence of F-actin Staining

Wild type and JunD knockout PC3 cells generated by CRISPR/Cas9 were grown (0.5 × 105) 

on glass cover slips for 72 hrs, fixed and permerabilized as previously described [44]. Cells 

were stained with rhodamine-phalloidin for 30 min and DAPI for 10 min to detect F-actin 

filaments and the nuclei, respectively. Slides were mounted in Vectashield mounting medium 

(Vector Laboratories, Burlingame, CA) and images captured using Carl Zeiss 200M inverted 

microscope (Carl Zeiss, Thornwood, NY) at 20X magnification [29]. The cell areas were 

determined using Image J software.

2.8. Total RNA Preparation

Total RNA from all human prostate cell lines used in this study was isolated using TRIzol 

(Life Technologies, Grand Island, NY) as previously described [29, 46, 47]. For quantitative 

real-time PCR (qRT-PCR), RNA concentrations and purity were determined using a 

Nanodrop 2000c Spectrophotometer (A260/280 ratio ≥ 1.9) as previously described [46]. 

For subsequent microarray studies, RNA samples (triplicate samples from each condition) 

were sent to Georgia Institute of Technology (Georgia-Tech, Atlanta, GA) for processing 

and analyses. The quality of the RNA was verified using an Agilent Bioanalyzer (Agilent 

Technologies) [48]. RNA samples with RNA integrity number (RIN) of 10 were used for 

microarray analysis. The samples were diluted to a final concentration of 500 ng/μl and 

applied to an RNA chip according to the manufacturer’s instructions [48, 49].

2.9. Quantitative Real-Time PCR (qRT-PCR) analysis

The synthesis of cDNA from total RNA (2 μg) by reverse transcription was performed as 

previously described [50]. qRT-PCR was carried out in triplicate using GoTaq Master Mix 

(Promega, Madison, WI) on BioRad CFX Connect Real time PCR System (BioRad, 

Hercules, CA) as previously described [46]. Melting curves were generated to confirm the 

amplification of a single PCR product. Quantitation of the PCR results were based on the 

threshold cycle (Ct) and normalized to human GAPDH as previously described [46]. All 

human PCR primers were designed using Primer3 Plus software (https://primer3plus.com/
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cgi-bin/dev/primer3plus.cgi) and synthesized by Integrated DNA Technologies (Coralville, 

IA). All primers with their respective sequences are listed in Supplemental Table 1. 

Independent experiments were repeated at least three times for each sample/condition.

2.10. Microarray Analysis

To investigate differential gene expression after JunD knockdown by siRNA in PC3 cells, 

microarray analyses were conducted on the GeneChip® Human Genome U133 Plus 2.0 

Arrays (Affymetrix), providing comprehensive analysis of genome-wide expression on a 

single array. Gene expression signals from each array were processed to Affymetrix.CEL 

files using the Affymetrix Expression Console (EC) Software Version 1.4 using the Robust 

Multi-Array Average (RMA) normalization method [48, 51]. Raw data was normalized 

using SST-RMA algorithm. The normalized expression values from all samples (N=2, in 

triplicates) were log2 transformed. Differentially expressed genes were identified as fold 

changes (FC) >1.1 (up or down) and p-value <0.05 using Student t-test. Genes were 

annotated using Ingenuity Pathway software (http://www.ingenuity.com/) for cellular 

functions during differentiation and interactions and were mapped according to their 

instructions [52].

2.11. Western Blot Analysis

Following siRNA transient transfections, PC3 and DU145 cell lysates from several 

independent experiments were collected as previously described [29]. In brief, equal 

amounts of proteins (50 μg) were separated by electrophoresis using 10% SDS-

polyacrylamide gels and then transferred to PVDF membranes (Millipore, Billerica, MA). 

After being blocked with 5% milk, the membranes were incubated with specific primary 

antibodies (1:800 dilution for JunD; 1:500 dilution for anti-PRDX3, anti-CDK2, anti-CDK4, 

anti-KIF2C, anti-EIF1, anti-PEA15, anti-CCNA1, anti-ADRA2B, anti-TCF4, anti-ANAX2, 

anti-ELMO2, and anti-ERO1-Lα; 1:200 dilution for anti-PLCD4, anti-c-MYC, and anti-

PTMA; 1:3000 dilution for anti-α-Tubulin) overnight at 4°C and then incubated with 

appropriate horseradish peroxidase-conjugated secondary antibody for 1 h. The blots were 

developed using Millipore Luminata Forte (EMD Millipore, Billerica, MA) and visualized 

by Syngene PXI 6 imagining system (Syngene, Frederick, MD). All blots were probed for 

α-Tubulin as loading controls. The relative intensities of specific protein bands were 

determined by ImageJ software (NIH version: 1.8.0_112).

2.12. Proteomics

2.12.1. Cell Lysis and protein extraction.—PC3 cell were subjected to proteomic 

analysis as previously described, with minor modifications [53, 54]. In brief, PC3 cells were 

plated at a total density of 1 × 106 cells in 6-well plates per condition and transfected the 

next day with control or JunD siRNA for 72 h. Biological replicates were prepared using the 

same conditions. Following siRNA transfections, the cell pellets from PC3 control and PC3-

JunD KD cells were lysed with 1ml M-Per Mammalian Protein Extraction Reagent (Thermo 

Scientific) containing 10 μl phosphatase inhibitors and 10 μl protease inhibitors (Thermo 

Scientific) according to manufacturer’s instructions. The samples were sonicated followed 

by centrifugation at 16,000×g for 5min. The supernatant of each sample was collected and 
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the protein concentrations were determined by the BCA protein assay (Pierce 

Biotechnology, Rockford, IL) following manufacturer instructions. Samples were subjected 

to reduction, alkylation, and trypsin digestion as previously described [53, 54]. The trypsin-

digested samples were used in the next procedure.

2.12.2. Isobaric Labeling with Tandem Mass Tag (TMT).—Tandem mass tags 

(TMT6) (Thermo Scientific) with increasing molecular weights ranging from 126–131 Da 

were applied as isobaric tags to determine differential protein levels between PC3 control 

cells and PC3 JunD knockdown cells as previously described [53, 54]. The labeled peptide 

mixtures were combined at equal ratios and purified by a strong cation exchange (SCX) 

column.

2.12.3. Fractionation of Labeled Peptide Mixture by Using a Strong Cation 
Exchange Column.—The combined TMT-labeled peptide mixtures were fractionated 

with a SCX column (Thermo Scientific) on a Shimadzu Ultra-Fast Liquid Chromatography 

(UFLC) equipped with an ultraviolet detector (Shimadzu, Columbia, MD), and a mobile 

phase consisting of buffer A (5 mM KH2PO4, 25% acetonitrile, and pH 2.8) and buffer B 

(buffer A plus 350 mM KCl), as previously described [53, 54]. In total, sixty fractions were 

collected, lyophilized, and combined into 14 final fractions based on SCX chromatogram 

peaks. The collected fractions were desalted using a C18 solid-phase extraction (SPE) 

column (Hyper-Sep SPE Columns, Thermo Scientific) as previously described [53, 54]. 

Briefly, the 14 combined fractions were each adjusted to a final volume of 1 ml containing 

0.25% trifluoroacetic acid (TFA) solution. The eluted samples were lyophilized prior to the 

liquid chromatography mass spectrometry (LC-MS/MS) analysis.

2.12.4. LC-MS/MS Analysis on LTQ-Orbitrap.—Peptides were analyzed on an LTQ 

Orbitrap.XL (Thermo Scientific, Waltham, MA) instrument interfaced with an Ultimate 

3000 Dionex LC system (Dionex, Sunnyvale, CA). High mass resolution was used for 

peptide identification and high energy collision dissociation (HCD) was employed for 

reporter ion quantification as previously described [53, 54]. 2.12.5. Database Search and 
TMT Quantification. The protein search algorithm SEQUEST was used to identify and 

quantify unique peptides using the Proteome Discoverer data processing software (version 

1.2, Thermo Fisher Scientific, Waltham, MA). Peptides reported by the search engine were 

accepted only if they met the false discovery rate of P < 0.05 (target decoy database). The 

ratios of TMT reporter ion abundances in MS/MS spectra generated by HCD from raw data 

sets were used for TMT quantification. Fold changes in proteins between PC3 control and 

PC3-JunD KD samples were calculated as previously described [53, 54].

2.13. Ingenuity Pathway Analysis (IPA)

Our data sets generated from microarray and proteomic mass spectrometric analyses were 

analyzed using Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Inc., 

Redwood City, CA; http://www.ingenuity.com) [52]. Ingenuity Knowledge Based tool was 

used to identify all significant biological functions and canonical pathways that involve 

differentially expressed genes (DEGs) and differentially regulated proteins (DEPs). The IPA 

program applies Fisher’s exact test to calculate a p-value that represents the probability of 
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the DEGs and DEPs in the pathway being found together due to random chance. 

Specifically, genes and proteins identified in the microarray and proteomics, respectively, 

with differential expression p-values < 0.05 and fold-changes ≥ 1.5 were used as focus 

genes/proteins. Pathways with p-values < 0.05 were considered significantly enriched.

2.14. Analysis of JunD and JunD Dependent genes in Prostate Cancer Patient Tissues 
from The Cancer Genome Atlas (TCGA)

The expression matrix of JunD in prostate tissues was obtained from the gene expression of 

RNAseq (Illumina HiSeq) dataset for prostate adenocarcinoma (PRAD) using the TCGA 

database. The raw data of gene expression levels were log2(x+1) transformed and processed 

at the UCSC Xena repository as previously described [55]. Reprocessed data were 

downloaded using UCSC Xena Functional Genomics Explorer (https://xenabrowser.net/). 

Samples with no data recorded (null data) were excluded from plots in data analysis. 

Boxplots were generated using Sigma Plot® software.

2.15. Statistical Analysis

All data are presented as the mean ± SEM. The types of statistical tests that were used to 

evaluate statistical significance are indicated in the text and/or figure legends. P<0.05 

indicates statistical significance. All statistical analyses were performed using Sigma Plot® 

software, unless otherwise specified.

3. Results

3.1. JunD KO attenuates cell proliferation of prostate cancer cells.

In our previous study, we showed that JunD plays an essential role in cell proliferation of 

prostate cancer cells [29]. To confirm JunD’s role in cell proliferation, we generated JunD 

knock out (KO) prostate cancer cells (PC3-JunD KO) using CRISPR/Cas9 genomic editing 

(Fig. 1, Supplemental Fig. 1). We detected a complete knockout of JunD protein in Clone 

sg1/2–1 (Fig. 1A and Supplemental Fig.1B). In the absence of JunD protein, cell 

proliferation was significantly reduced (61%, p < 0.001) compared to PC3 WT cells (Fig. 

1A, Supplemental Fig.1C) with a significant decrease in proliferation in a time-dependent 

manner (Fig. 1B) and a decrease in cell size (Fig. 1C, Supplemental Fig.1D). Because JunD 

KO cells’ growth rate slowed down tremendously causing difficulty in carrying out 

additional functional studies, we utilized cells with transient JunD knock-down throughout 

the remainder of this study.

3.2. JunD knockdown decreases expression of cell cycle-related genes including MYC.

We previously demonstrated that JunD knock-down (KD) in PCa cells results in cell cycle 

arrest in G1-phase concomitant with a decrease in several proteins involved in cell 

proliferation and cell cycle regulation (cyclin D1, Ki67, c-MYC, and Id1), but an increase in 

p21 protein [29]. Furthermore, the over-expression of JunD significantly increased cell 

proliferation in these cells suggesting that JunD regulates the expression of genes which are 

required for the progression of cell cycle [29]. To test this possibility and to elucidate the key 

molecules and/or signaling pathways in JunD-mediated cell proliferation of PCa cells, PC3 

cells treated with JunD siRNA or control siRNA were subjected to microarray and 
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proteomic analyses as illustrated in Fig. 2. We confirmed an 85% knock-down of JunD 

protein in comparison with cells transfected with control siRNA as determined by Western 

blot analysis (Fig. 2). Following microarray and proteomic analysis, we identified 

differentially expressed genes (DEGs) and proteins (DEPs) that were down-regulated or up-

regulated in PC3 JunD KD cells compared to siControl PC3 cells. From microarray analysis, 

a total of 54,675 molecules were quantified, and among these, 3,103 were found to have 

differential expression (p<0.05), including 1,598 upregulated and 1,505 downregulated 

molecules (Table in Fig. 2). From proteomic analysis, a total of 5,605 protein molecules 

were quantified, and among these, 2,056 were found to have differential expression 

(p<0.05), including 1,007 upregulated and 1,049 downregulated protein molecules (Table in 

Fig. 2).

We detected a signature by recruiting several probes with a cutoff value of >2.0-fold change 

in JunD-deficient PC3 cells compared with control cells as depicted in the Venn diagram 

(Fig. 3A). Hierarchical clustering analysis was used to compare differential (p<0.01) JunD 

dependent gene expression between PC3 control and PC3-JunD KD cells as shown in Fig. 

3B. The top 20 up- or down-regulated genes are shown in Supplemental Table 2. Because 

our previous studies suggested that the absence of JunD leads to cell cycle arrest and the 

down regulation of several cell-cycle associated proteins [29], we focused primarily on the 

array of genes that were down-regulated as a result of JunD KD in the present study. The top 

10 down-regulated genes from microarray data are shown in a heat map visualization and 

include JunD, PRDX3, EPHA5, CCNA1, NAGA, ADRB2, F2RL2, CBX4, STX6, and 

NDUFAF4 (Fig. 3C).

To identify altered pathways and to explore the potential function(s) of down-regulated 

mRNAs in JunD-deficient cells compared to control cells, Ingenuity Pathway Analysis (IPA) 

was used to identify the biological processes, molecular and cellular functions, and their 

possible involvement in diseases and disorders. The pathways and functions were 

determined by an enrichment score (p<0.05) as previously described [52]. JunD deficiency 

was associated with several changes in specific signaling pathways. Cell cycle control/

regulation was predicted to be one of the top pathways whose members exhibited decreased 

gene expression following JunD knock-down (Fig. 3D). Similar to transcriptome analysis, 

most significant differences in protein expression levels (p<0.05) were also observed in 

proteins involved in cell cycle regulation (top 20 DEPs up or down (p<0.05), Supplemental 

Table 3) according to IPA. Furthermore, in an upstream pathway analysis using proteomics 

data, MYC, a key regulator of cell cycle control, was one of the top upstream regulators (Fig 

3E, left) in which its activity was dramatically inhibited following JunD depletion (Fig 3E, 

right). IPA analysis of proteomics data focusing on MYC and its relationship with target 

molecules indicates that the inhibition of MYC leads to the downregulation of several cell 

cycle associated proteins including CDKs, PRDX3, ACTN4, and FASN (green color) (Fig. 

3F).

3.3. Integrated analysis of transcriptome and proteome in PC3-JunD knockdown cells.

To further determine the molecular signature associated with JunD-mediated cell 

proliferation/cell cycle regulation, we performed a comparative analysis of genomic and 
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proteomic data using IPA (using only significantly down-regulated molecules, p<0.05) and 

investigated the functional annotation and interrelation of 3 groups: unique genes found only 

in microarray data, unique proteins found only in proteomic data, and genes/proteins shared 

between both microarray and proteomic data. The overlap between protein and mRNA 

analyses are depicted in Fig. 4A. The top 10 down-regulated molecules for each category are 

listed below its respective group. This data analysis revealed that 92% of genes (out of 1,524 

genes) and 88% of proteins (out of 1,028 proteins) were unique to microarray or proteomic 

data, respectively, in JunD-deficient cells, which are 1408 DEGs and 913 DEPs that were 

down-regulated. Additionally, 45% genes/proteins (115 molecules) were shared between the 

two groups. Using canonical pathway analysis, these molecules were categorized to related 

biological pathways. Among other significantly altered signaling pathways, cell cycle 

control of chromosomal replication was identified as one of the top significantly enriched 

canonical pathways of the genes/proteins altered in JunD deficient cells (Fisher’ exact test, 

P<10−3, Table 1, Top Canonical Pathways section) in which 75 of these molecules were 

identified as involved in cell cycle regulation (top 10 listed in Fig. 4A, full list provided in 

Supplemental Table 4). IPA analysis also predicted that the majority of these molecules are 

associated with the MYC pathway, which indicates their possible role in cancer progression 

in addition to their involvement in cell cycle regulation (Fig. 4B). Furthermore, the 

annotation of these molecules indicate cancer among other diseases as the top 5 most 

associated disease and function based on the ranking of −log10P (Table 1, Top Diseases 

section). These analyses also highlighted JunD dependent molecules that participated in 

major molecular functions including RNA Post-Transcriptional Modification (63%, p-value= 

2.10E-04 – 3.8E-11), Cell Death and Survival (59%, p-value= 7.01E-03 – 4.77E-10), Cell 

Cycle 41%, p-value= 7.01E-03 −6.80E-09), Protein Synthesis (24%, p-value=8.29E-04 – 

1.72E-07), and Cellular Assembly and Organization (45%, p-value=7.01E-03 – 2.35E-07), 

as shown in Supplemental Table 5.

3.4. Validation of JunD Dependent Genes and Proteins Identified by Microarray and 
Proteomics.

Among the 75 down-regulated genes/proteins identified to play a role in cell cycle 

regulation, we initially focused on 6 genes/proteins (PRDX3, CDK2, CDK4, EIF1, KIF2C, 

and PEA15) which were significantly down-regulated in PC3-JunD KD cells vs PC3 control 

cells. Validation of microarray data was carried out using qRT-PCR on the same RNA 

samples used for transcriptome microarray analysis. Western blot analyses were performed 

to detect and validate the expression levels of these proteins. Additional independent 

experimental samples were also collected for both RNA and protein for additional biological 

replicates. We also confirmed the selected gene/protein expression levels in DU145 cells 

after the knock-down of endogenous JunD. As shown in Fig. 5, the expression patterns of 

the 6 selected significantly down-regulated gene/proteins in qRT-PCR (Fig. 5A, B) and 

Western blot analysis (Fig. 5C) were consistent with the microarray and proteomic analysis 

(P≤0.05), which demonstrated the reliability of the microarray and proteomic data. Among 

the 6 validated genes/proteins, the most significantly down-regulated gene/protein was 

PRDX3 (p<0.01) in both PC3 and DU145 JunD-deficient cells. JunD mRNA and protein 

levels were also determined by qPCR and western blot analysis which confirmed a 

significant decrease of JunD protein in PC3 (62% decrease, p<0.05) and DU145 cells (52% 
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decrease, p<0.05) in comparison with the cells transfected with the control siRNA. The 

relative protein levels of the selected genes normalized with α-Tubulin levels are indicated 

adjacent to the Western blot image (Fig. 5D). These results confirmed that the selected genes 

are indeed JunD dependent genes. We also confirmed gene expression and protein levels of 

molecules that exhibited a significant decrease in mRNA levels, but not protein levels 

(Supplemental Fig. 2) and also molecules which exhibited a significant decrease in protein 

levels, but not in mRNA levels (Supplemental Fig. 3).

3.5. JunD effects on cell proliferation are mediated via c-MYC signaling.

On the basis of the findings that JunD-deficient cells exhibited a decrease in the expression 

of JunD dependent genes that are involved in cell cycle regulation, we further examined the 

role of JunD with respect to their protein levels in DU145 cells over-expressing JunD. We 

first confirmed the over-expression of JunD protein and the increase in proliferation of JunD 

over-expressing cell line (D1) compared to the control (vector) cells (Fig. 6) [29]. As shown 

in Fig. 6A, D1 cells exhibited a 2-fold increase ± 0.27 (p<0.05) in cell numbers compared to 

the control cells. Increased proliferation correlated with the increase in JunD protein levels 

(insert). D1 cells also displayed a significant increase in c-MYC, PRDX3, KIF2C, and 

CDK2 protein levels compared to the control cells (Fig. 6B). To further demonstrate that 

JunD-induced proliferation requires MYC signaling, PCa cells were treated with JQ1, a 

known inhibitor that targets c-MYC protein and suppresses cellular growth [56, 57]. The 

dose-dependent effects of JQ1 on cell proliferation in DU145 cells were established using 

different doses ranging from 0.1 to 10 μM. JQ1 significantly inhibited cell proliferation and 

induced a reduction in the levels of c-MYC protein in a dose-dependent manner 

(Supplemental Figure 4A). Maximum inhibition was observed at 5 μM (Supplemental 

Figure 4B). Control and JunD overexpressing (D1) cells were then treated with 5 μM JQ1 

which resulted in significant inhibition in cell proliferation (p < 0.001) (Fig. 6C) and a 

decrease in c-MYC and JunD dependent genes (Fig. 6D). There was also a significant 

decrease in Ki-67 protein level, a marker for cell proliferation, in both control and JunD 

overexpressing cells.

3.6. PRDX3 Knock-down Inhibits Cell Proliferation in PCa Cells.

To confirm requirement of JunD dependent genes for PCa cell proliferation, we examined 

PRDX3, the top hit that was down-regulated by JunD KD in PC3 cells in both groups. 

PRDX3 is also a known key player in cell proliferation and is involved in promoting cell 

survival in PCa [58]. PRDX3 KD by siRNA in PC3 and DU145 cells was confirmed by 

western blot analysis, while the control siRNA had no effect on its protein levels (insert, Fig. 

7). PRDX3 protein levels were significantly reduced (50% decrease, p<0.05) in comparison 

to the controls in both PC3 and DU145 cells. The relative protein levels of PRDX3 were 

normalized to α-Tubulin (quantitative data not shown). Proliferation of PC3-PRDX3 and 

DU145-PRDX3 KD cells were also examined by cell counting 72 hrs after siRNA treatment. 

Our data show that the knockdown of PRDX3 resulted in a significant reduction in cell 

proliferation in PC3 (36% inhibition, p<0.05) and DU145 (42% inhibition, p<0.05) cells 

(Fig. 7). These results suggest that JunD dependent gene, PRDX3, is required for cell 

proliferation of PCa cells.
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3.7. JunD Expression Analysis in Prostate Tissues from TCGA

We explored the expression profile of JunD mRNA in prostate tissues using The Cancer 

Genome Atlas (TCGA) dataset. There were a total of 623 samples, including 504 prostate 

primary tumor tissues, 118 normal prostate tissues, and one metastatic tissue. Overall, there 

was no significant difference in JunD levels in normal and primary prostate tumor tissues 

(Fig. 8A). We further examined JunD levels only within the primary tumor samples. The 

results showed that 71 primary tumor tissues had significantly higher JunD mRNA levels 

compared to the rest of the samples (Fig. 8B). Out of these 71 primary tumor samples with 

high JunD, 21% showed higher expression of c-MYC, 45% of PRDX3, 55% of CDK2, 17% 

of KIF2C, 44% of PEA15, and 52% of EIF1, as shown in Figure 8C.

4. Discussion

Although it is well established that prostate carcinogenesis results from the uncontrollable 

growth of cells in the prostate gland due to various factors (inflammation, oxidative stress, 

DNA damage, cytokines, and certain mutations) that alter the normal gene regulation of a 

cell and its cell cycle, the precise molecular mechanisms involved in PCa initiation and 

progression are persistently being elucidated. In our previous study, we demonstrated the 

essential role of JunD in PCa cell proliferation and its regulation of several genes required 

for the progression of cell cycle [29]. Findings from this study suggested that a decrease in 

JunD protein may result in decreased expression of cell cycle associated genes thereby 

leading to the inhibition of cell cycle [29]. In the present study, we confirmed the role of 

JunD in PCa cell proliferation by generating JunD knockout cells using CRISPR/Cas9 

genomic editing. We also attempted to identify JunD regulated genes which are involved in 

cell cycle regulation by the analyses of the genome and proteome of JunD deficient cells. 

Here, we show a relationship at the molecular level between these two components, JunD 

and JunD-dependent genes, which establishes the mechanism(s) of JunD-driven cell 

proliferation in PCa cells.

To explore the involvement of JunD and its regulation of genes involved in cell proliferation 

and cell cycle regulation in prostate cancer, we analyzed the levels of deregulated mRNAs 

and proteins in JunD deficient cells using microarray and proteomics data, respectively, and 

then compared the biological functional processes and regulators identified in both data sets. 

Using a knowledge-based pathway analysis (IPA), we identified common features in both 

transcriptomic and proteomic data including the down-regulation of PRDX3, CDKs, and 

others. Several biological processes including cell cycle control/regulation, cell survival, cell 

morphology, and cellular motility were found in both transcriptomic and proteomic analysis 

to be altered in JunD deficient cells. The deregulation of these biological processes has been 

previously linked to carcinogenesis [16–18].

While in both datasets, over one thousand genes and proteins exhibited a downregulation of 

expression levels due to JunD KD, they did not show the same level of deregulation. The 

levels of deregulated mRNAs were not an accurate reflection of deregulated proteins. In 

simpler terms, genes that exhibited a significant decrease at the mRNA levels did not 

necessarily show a significant decrease at the protein level, and vice versa. These differences 

were predominately observed at the protein level with little to no corresponding changes at 
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the mRNA level. c-MYC, in particular, was down-regulated at the protein level in PC3 JunD 

deficient cells, but not its mRNA levels, suggesting post transcriptional regulation of c-MYC 

by JunD. This type of phenomenon has been previously described in several studies 

indicating a poor correlation between mRNA expression and protein abundance; and could 

be due to various factors including RNA binding proteins and/or miRNAs that regulate 

certain genes by post-transcriptional and/or post-translational modifications [51, 59–61]. 

The low correlation found in this study, corroborate with a previous study suggesting that 

protein levels correlated with only 20 – 40% of corresponding mRNA levels [61, 62]. Of the 

common genes and proteins significantly down-regulated (p≤0.05) in JunD-deficient cells, 

65% are involved in cell cycle control/regulation and their expressions are dependent on the 

presence of JunD (JunD-dependent genes). Interestingly, c-MYC, a known master regulator 

of the cell cycle and key player in carcinogenesis was found to be an upstream regulator of 

deregulated JunD-dependent genes in which its activity is significantly inhibited in JunD 

deficient cells. Furthermore, inhibition of c-MYC is predicted to lead to the inhibition of 

several JunD dependent genes (Fig. 3F). Our data suggests an interplay between JunD and c-

MYC transcriptional regulation of genes leading to PCa development and progression.

Several transcription factors (TFs) have been reported to regulate cell proliferation. TFs play 

an essential role in determining the fate of a cell by affecting the expression of target genes 

involved in cell proliferation, differentiation, and programmed cell death [63]. Under certain 

conditions, some of these factors are capable of deregulating expression of genes involved in 

the cell cycle control and/or in programmed cell death resulting in uncontrolled proliferation 

of the cell, thereby leading to carcinogenesis [63]. AP-1 TFs, consisting of JUN and FOS 

family members, are well known for their involvement in almost all areas of eukaryotic 

cellular behavior from cell proliferation, differentiation to apoptosis [28, 29, 64, 65]. 

Formation of the dimeric complex between AP-1 family members determines which genes 

are transcribed and the biological functions that are carried out [1, 33, 65, 66]. In regard to 

the cell cycle, it is a well-established pathway mainly dependent on cyclin-dependent 

kinases (CDKs) which are positively regulated by cyclins and negatively regulated by 

cyclin-dependent kinase inhibitors (CKIs) [66, 67]. Studies show that upon stimulation, JUN 

family members exhibit a rapid upregulation that effectively stimulates transcription of 

genes important for entry into the G1 and S phases of the cell cycle such as the cyclins 

including cyclin D1, cyclin A, and cyclin E [64, 66, 68]. Likewise, the inhibition of several 

AP-1 family members depending on the context of a cell, results in decrease in cyclins 

expression and cell growth inhibition [35, 66, 69]. Consistent with previous studies, we 

show that JunD down-regulation results in a significant decrease in many key players 

involved in cell cycle regulation including CDK1, CDK2, and CDK4 [41, 70, 71].

AP-1 proteins are also known to be involved in transformation and have been associated 

with aggressive clinical outcome in PCa [33, 35]. The over-expression of JUN family 

members has been noted in several aggressive cancers including breast [27, 72], lymphoma 

[73], colorectal adenocarcinoma [74], and PCa [33, 64]. In line with these findings, we 

previously reported that JunD protein levels were remarkably higher in more aggressive PCa 

cell lines compared to normal prostate epithelial cells [29]. It has also been suggested by 

several studies that JUN activation is a crucial contributing factor for transformation and 

tumorigenesis, rather than an indirect effect on oncogenesis [64, 65].
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Along with AP-1 proteins, c-MYC is well-established as a significant driver of 

tumorigenesis in PCa [36–40]. Its over-expression in prostate tumors correlate with 

increased disease severity [39]. c-MYC has been implicated in all stages of disease 

progression, from the early phases of PCa development showing an overexpression of c-

MYC mRNA and protein in prostatic intraepithelial neoplasia (PIN) as well as in primary 

human clinical PCa lesions to high-grade PIN lesions, which are precursors to many 

prostatic adenocarcinomas [11, 36, 37]. c-MYC regulates genes that are generally involved 

in cell cycle progression, which include CDKs [41, 70, 71, 75]. c-MYC downregulation 

results in the inhibition of cell proliferation and cell cycle arrest at G2/M phase, which are 

associated with decreased expression of cyclins [76]. Although several studies indicate c-

MYC as the regulator of cell cycle/proliferation, our reports suggest JunD as the key player 

in cell proliferation, cell cycle regulation, and regulating several genes involved in cell cycle 

control including c-MYC [29]. The prerequisite for TFs to directly interact and regulate 

genes, is that an individual gene must have a response element in its promoter region that is 

recognized by that specific TF. JunD has previously been shown to bind to c-MYC promoter 

region through AP-1 response element (TGAGTCAG) and regulate c-MYC expression [77]. 

This may explain our findings where our data show that JunD overexpression increases c-

MYC protein levels and ultimately an increase in cell proliferation (Fig 6A and 6B). AP-1 

activity is not only regulated as a result of the formation of a particular AP-1/DNA complex, 

but also via interacting with other signaling pathways such as NFKB, MAPK, or PI3K [1, 

78]. AP-1 family members can form complexes with a variety of other TFs to carry out 

several biological functions. AP-1 binding sites are present in the promotor region of Cyclin 

D1, a known AP-1 target gene involved in cell cycle progression and is regulated by AP-1 

[66, 78]. Similarly, Cyclin D1 is also regulated by c-MYC [41, 70], suggesting a possible co-

regulation by both AP-1 and c-MYC to induce cell cycle progression. Physical interactions 

between JunD and JunD-dependent genes, can be determined using chromatin 

immunoprecipitation (ChIP) to confirm target genes in continued studies.

We also confirmed regulation of additional cell cycle regulatory genes by JunD. We 

demonstrated in JunD-deficient cells that c-MYC, among other required proteins of cell 

cycle regulation including PRDX3 and CDK2, exhibited a decrease in its protein levels, 

while the overexpression of JunD enhanced their protein levels thereby supporting the 

increase of cell proliferation in PCa cells. Based on genomic studies from NCBI GEO 

datasets (https://www.ncbi.nlm.nih.gov/gds), PRDX3 [79, 80], PEA15 [79, 81], and KIF2C 

[79, 82, 83] were found to be highly expressed during PCa progression and in advanced 

metastatic PCa patient tissue samples compared to normal prostate tissues indicating their 

clinical relevance to cancer progression. Contradictory to these findings, using the TCGA 

database, there were no significant differences in JunD mRNA levels between normal and 

prostate cancer patient tissue samples. Although JunD RNA levels did not change, based on 

our transcriptomic and proteomic data from this study, RNA does not necessarily represent 

the abundance of protein. No previous studies have investigated these differences and it 

would be interesting to see how JunD protein levels in prostate cancer tissue samples 

correlate with JunD-dependent genes identified in this study.

As MYC is activated by several upstream oncogenic signaling pathways, we demonstrated 

that JunD-dependent genes require MYC signaling even in the presence of JunD by treating 
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JunD overexpressing (D1) cells with JQ1, a small molecular inhibitor that targets c-MYC 

[57]. JQ1 has been shown in many studies to selectively down-regulate c-MYC 

transcription, deplete chromatin-bound c-MYC with a down-regulation of MYC-dependent 

target genes, and growth inhibition [56, 57, 84]. We observed that JQ1 treatment 

significantly decreased c-MYC, PRDX3, KIF2C, and CDK2 protein levels and inhibited 

JunD-mediated cell proliferation in PCa cells. Because CDK2 is a positive regulator of the 

cell cycle progression and represents a key downstream mediator of c-MYC-induced 

regulation of cellular proliferation [41, 70], our findings suggest that JunD-mediated cell 

proliferation and the expression of JunD-dependent genes rely on MYC signaling.

MYC can be activated by multiple mechanisms in cancer cells including transcriptional 

regulation, mRNA stabilization, and protein overexpression and stabilization [85]. Studies 

have demonstrated MYC’s regulation in cancers by long noncoding RNAs (lncRNAs) [85, 

86], microRNAs (miRNAs) [87], and by TFs [88, 89]. In line with these findings, our study 

also show that JunD deregulated genes were identified to be involved in some of the top 

mechanistic networks (according to IPA) including RNA processing (DIMT1, EFTUD2, 

HTT, PNN, RPS6/7, PTBP1, RRP1B, and SNRPD1), translational control (EIF1, EIF2AK2, 

ILF3, RPS5, and ANAX2), and protein stability (HSPA8, DNAJA1, USP15, XIAP, NEDD4, 

and ANAPC2). Further studies are needed to understand the regulation of c-MYC by JunD 

at different levels. A key question is how does JunD mediate its effects on c-MYC protein to 

carry out cell proliferation and ultimately PCa progression? One possibility is that the 

overexpression of JunD directly activates its target genes, whose products target c-MYC, 

thereby leading to an increase in c-MYC protein levels which then leads to the activation of 

downstream targets (JunD/c-MYC target genes) (Fig. 9). This cascade of events leads to the 

increase in cell proliferation of PCa cells and the initiation of carcinogenesis (Fig. 9).

Taken together, these results show that JunD is essential for PCa cell proliferation, required 

for the expression of cell cycle-related genes, and it acts upstream of c-MYC which is 

currently recognized as a major factor in the initiation of prostate carcinogenesis. Although 

the majority of research reports related to c-MYC focused primarily on its normal 

physiological functions as well as its overexpression leading to carcinogenesis, our study 

shed light on possible mechanisms involved in upstream regulation of c-MYC by JunD. Our 

data also identified promising JunD target genes that may be required for the upregulation of 

c-MYC protein levels and also genes that function downstream c-MYC, such as PRDX3 to 

promote PCa. Identification of JunD target genes followed by the development of 

approaches to inhibit their expression and/or function will lead to the development of 

therapeutic and chemo-preventive strategies to interfere with deregulation of cell 

proliferation and early stages of carcinogenesis.
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Highlights

• JunD regulates genes required for cell cycle progression in PCa cells.

• JunD knockdown decreases the expression of genes involved in cell cycle 

regulation.

• The cell cycle regulatory JunD dependent genes act upstream and down-

stream of c-MYC.

• JunD effects on cell proliferation are blocked by c-MYC inhibitor.

• Overexpression of JunD increases proliferation and expression of JunD 

dependent genes.
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FIGURE 1. Generation of PC3 JunD Knock-out (KO) cells by CRISPR/Cas9 genome editing.
JunD KO in PC3 cells was confirmed by Western blot analysis (insert). Cell proliferation 

assays were performed to measure (A) cell growth (4 days) and (B) growth curve (1–8 days) 

of PC3-JunD KO cells (JunD sg1/2–1) and compared with PC3 WT (control cells). C. Cell 

size was determined by Image J (left panel) and visualized by staining cells with DAPI 

(nuclei) and Phalloidin (actin filaments), right panel. The statistical analyses were performed 

by one-way ANOVA analyses and Tukey Multiple Comparison test. Each bar represents 

Mean ± SEM (n=3) *p<0.001.
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FIGURE 2. Schematic diagram showing procedures used to examine differential gene expression 
and protein levels following JunD knock-down in PC3 cells.
Following JunD knock-down by siRNA and verification by western blot analysis, PC3-JunD 

knockdown and siControl lysates were subjected to Microarray and Proteomic analysis. 

Differentially expressed molecules were selected based on fold change increase or decrease 

in their expression (p<0.05).
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FIGURE 3. Overview of microarray and proteomic pathway analyses from PC3 cells ± JunD.
A. Putative probes regulated by JunD were identified from genes upregulated/downregulated 

at least 2-fold in PC3 cells after JunD knockdown compared with siControl cells. P < 0.05 

was considered as significant enrichment. B. Heatmap of differentially expressed genes (F.C 

=1.1, p<0.01). C. A RNA microarray analysis showing the top 10 downregulated genes in 

PC3-JunD deficient cells which are also involved in cell cycle regulation. D. Cell Cycle 

Control/Regulation was one of the top pathways whose members exhibited gene expression 

downregulation after JunD knock-down in PC3 cells, according to Ingenuity Pathway 

Analysis (IPA). Pathways with p-values < 0.05 were considered significantly enriched. E, F. 
IPA upstream pathway analysis of mass spectrometry proteomic data revealed that MYC, a 

known master regulator of cell cycle, is one the top upstream regulator of JunD targets. 

*Green and red color in F indicates a downregulation or upregulation of protein levels, 

respectively, as a result of MYC inhibition.

Elliott et al. Page 25

Cancer Lett. Author manuscript; available in PMC 2020 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. Integrating genomics and proteomic analyses by Ingenuity Pathway analysis.
A. Venn Diagram representing pair-wise comparison of microarray and proteomics 

molecules that were significantly downregulated (p<0.05). The overlap represents the 

common molecules (115) identified by both microarray and proteomic analyses, and 75 of 

those genes being cell cycle-related. The top 10 down-regulated molecules for each category 

are listed below its respective group. B. JunD targets are involved in cell cycle regulation 

and are associated with MYC pathway, according to IPA.
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FIGURE 5. Validation of the expression of the integrated genes and proteins identified.
Validation of the Microarray results of selected genes from JunD knockdown by qPCR 

analysis of JunD, PRDX3, CDK2, CDK4, EIF1, KIF2C, and PEA15 gene expression after 

JunD knockdown in A. PC3 and B. DU145 cells. C. Protein levels determined by Western 

blot analysis D. Quantitative analysis of relative protein levels. Normalization was 

performed relative to the signal obtain with α-Tuburalin. Each bar represents Mean ± SEM 

(n=3). Astericks represent significantly different from control groups (**p<0.01, *p<0.05). 

Statistical significance was determined by One Way ANOVA and Duncan’s Pairwise 

Multiple Comparison Method.
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FIGURE 6. JQ1, a c-MYC inhibitor, suppresses JunD-mediated cell proliferation and JunD 
dependent genes’ protein levels.
A. DU145 cells overexpressing JunD (D1) and DU145 cells containing an empty vector 

(V6), pcDNA3.1 were plated and allowed to grow for 72 hrs, followed by cell counting. 

Statistical significance was determined using Student’s t-Test (p<0.001). B. Western blot 

analyses confirming JunD overexpression in D1 cells (insert) and the protein levels of JunD 

dependent genes. α-Tubulin was used as a loading control. C. Cells treated with JQ1 (5μM) 

were subjected to cell proliferation assays, and D. western blot analysis for JunD dependent 

genes. Statistical significance (*p<0.001) for (C) was determined by one-way ANOVA and 

Duncan’s Pairwise Multiple Comparison Method.
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FIGURE 7. PRDX3 is required for cell proliferation of PC3 and DU145 cells.
PC3 and DU145 cells were transfected with either control or PRDX3 siRNA to knock-down 

the expression of PRDX3. Bar graph shows cell proliferation after transfections with control 

(siControl) or PRDX3 siRNA. Each bar represents Mean ± SEM (n=3). *The Student t-test 

was used to determine the significant difference from respective control groups (p <0.05). 

Levels of PRDX3 after transfection with siControl and PRDX3 siRNA were determined by 

western blot analysis (insert).
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FIGURE 8. Analyzing JunD gene expression using The Cancer Genome Atlas (TCGA) Prostate 
Cancer samples.
A. The expression levels (RNA-seq data) of JunD in normal prostate tissues compared with 

human prostate cancer (primary tumors) in TCGA database. Significance was determined 

using one-way ANOVA. B. The expression levels of selected JunD dependent genes (MYC, 

PRDX3, CDK2, KIF2C, PEA15, and EIF1) were examined in primary tumor samples with 

high JunD levels (n=71), indicated by the red color. C. Box plot showing the percentage (%) 

of high JunD primary tumors that also exhibited an increase in specific JunD dependent gene 

expression.
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FIGURE 9. Proposed model for JunD mediated carcinogenesis in prostate cancer cells.
Schematic model indicating that JunD activates its dependent genes (JunD target genes), 

whose products target c-MYC which then leads to the activation of downstream targets 

(JunD/c-MYC target genes) that in turn induce cell proliferation of prostate cancer cells and 

carcinogenesis.
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Table 1.

Summary of Ingenuity Pathway Analysis.

Pathway Analysis P-value

Top Canonical Pathways

EIF2 Signaling 5.30E-09

Regulation of eiF4 and p70S6K Signaling 1.32E-06

Cell Cycle Control of Chromosomal Replication 1.55E-06

Top Upstream Regulators

MYC 1.13E-10

E2F1 1.71E-09

sirolimus 1.76E-06

Top Molecular and Cellular Functions

RNA Post-Transcriptional Modification 2.10E-04 – 3.84E-11

Cell Death and Survival 7.01E-03 – 4.77E-10

Cell Cycle 7.01E-03 – 6.80E-9

Protein Synthesis 8.29E-04 – 1.72E-07

Top Diseases

Cancer 7.01E-03 – 2.31E-08

Organismal Injury and Abnormalities 7.01E-03 – 2.31E-08

Tumor Morphology 6.35E-03 – 2.31E-08

Top Networks

Cell Morphology, Cellular Function and Maintenance

Cell Cycle, Cell Death and Survival, Cellular Assembly and Organization

Protein Synthesis, RNA Post-Transcriptional Modification

The includes shared analysis between Microarray and Proteomics ± JUND of down-regulated (p<0.05) molecules.
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