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Abstract

The combined loss of CHD1 and MAP3K7 promotes aggressive prostate cancer (CaP) by 

unknown mechanisms. Because these genes are both lost genetically in CaP, they cannot be 

directly targeted. We applied an established computational systems pharmacology approach 

(TRAP) to identify altered signaling pathways, and associated druggable targets. We compared 

gene expression profiles of CaP with co-loss of CHD1 & MAP3K7 with CaP diploid for these 

genes using TCGA patient samples. This analysis prioritized druggable target genes that included 

CDK1 and CDK2. We validated that inhibitors of these druggable target genes, including the 

CDK1/ CDK2 inhibitor dinaciclib, had anti-proliferative and cytotoxic effects selectively on 

mouse prostate cells with knockdown of Chd1 and Map3k7. Dinaciclib had stronger effects on 

prostate cells with suppression of Map3k7 independent of Chd1 and also compared to cells 

without loss of Map3k7. Dinaciclib treatment reduced expression of homologous recombination 

(HR)-repair genes such as ATM, ATR, BRCA2, and RAD51, blocked BRCA1 phosphorylation, 

reduced RAD51 foci formation, and increased γH2AX foci selectively in prostate cells with 

suppression of Map3k7, thus inhibiting HR repair of chromosomal double strand breaks. 

Dinaciclib-induced HR disruption was also observed in human prostate cells with knockdown of 

MAP3K7. Co-treatment of dinaciclib with DNA damaging agents or PARP inhibitor resulted in a 

stronger cytotoxic effect on prostate cells with suppression of MAP3K7 compared to those without 

loss of MAP3K7, or to each single agent.
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Introduction

Prostate cancer (CaP) is characterized by large genomic rearrangements including 

translocations, copy number losses and gains (1). MAP3K7 is deleted in 30–40% of primary 

prostate cancer (homozygous and heterozygous deletion combined), (2,3). Loss of the 

Chromodomain Helicase DNA-binding protein 1 (CHD1) gene (located on 5q21.1), which 

occurs in 20–30% of CaP (4,5), is associated with an increased frequency of copy number 

alterations (CNAs) and massive genomic rearrangements, termed chromothripsy (4). Not all 

of the CNAs associated with loss of CHD1 are random (4). CHD1 loss is significantly 

associated with loss of MAP3K7 (located on 6q15.1), which encodes TGF-β activated 

kinase 1 (TAK1) (4) (p < 0.001; Fisher’s exact test). Homozygous or heterozygous deletion 

of MAP3K7 in primary CaP is significantly correlated with high Gleason grade tumors 

(2,3). We previously demonstrated that genomic deletion of CHD1 and MAP3K7 correlates 

with their respective mRNA expression in multiple patient cohorts and that low mRNA 

expression is correlated with poor disease free survival (5). We recently demonstrated that 

MAP3K7 is a prostate tumor suppressor and that co-loss with CHD1 promotes aggressive 

CaP (3,5). The CHD1 gene encodes a histone-associated protein that is required for DNA 

double strand break repair and CHD1 depletion enhances PARP inhibitor therapy (6). 

MAP3K7 encodes MAP kinase kinase kinase 7 that is immediately downstream of cytokine 

and stress response pathways. Loss of these two tumor suppressors represents a molecularly 

defined sub-type of aggressive CaP with unknown therapeutic sensitivities. Because these 

genes are both lost genetically in CaP, they cannot be directly targeted. Therefore, the 

pathways that are altered must be characterized to identify therapeutic vulnerabilities.

To identify potential signaling pathways altered in CaP with loss of CHD1 & MAP3K7 we 

applied an established computational systems pharmacology approach, Transcriptional 

Regulatory Association with Pathways (TRAP) (7), to gene expression data in The Cancer 

Genome Atlas (TCGA) (8). Through this approach, we identified a number of altered 

signaling pathways and a set of predicted druggable targets. We investigated several targets 

in prostate cells with suppression of CHD1 & MAP3K7 expression and identified several 

promising drugs, including dinaciclib, a multiple cyclin dependent kinase (CDK) inhibitor. 

We showed that loss of MAP3K7 was the main contributing alteration driving increased 

sensitivity to these drugs, and that treatment with a CDK inhibitor paired with either PARP 

inhibitor or DNA damaging agents resulted in potent cell death in cells with loss of 

MAP3K7.

Materials and Methods

Agents—All drugs were purchased from Selleckchem except for docetaxel which was 

purchased from Sigma-Aldrich.
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Cell Culture—All cell lines were routinely tested for mycoplasma contamination by DAPI 

staining and PCR. LNCaP cells were obtained from American Type Culture Collection and 

used below passage 50. LNCaP cells were validated by spectral karyotyping. Generation and 

maintenance of WFU3 mouse prostate epithelial progenitor/stem cells were described 

previously (9). Wild-type WFU3 cells generate benign ductal structures and represent a 

clean model to dissect the contributions of specific genetic alterations to therapeutics and 

signaling (5,9). LNCaP cells were maintained as described previously (5). Generation of 

shControl, shMAP3K7, shCHD1, and shDouble cell lines in WFU3 and LNCaP was 

described previously (5). BHPrE1 cells, a spontaneously immortalized benign prostate cell 

line that generates benign ductal structures in vivo, were a generous gift from Simon 

Hayward (10). As there is no record of prior spectral karyotyping, we validated that BHPrE1 

cells had a unique karyotype. BHPrE1 cells were maintained and cultured in DMEM/F12 

with 1% insulin-transferrin selenium (Gibco, #41400045), 1% bovine pituitary extract 

(Hammond Cell Tech, #1078-NZ),10 μg/mL EGF (Corning, #354001), 1% Penicillin/ 

Streptomycin (Thermo Fisher Scientific, #15140122) and 5% fetal bovine serum (Gemini 

Bio-Products, #100–106). Generation of shControl and shMAP3K7 BHPrE1 cell lines was 

performed as follows. For knockdown (KD) of MAP3K7, cells were subjected to lentiviral 

transduction, infection with shMAP3K7-puro or shControl-puro lentiviruses. Production of 

lentivirus for these shRNA plasmids was described previously (5). Cells were infected with 

lentivirus in growth media containing 8 μg/ml polybrene and selected with 12 μg/ml 

puromycin (Sigma, #9620) after 48h. Cells were maintained in medium with 12 μg/ml 

puromycin.

Cell Proliferation and Cell Death Assay—Cells were cultured at 37°C and 5% CO2 

and seeded at 1000 cells (WFU3), 4000 cells (BHPrE1 and LNCaP) per well in a 96-well 

plate (Costar). Cells were cultured at 37°C and 5% CO2 in an IncuCyte Zoom Live Cell 

Analysis system (Essen BioScience). Cells were exposed to drugs for up to 48hr for WFU3, 

36hr for LNCaP, and 72hr for BHPrE1 in normal growth medium with or without 125 ng/ml 

of Annexin V (CF488® Annexin V, Biotium #29005 for WFU3, or CF®633 Annexin V, 

Biotium #29008 for LNCaP and BHPrE1) and/or 1.0μg/ml of Propidium iodide (PI) 

(Biotium, #40016), and images were captured at 2-, 3-, or 4-hr intervals using a 4x objective. 

Each experiment was done in triplicate unless otherwise indicated. After monitoring in the 

Incucyte Zoom, cell proliferation assay for BHPrE1 was performed using CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega G7572) following the manufacturer’s protocol 

and luminescence was read using a Modulus Microplate reader. For WFU3 and LNCaP, cell 

proliferation was determined by the percent confluence of each well using Incucyte Zoom 

scanning. The proportion of cells per treatment group was normalized to control wells when 

indicated. Annexin V and PI positive cell counts were normalized to percent confluence in 

each well.

Cell cycle analysis and cell sorting—Staining of cells for cell cycle analysis was 

performed as described previously (11). Briefly, WFU3 (2–5 ×105) and BHPrE1 cells 

(1×105) were seeded in a six-well plate and incubated overnight. WFU3 cells were exposed 

to vehicle, olaparib 10μM, dinaciclib 60nM, or the combination of these drugs for 24hr prior 

to collection. BHPrE1 cells were exposed to vehicle, docetaxel 1nM, dinaciclib 4nM, or the 
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combination of these drugs for 24hr prior to collection. Cells were washed once with PBS, 

pelleted, and vortexed before adding 1 ml Krishan stain solution (11). Cells were vortexed 

again and incubated overnight at 4°C before analysis with a Gallios instrument using CXP 

software (Beckman Coulter, Brea, CA). 10,000 events were acquired for each sample and 

the percent of cells in G1, S, and G2/M phases was determined with ModFit LT v4.0.5 

software (Verity Software House, Topsham, ME)

Cell sorting for the cell cycle phases was performed as follows. WFU3 cells (0.3–2×106) 

were seeded in a 15cm dish and incubated overnight. Cells were exposed to vehicle, or the 

combination of dinaciclib and olaparib for 36hr prior to collection. Cells were washed once 

with PBS, pelleted, and vortexed before adding Hoechst33342 (Thermo Fisher Scientific, 

#H3570). Cells were incubated in medium containing 60 μg/ml of Hoecht33342 for 45 

minutes with rocking in an incubator. Around four million cells in each condition were 

sorted based on G1, S, and G2/M phases, respectively, using UV laser with MoFlo XDP70 

(Beckman Coulter, Brea, CA). Collected cells were harvested and proteins were isolated.

Immunoblotting—Standard techniques were used for protein isolation, quantification, and 

immunoblotting. Antibodies used were: MAP3K7 (Cell Signaling Technology, #4505), 

CHD1 (Bethyl Laboratories, #A301–218A), BRCA2 (Thermo Fisher Scientific, #MA5–

23942), Phospho-BRCA1 (Ser 1524) (Thermo Fisher Scientific, #PA5–17503), RAD51 

(Abcam, #ab88572), Anti-phospho-Histone H2A.X (Ser139) (Millipore, #JBW201), p53 

(Santa Cruz Technology, #sc-6243), Phospho-ATR (Ser428) (Cell signaling Technology, 

#2853), ATR (Thermo Fisher Scientific, #PA1–450), ATM (Cell signaling Technology, 

#2873), Caspase 3 (Cell signaling Technology, #9662), Cleaved caspase 3 (Asp175) (Cell 

signaling Technology, #9661), βActin (Cell signaling Technology, #3700), α-tubulin (Cell 

Signaling Technology, #2144), goat anti-rabbit-HRP (Santa Cruz, #sc-2004), and goat anti-

mouse-HRP (Santa Cruz, #sc-2005). Where appropriate, bands were quantified using 

ImageJ (NIH, Bethesda, MD).

Annexin V and PI assay using Flow Cytometry—WFU3 cells were seeded at 2–5 × 

105 in a six-well plate or 15 × 105 in a 60mm dish and incubated overnight. Cells were 

exposed to either vehicle, or the combination of these drugs for 48hr prior to collection. 

Cells were harvested and stained using Annexin V-APC Detection kit from BioTool 

(#B32117) according to manufacturer’s instructions. Flow data was acquired on a Gallios 

(Beckman Coulter) and analyzed using Summit v5.1 (Beckman Coulter, Fort Collins, CO).

Immunofluorescence assay—Methods for immunofluorescence assay were performed 

as described previously (12). WFU3 cells (1–6 ×105) and BHPrE1 cells (3–6×105) were 

seeded on coverslips in a twelve-well plate and incubated overnight. WFU3 cells were 

exposed to vehicle, olaparib 5μM, dinaciclib 60nM, or the combination of these drugs for 

12hr for the RAD51 foci assay and 36hr for the γH2AX foci assay prior to harvest. BHPrE1 

cells were exposed to vehicle, docetaxel 0.5nM, dinaciclib 4nM, or the combination of these 

drugs for 24hr prior to harvest. Immunoreaction was performed using the RAD51 antibody 

(Santa Cruz Technology, #sc-398587, 1:100) overnight at 4°C or Anti-phospho-Histone 

H2A.X (Ser139) (Millipore, #JBW301. 1:500) for 1hr at room temperature (RT). Cells were 

washed three times with PBS before incubating with secondary antibody, Alex Fluor594, 
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goat anti-mouse anti-mouse IgG (H+L) (Thermo Fisher Scientific, # A11005, 1:250 for 

RAD51 and 1:500 for ɤH2AX), for 1hr at RT. After washing three times, the coverslip was 

mounted onto a microscope slide using VECTASHIELD with DAPI (Vector Laboratories, 

#H-1200). Images were acquired with a Nikon DS-Ri2 confocal laser-scanning microscope 

with a 40 × objective lens. For quantitative analysis, software for automatic focus counting 

was used to count ɤH2AX and RAD51 foci as described previously (13). More than 100 

cells from each group were chosen at random, and nuclei were counted to determine the 

percent positive for RAD51 or ɤH2AX based on a threshold of 5 or greater foci per nucleus.

TRAP analysis—TRAP is an algorithm that was first described by Kwong, Costello and 

colleagues (7) to identify gene-to-pathway transcriptional regulatory relationships using 

mouse data. Here, we developed a separate application of TRAP to evaluate human data. We 

first compiled a human gene expression compendium of 3,531 human gene expression 

profiles on the Affymetrix HG133plus2.0 platform. Raw, human gene expression files 

(.CEL) were downloaded from either Gene Expression Omnibus (GEO) (https://

www.ncbi.nlm.nih.gov/pubmed/23193258) or ArrayExpress (https://academic.oup.com/nar/

article/47/D1/D711/5144130). We preferentially selected experiments with multiple samples 

per condition and sampled a diversity of treatment conditions, cell lines and tissues. Arrays 

were batch normalized using RMAexpress (14) with background adjustment, quantile 

normalization and median polish summarization. Probesets were mapped to HGNC gene 

symbols using Ensembl (v81) annotations from the BioMart online resource (https://

www.ensembl.org/biomart). Multiple probesets mapping to the same gene were averaged. 

This final gene expression compendium matrix, M, is the input to define the TRAP network. 

Druggable genes were defined using DGIdb (downloaded Oct 16, 2016) (15); these genes 

were selected from M to define M1. Canonical pathways were defined using the C2.CP gene 

set collection from MSigDB (v6.0) (15). The average expression of genes in each gene set 

was calculated using the M - M1 matrix. The new pathway expression matrix M2 was then 

concatenated with M1 to create M′, where the columns are samples and the rows are 

druggable genes or canonical pathways. We calculated mutual information between all 

druggable gene/canonical pathway pairs in M′. Each value, xi,j, in row i was z-score 

normalized (
xi, j − μi

σi
) to create Mr′. Each value, xi,j, in row j was z-score normalized 

(
xi, j − μj

σj
) to create Mc′. These two matrices were subsequently combined to create the TRAP 

matrix, MT, where the z-scored value for the interaction between druggable gene, i, and 

canonical pathway, j, from Mr′,  zi, jr , was combined with the z-scored value for the 

interaction between druggable gene, i, and canonical pathway, j, from Mc′,  zi, jc , using 

Stouffer’s method (i.e. 
zi, jr + zi, jc

2 ). We set the combined z-score threshold at 4 to arrive at a 

final set of significant relationships that define the TRAP network (7846 edges and 1636 

nodes: 691 pathways, 945 druggable genes; supplemental Table 1). The TRAP network 

established the background for which we used to identify druggable targets specific to 

patients with primary prostate tumor defined by the loss of CHD1 & MAP3K7.
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To prioritize druggable targets, we first identified patient tumor samples from TCGA 

(n=499) that had co-loss (homozygous or heterozygous deletion) of CHD1 & MAP3K7 and 

patient tumors that were diploid at CHD1 & MAP3K7 [8]. Additionally, since the co-loss of 

CHD1 & MAP3K7 is mutually exclusive of ETS transcription factor fusions, we only 

considered tumors that were negative for ETS fusions. In total, we identified 69 patients with 

loss of CHD1 & MAP3K7 (and were ETS fusion negative) and 111 patients that were 

diploid for CHD1 & MAP3K7 (and were ETS fusion negative). Transcript counts were 

downloaded from Gene Expression Omnibus (accession number GSE62944) (16) and 

normalized using the calcNormFactors function in the limma R package (17). Genes were 

ranked according to their log-fold change between the two patient groups (supplemental 

Table 2). We ran GSEA in the preranked mode on this ranked list of genes using the C2.CP 

gene sets (v6.0) (supplemental Table 3) (18,19). The significantly up-regulated pathways 

(enriched in co-loss patients compared to diploid; FDR < 0.05) were mapped to the TRAP 

network and the first neighbors were selected to define a subnetwork of druggable genes-to-

differentially up-regulated pathways (supplemental Table 4). Using this subnetwork and the 

full TRAP network, weighted degree centrality was calculated for both networks according 

to Opsahl et al. (20). To briefly summarize, the weighted average of the edges connecting 

each node (weighted degree centrality) in the subnetwork is calculated and then compared to 

the weighted degree centrality in the full TRAP network. The difference from the 

subnetwork to the full network defines the gain in centrality, which is the measure used to 

prioritize gene targets (supplemental Table 5). In addition to comparing patients with co-loss 

of CHD1 & MAP3K7 to patients diploid at those loci, we performed GSEA analysis on 

patients that had loss of CHD1 alone (n=14) and loss of MAP3K7 alone (n=53), compared 

to patients diploid at both loci (n=111) following the same procedure previously described.

RNAseq in WFU3—1.5 million shControl, shChd1, shMap3k7 or shDouble WFU3 cells 

were plated onto 10cm dishes in complete growth medium. Twenty-four hours later RNA 

was isolated using 5prime Perfect RNA Cell kit (Fischer Scientific) according to the 

manufacturer’s protocol. After quality control, RNA samples were sequenced by Novagene 

using the Illumina Novoseq 6000. PE150 reads were generated at an estimated 20 million 

reads per sample. Raw reads (fastq files) were mapped to the Ensembl v90 transcriptome of 

the Mus musculus genome build GRCm38 using Bowtie2 with the parameter settings ‘--

sensitive --dpad 0 --gbar 99999999 --mp 1,1 --np 1 --score-min L,0,−0.1 --no-mixed --no-

discordant’; transcripts were quantified using the rsem-calculate-expression function in 

RSEM (21,22). A summary and details of sequence report are in supplemental Tables 6–8. 

Genes that had an average count of less than 5 across all replicates were removed. The log-

fold change was calculated for each gene using the voom workflow in the limma R package 

(17). Using the same C2.CP gene set collection (v6.0) as was used in the analysis of TCGA 

patient samples, we performed GSEA on the shDouble, shChd1, or shMap3k7 compared to 

WFU3 shControl cells. For this analysis, mouse gene symbols were mapped to human gene 

symbols using the vertebrate homology mapping supplied by the Mouse Genome 

Informatics resource (http://www.informatics.jax.org/downloads/reports/index.html).

Statistical analyses—Statistical analyses were performed with GraphPad Prism V7 

(GraphPad). Two-way ANOVA with Sidak’s multiple comparisons test, Tukey’s multiple 
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comparisons test, or Dunnet’s multiple comparisons test was used to analyze two different 

categorical independent variables. IC50 was determined using the four-parameter logistic 

model and comparison of curves was performed using extra sum-of-square F test of logIC50 

and hill slope. The synergism between the two drugs was assessed using CalcuSyn V2 

(Biosoft). Two-tailed p <0.05 was considered statistically significant. Data are shown by 

mean ± SE unless otherwise indicated.

Results

Identification of Therapeutic Targets using TRAP

Because both CHD1 and MAP3K7 are genetically deleted in prostate cancer, they can’t be 

directly targeted. Therefore, we used a computational systems pharmacology approach 

(TRAP) to identify targetable pathways that are modulated in prostate cancer with loss of 

CHD1 and MAP3K7. Fig 1A provides an overview of TRAP (7) with details described in 

the Methods section. The goal of TRAP is to prioritize druggable genes highly connected to 

pathways that are dysregulated in a given experiment. A compendium of 3,531 diverse 

human gene expression profiles was compiled and strength of connections between 

druggable genes and canonical pathways calculated using mutual information, where 

significant edges define the TRAP network (supplemental Table 1). This network is the 

background for which we compare the following CHD1 & MAP3K7 expression profile. 

Because CHD1 & MAP3K7 are mutually exclusive of the ERG, ETV1, ETV4, or FLI1 
transcription factor fusions (5), we compared gene expression profiles from TCGA patient 

tumors with co-loss of CHD1 & MAP3K7 and were ETS transcription factor fusion negative 

(n = 69) to tumors diploid for CHD1 & MAP3K7 and were also ETS fusion negative 

(n=111) (supplemental Table 2), then used GSEA to identify dysregulated pathways 

(supplemental Table 3) (18,19). A total of 65 pathways were significantly differentially up-

regulated (FDR < 0.05). We mapped these pathways to the TRAP network and by selecting 

the directly connected neighbors, we created a subnetwork of druggable targets connected to 

the 65 pathways specific to patients with loss of CHD1 & MAP3K7 (Fig 1B and 

supplemental Table 4). By identifying the most central genes in this subnetwork, we were 

able to calculate a prioritization score to each gene target (supplemental Table 5). The top 20 

druggable gene targets identified by TRAP are shown in Fig 1C, along with the fold changes 

in gene expression for the associated genes from TCGA patient tumors (supplemental Table 

2) and the WFU3 cells (supplemental Table 8) that we describe next to evaluate target hits.

In vitro validation of TRAP predictions

To model CaP with loss of CHD1 and MAP3K7 expression, we used a previously 

characterized mouse prostate stem cell line (WFU3) (9) with stably expressing shRNAs 

against Chd1 and Map3k7 (5). These cells have been extensively characterized in vitro and 

in vivo for their tumorigenic phenotypes (5). We compared WFU3 cells with shRNAs 

targeting both Chd1 & Map3k7 (shDouble) to control cells with scrambled shRNAs 

(shControl). The knockdown status of Map3k7 and Chd1 is shown in supplemental Fig 1A. 

To assess if similar pathways are modulated in WFU3 cells with suppression of Chd1 and 

Map3k7 to those of patient samples, we generated RNAseq data from WFU3 shDouble and 

shControl cells (supplemental Table 7 and 8) and ran GSEA to identify differentially 
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expressed pathways (supplemental Table 9). Of the 65 differentially up-regulated pathways 

identified from TCGA data, 63 were found in the mouse results, and 56 of the 63 pathways 

were also up-regulated in the shDouble WFU3 cells compared to WFU3 shControl cells. In 

total, 18 gene sets were significantly up-regulated (FDR < 0.05) comparing shDouble to 

shControl in the WFU3 cells with 12 overlapping the 63 pathways (p = 1.7e-11; Fisher’s 

exact test) from the human data (supplemental Table 3 and 9). This comparison of human 

and mouse expression profiles supports the WFU3 cells as being a strong model of the 

human prostate tumor biology, and thus a representative model to assess therapeutic 

targeting.

We initially selected a CDK-1/ −2 inhibitor for testing because CDK1 and CDK2 are central 

to the TRAP network and are also upregulated in primary patient tumors with co-loss of 

CHD1 & MAP3K7, as well as in WFU3 shDouble cells (Fig 1C). Additionally, we screened 

several selective inhibitors for target genes among the top TRAP hits (Fig 1C). We also 

screened olaparib, a PARP inhibitor, because this drug has been shown to directly affect the 

responsiveness of CaP cells with loss of CHD1 (6). As shown in Fig 1D and supplemental 

table 10, CDK-1/ −2 inhibitor (dinaciclib [IC50 86.80 vs 52.85nM in WFU3 shControl vs 

shDouble, p<0.0001]), Chk-1/ −2 inhibitors (MK8776 [IC50: 13.99 vs 3.177μM, p<0.0001] 

and AZD7762 [IC50: 3.629 vs 0.5672μM, p=0.0010]), BIRC5 inhibitor (YM155 [IC50: 

880.6 vs 118.6nM, p<0.0001]), docetaxel (IC50 18.84 vs 4.627nM, p<0.0001), TOP2A-

inhibitors (doxorubicin [IC50: 193.1 vs 44.43nM, p<0.0001] and etoposide [IC50: 0.5596 vs 

0.3712μM, p=0.1329], and PARP inhibitor (olaparib [IC50: 31.53 vs 15.01μM, p=0.0002]) 

had increased potency on WFU3 shDouble compared to shControl. As negative controls, we 

assessed the efficacy of cisplatin and temozolomide, both of which were not predicted in the 

TRAP analysis and showed no effect on WFU3 shDouble compared to shControl 

(Supplemental Table 10).

Loss of MAP3K7, but not CHD1, sensitized the effect of dinaciclib through disruption of 
homologous recombination

We next asked if loss of either Map3k7 or Chd1 individually was the main driver to increase 

the sensitivity to dinaciclib in WFU3. Cells with knockdown of Chd1 alone did not show 

any increase in sensitivity to dinaciclib relative to shControl cells (Fig 2A). In contrast, cells 

with knockdown of Map3k7 were more sensitive to dinaciclib, similar to that of shDouble 

cells (Fig 2A). Importantly, knockdown of Chd1 did not alter/reverse the sensitizing effects 

of knockdown of Map3k7 (shDouble cells respond similar to shMap3k7 cells). Dinaciclib is 

a multiple cyclin dependent kinase (CDK) inhibitor, and recent studies have revealed a 

critical role for CDKs in regulating homologous recombination (HR) (23). We tested 

whether dinaciclib disrupted HR in WFU3 cells. Dinaciclib decreased BRCA1 

phosphorylation and the expression of ataxia-telangiectasia mutated kinase (ATM), BRCA2 

and RAD51 in shMap3k7 and shDouble cells compared to shControl and shChd1 cells (Fig 

2B and supplemental Table 10A). The decrease in HR-related proteins was accompanied by 

induction of ɤH2AX and p53 in shMap3k7 and shDouble cells but not in shControl and 

shChd1 cells (Fig 2B and supplemental Table 11A). These results are consistent with the 

stronger effects of dinaciclib on cells with loss of Map3k7 (Fig 2A). The time dependent 

decrease of BRCA2 and RAD51 started by 3 to 6hr after dinaciclib treatment in WFU3 
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shMap3k7 while p53 induction started by 3hr and ɤH2AX induction was observed at 24hr 

(supplemental Fig 2A and 2B). The knockdown of Chd1 alone showed increased sensitivity 

to doxorubicin, etoposide, and olaparib compared to control; however the drugs’ sensitizing 

effects were greater with suppression of Map3k7 compared to Chd1 suppression 

(supplemental Fig 3). In addition, the knockdown of Map3k7 sensitized WFU3 cells to 

docetaxel, but the knockdown of Chd1 did not have an effect (supplemental Fig 3).

We found a strong similarity of drug sensitivity and dinaciclib-induced HR disruption in 

WFU3 shMap3k7 and shDouble, but differences comparing the WFU3 shChd1 cells to the 

shDouble and shMap3k7 cells. To further investigate these differences, we compared gene 

expression patterns across these cells and also across TCGA primary prostate tumor with 

loss of CHD1, MAP3K7 and the combination. We found a strong correlation in altered 

pathways between TCGA co-loss and MAP3K7 loss alone (r = 0.85) and between WFU3 

shDouble and shMap3k7 (r = 0.97) whereas altered pathways between WFU3 shChd1 and 

shDouble were quite different (Fig 2C). We found strong correlations between TCGA co-

loss with WFU3 shDouble (r = 0.49) and with shMap3k7 (r = 0.49) (Fig 2C, and 

supplemental Table 2 and 8), further supporting the WFU3 cells as a reliable model of 

human disease. We also found a higher frequency of overlaps of up-regulated pathways 

between TCGA co-loss and MAP3K7 loss alone, and between WFU3 shDouble and WFU3 

shMap3k7 compared to that between TCGA co-loss and CHD1 loss alone, and between 

WFU3 shDouble and shChd1 (Fig 2D and 2E). The expression patterns show that the 

shDouble and shMap3k7 are very similar, while the shChd1 expression pattern is quite 

different. These data suggest that the expression patterns and drug sensitivities are driven by 

loss of Map3k7.

We next considered whether disruption of HR by dinaciclib was observed in human prostate 

cells as well. To this end, we used the BHPrE1 non-tumorigenic human prostatic epithelial 

cell line. BHPrE1 cells display epithelial intermediate/transit amplifying cell characteristics 

and were generated without external DNA or viral modification (10). The knockdown of 

MAP3K7 was done using previously validated shRNA targeting MAP3K7 (5). We compared 

the shMAP3K7 cells to cells stably expressing a non-targeting control shRNA (shControl) 

(supplemental Fig 1B). Loss of MAP3K7 by itself caused a slight increase in Annexin V and 

PI positive cells in the condition without drugs (supplemental Fig 1C). Suppression of 

MAP3K7 augmented the anti-proliferative effects and potency of dinaciclib in BHPrE1 

(IC50: 6.567 vs 5.881nM in BHPrE1 shControl vs shMAP3K7, p<0.05, Fig 3A). The IC50 of 

dinaciclib in BHPrE1 shMAP3K7 (5.881nM) was much lower than that in WFU3 shMap3k7 

(51.77nM). Suppression of MAP3K7 by itself increased the HR-related proteins (Fig 3B, 

supplemental Table 11B, and supplemental Fig 4). Dinaciclib decreased phosphorylation of 

Ataxia Telangiectasia and Rad3-related protein (ATR) and BRCA1. Dinaciclib also 

decreased expression of ATR, ATM, BRCA2, and RAD51, and this decrease in ATR, ATM 

and BRCA2 was more prominent in BHPrE1 shMAP3K7 compared to shControl. These 

results were accompanied by an increased induction of ɤH2AX (Fig 3B and supplemental 

Table 11B). Because p53 was already stabilized in BHPrE1 (10), p53 did not increase in 

response to dinaciclib. The prominent decreases of HR-related proteins, with induction of 

ɤH2AX in BHPrE1 shMAP3K7 compared to shControl were mostly consistent with WFU3 

cells, with some differences between BHPrE1 and WFU3 cells: e.g. dinaciclib-induced 
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RAD51 decrease was similar in BHPrE1 shControl and shMAP3K7 in contrast to the 

prominent decrease of RAD51 in WFU3 with knockdown of Map3k7 compared to WFU3 

shControl. The decrease of ATR expression by dinaciclib was observed in BHPrE1, but not 

in WFU3 cells.

Dinaciclib augmented the effect of DNA damaging agents in prostate cells with loss of 
MAP3K7

In the absence of HR, DNA double strand breaks persist ultimately resulting in cell death 

unless repaired by error-prone non-homologous end joining mechanisms (24–26). We asked 

whether dinaciclib-induced disruption of HR sensitizes the cells to the effects of DNA 

damaging agents including inhibition of PARP. Dinaciclib augmented cytotoxic and anti-

proliferative effects of doxorubicin, etoposide, docetaxel, and olaparib in WFU3 shMap3k7 

whereas this effect of dinaciclib on each DNA damaging agent was less evident in WFU3 

shControl (Fig 4A–B, supplemental Fig 5 and supplemental table 12A–B). In BHPrE1, 

dinaciclib increased the cytotoxic effects of doxorubicin, etoposide, docetaxel, and olaparib. 

Dinaciclib’s augmentation of the cytotoxic effect of docetaxel, doxorubicin, and olaparib, 

but not etoposide, was more prominent in BHPrE1 shMAP3K7 compared to BHPrE1 

shControl (Fig 4C–D, Supplemental Table 12 C–D). The combination of dinaciclib with 

olaparib had less cytotoxicity compared to dinaciclib single agent in BHPrE1 (Fig 4C–D, 

Supplemental Table 12 C–D), which was inconsistent with the WFU3 results in which the 

combination therapy induced an obvious increase of cytotoxicity (Fig 4A–B, Supplemental 

table 12A–B).

Synergistic cytotoxic and anti-proliferative effects between dinaciclib and olaparib

We focused on the combination of dinaciclib and olaparib because there were obvious 

synergistic anti-proliferative and cytotoxic effects between the two drugs in WFU3 cells 

with loss of Map3k7 (Fig 4A–B, 5A, supplemental Fig 5D, and supplemental Table 13A). In 

cell cycle analysis, the combination of dinaciclib and olaparib increased G2/M in WFU3 

shMap3k7 compared to WFU3 shControl (2.5- vs 1.8-fold increase compared to vehicle in 

WFU3 shMap3k7 vs shControl) as well as each single agent (% of G2/M phase: 20.69 ± 

2.023, 24.00 ± 2.103, 28.34 ± 1.037, and 51.05 ± 2.256% in vehicle, olaparib, dinaciclib and 

the combination treatment in WFU3 shMap3k7, respectively) while it decreased S phase 

(Fig 5B). The combination therapy induced a strong cytotoxic effect in WFU3 with loss of 

Map3k7, but not loss of Chd1 (Fig 5C). The increase of Annexin V and PI positive cells by 

the combination of dinacilib and olaparib in WFU3 with loss of Map3K7 was confirmed by 

flow cytometry analysis (% of Annexin V and PI positive cells: 14.50 ± 0.9613 vs 77.82 ± 

1.507% in WFU3 shControl vs shMap3k7 in the combination therapy, p<0.0001, 

supplemental Fig 6A and 6B).

Dinaciclib did not decrease HR-related proteins in WFU3 shControl while the combination 

of olaparib and dinaciclib slightly decreased HR-related proteins (Fig 5D and supplemental 

Table 14A). In contrast, in WFU3 shMap3k7, dinaciclib decreased the expression of HR-

related proteins and the combination therapy caused nearly complete losses of BRCA1 

phosphorylation, BRCA2, and RAD51, accompanied by the strong induction of ɤH2AX, 

p53, and caspase-3 cleavage (Fig 5D and supplemental Table 14A). The time dependent 
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decrease of BRCA2 and RAD51 started by 6–12hr and the increase of p53 and ɤH2AX 

started by 6 and 24hr, respectively (Fig 5D and supplemental Table 14B). The decrease in 

BRCA2 and RAD51 in response to dinaciclib and olaparib was observed in all of cell cycle 

phases in WFU3 shMap3k7 (supplemental Fig 7), demonstrating that the decrease in these 

proteins was not reflective of a decrease in S phase cells.

We next used immunofluorescence to detect the formation of RAD51 foci following 

olaparib treatment in all four types of WFU3 (Fig 5E). The formation of RAD51 foci in the 

nucleus was suppressed by dinaciclib with or without olaparib in WFU3 shMap3k7 and 

shDouble, while the decrease of RAD51 foci formation was not significant in WFU3 

shControl and shChd1 (relative decrease in RAD51 foci positive cells in the combination 

therapy with olaparib: 0.458 and 0.510 in WFU3 shMap3k7 and shDouble vs. 0.700 and 

0.896 in WFU3 shChd1 and shDouble, respectively). The combination therapy induced 

perinuclear RAD51 foci formation in WFU3 shMap3k7 and shDouble while this was rarely 

observed in WFU3 shControl and shChd1 (Fig 5E). Dinacilib also decreased the RAD51 

foci formation in response to etoposide treatment in WFU3 shMap3k7 and shDouble while 

perinuclear RAD51 formation was rarely observed in these combinations (Fig 5E). ɤH2AX 

foci were increased 4 to 5-fold in WFU3 shMap3k7 and shDouble in the vehicle condition 

compared to WFU3 shControl or shChd1 (Fig 5F). WFU3 cells treated with the combination 

of dinaciclib and olaparib displayed greater induction of ɤH2AX compared to those treated 

with each single agent (Fig 5F). ɤH2AX foci formation was significantly more induced by 

these drugs in WFU3 shMap3k7 and shDouble, but not in WFU3 shChd1, compared to 

WFU3 shControl.

We next asked whether the combination of these two drugs had similar effects on human 

prostate cancer cells. To this end, we used LNCaP, androgen-sensitive human prostate 

adenocarcinoma cells. The combination of dinaciclib and olaparib caused stronger cytotoxic 

and anti-proliferative effects compared to each single agent in both LNCaP shControl and 

shDouble (supplemental Fig 8A). Dinaciclib decreased HR-related proteins with induction 

of p53 and ɤH2AX in both LNCaP shControl and shDouble. When dinaciclib was combined 

with olaparib it caused more induction of ɤH2AX and p53 accompanied by an increase of 

caspase 3 cleavage (supplemental Fig 8B).

Combined cytotoxic and anti-proliferative effects between dinaciclib and docetaxel in 
BHPrE1

Loss of MAP3K7 augmented the anti-proliferative and cytotoxic effects in response to 

docetaxel and the combination of dinaciclib and docetaxel in BHPrE1 (Fig 6A and 6B). This 

combination therapy induced an additive anti-proliferative effect (supplement Table 13B) 

and slightly increased the proportion of cells in S phase of the cell cycle in both BHPrE1 

shControl and shMAP3K7 (1.2- and 1.2-fold increase compared to vehicle in BHPrE1 

shControl and shMAP3K7, respectively, Fig 6C). Docetaxel increased HR-related proteins 

in BHPrE1 shControl, likely a compensation of DNA damage by docetaxel, while the 

increase of those proteins by docetaxel was not observed in BHPrE1 shMAP3K7 (Fig. 6D 

and supplemental Table 15). Dinaciclib slightly suppressed HR-related proteins in BHPrE1 

shMAP3K7 while the combination of dinaciclib and docetaxel further suppressed them (Fig 
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6D and supplemental Table 15). The decreases in ATR, ATM and BRCA2 by the 

combination therapy were selectively observed in BHPrE1 shMAP3K7, and were 

accompanied by greater induction of ɤH2AX and caspase-3 cleavage (Fig 6D). Similar to 

what we observed in WFU3 cells (Fig 5F), ɤH2AX foci formation was 5-fold more 

prevalent in BHPrE1 shMAP3K7 compared to BHPrE1 shControl in the vehicle condition 

(Fig 6E) while it was also significantly more induced in response to dinaciclib and docetaxel 

in BHPrE1 shMAP3K compared to BHPrE1 shControl.

Discussion

We applied an established computational systems pharmacology approach (TRAP) to gene 

expression profile data in TCGA to identify potential signaling pathways altered in CaP with 

loss of CHD1 & MAP3K7, and we prioritized druggable target genes, including CDK1, 

CDK2, CHEK1, CHEK2, TOP2A, and BIRC5 (Fig 1C). We also validated a subset of the 

TRAP predictions using mouse prostate epithelial/stem cells (WFU3) and demonstrated that 

CDK1/2 inhibitor, CHEK1/2 inhibitors, TOP2A inhibitors, and BIRC5 inhibitors caused a 

1.5 – 7.4-fold decrease in IC50 in WFU3 with co-suppression of Chd1 and Map3k7 
compared to WFU3 without suppression of these genes (Fig 1D and 1E). In contrast, several 

anti-cancer drugs not predicted to be effective by TRAP analysis showed no effect.

Dinaciclib inhibits multiple CDKs, including CDK-1, −2, −5, −9, −12 activity in in vitro 
kinase assays with IC50 values of 3, 1, 1, 4, and 58 nmol/L, respectively (27,28). Dinaciclib 

has been mainly studied in chronic lymphocytic leukemia, breast cancer, and multiple 

myeloma in single agent or combination treatments (12,27,29,30), but, to the best of our 

knowledge, has not been studied in prostate cancer. Although CDKs are established cell 

cycle regulators, multiple lines of evidence suggest a highly diverse and complex role for 

CDKs in the cellular response to DNA damage (23). CDKs play crucial roles in both the 

activation of DNA damage checkpoint signaling and HR-dependent DNA repair. (31–34). 

CDK-1, −2, and −5 directly regulate ATR and ATM, both of which function as DNA damage 

checkpoints and mediate the initiation of HR (25). CDK1 also regulates BRCA1 

phosphorylation and subsequent recruitment to sites of DNA damage, which is associated 

with RAD51 and BRCA2 recruitment, and HR DNA repair (23). Previous studies have 

shown that Dinaciclib disrupts HR-dependent decreases in BRCA1 phosphorylation, RAD51 

and BRCA2 (12,27). We demonstrated for the first time that Dinaciclib decreased 

phosphorylation and expression of ATR and expression of ATM, while also disrupting the 

HR DNA repair as shown by decreases in BRCA1 phosphorylation, BRCA2 and RAD51 as 

well as decreased RAD51 foci formation in prostate cells (Fig 2B, 3B, and 5E). Dinaciclib 

also induced an accumulation of DNA damage as shown by induction of ɤH2AX and p53 as 

a single agent (Fig 2B, 3B, 5F, and 6E). Taken together, dinaciclib disrupts HR, most likely 

through CDK inhibition leading to the accumulation of DNA damage in prostate cells.

CHD1 is a member of the SNF2-like family of helicase-related enzymes, and part of a 

subgroup of CHD proteins that contain tandem chromodomains (35). Recent studies have 

demonstrated that targeted disruption of CHD1 in human cells leads to a defect in early 

double-strand break repair via HR, resulting in hypersensitivity to ionizing radiation as well 

as PARP and PTEN inhibition (6,36,37). Although, in the present study, suppression of 
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Chd1 somewhat sensitized WFU3 cells to doxorubicin, etoposide, and olaparib; the drug 

sensitizing effect of Chd1 suppression was not as strong as that of Map3k7 suppression 

(supplemental Fig 3). Furthermore, suppression of Chd1 alone did not sensitize mouse 

prostate cells to dinaciclib, docetaxel or the combination of dinaciclib and olaparib (Fig 2A, 

4A, 4B, and supplemental Fig 3). Although we observed down-regulation of CHD1 
expression in response to dinaciclib independent of MAP3K7 status the suppression of 

CHD1 did not affect the dinaciclib-induced disruption of HR and its sensitivity (Fig 2A, 2B 

and supplemental Table 11A). The mechanisms of down-regulation of CHD1 by dinaciclib 

remain unknown.

MAP3K7 encodes a MAP kinase kinase kinase that is immediately downstream of cytokine 

and stress response pathways. MAP3K7 is lost in 30–40% of primary prostate tumors (2,3). 

About half of CaP samples with loss of MAP3K7 have co-loss of CHD1 (5). We 

demonstrated that suppression of MAP3K7 sensitized cells to the effects of dinaciclib 

through the augmented disruption of HR in both mouse and human prostate cells (Fig 2A, 

2B, 3A, and 3B). Suppression of MAP3K7 also affected the anti-tumor effects of DNA 

damaging agents such as doxorubicin, etoposide, docetaxel, and olaparib (supplemental Fig 

3). The association of MAP3K7 with HR has not been previously demonstrated. We 

hypothesize that prostate cells with loss of MAP3K7 likely have defects in DNA-repair 

pathways leading to especially high dependence on HR activities while normal cells have 

intact DNA-repair pathways and accumulate less unrepaired DNA damage. In support of this 

hypothesis, suppression of MAP3K7 by itself in the absence of any drug treatment increased 

ɤH2AX foci formation in WFU3 as well as BHPrE1 cells (Fig 5F and 6E). Additionally, 

prostate cells with suppression of MAP3K7 with or without suppression of CHD1 increased 

HR-related gene expression, including RAD51, CHEK1, CHEK2, ATM, ATR, and/or 

BRCA2 in TCGA data, WFU3, and/or BHPrE1(Fig 1C, 3B, supplemental Fig 4, 

supplemental Table 2). Docetaxel increased the HR-related proteins in BHPrE1 without loss 

of MAP3K7, whereas HR-related proteins were already upregulated in BHPrE1 with loss of 

MAP3K7 with no additional increase of these proteins upon docetaxel treatment (Fig 6D 

and supplemental Table 15). Together, our results support the hypothesis that loss of 

MAP3K7 results in repair defects in CaP. Although we previously reported single loss of 

MAP3K7 is not an independent prognostic contributor (5), findings in the present study 

suggest that loss of MAP3K7, not loss of CHD1, is the main contributor of response to the 

drugs we tested, which suggests MAP3K7 could be used as a predictive marker of treatment 

response.. The prevalence of prostate tumors with single loss of MAP3K7 is twice as that 

with dual loss of MAP3K7 and CHD1 (5) and therefore these findings would open the 

therapeutic window for prostate cancer treatment.

Although we found that dinaciclib alone significantly decreased cell viability in prostate 

cells with suppression of MAP3K7, a greater effect occurs when combined with DNA 

damaging agents such as doxorubicin, etoposide and docetaxel, or a PARP inhibitor (Fig 4). 

Previous studies have also shown that dinaciclib enhances the antitumor effects of the PARP 

inhibitors, doxorubicin and gemcitabine (12,27). In WFU3 with suppression of Map3k7, the 

combination of dinaciclib and olaparib strongly disrupted HR compared to each single 

agent, and this was associated with accumulation of DNA damage and the striking 

synergistic anti-proliferative and cytotoxic effects (Fig 5A, 5C–F, and supplemental Table 

Washino et al. Page 13

Mol Cancer Res. Author manuscript; available in PMC 2020 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13A and 14). WFU3 with suppression of Map3k7 displayed perinuclear RAD51 foci 

formation in response to the combination of dinaciclib and olaparib for 12 hours while this 

was rarely observed in each single agent or the combination of dinaciclib with etoposide 

(Fig 5E). Perinuclear RAD51 formation might reflect RAD51 foci formed with damaged 

DNA in the cytoplasm of dying cells. However, in cell death assays, there were few Annexin 

V and PI positive cells at 12 hours of treatment (Fig 5C), suggesting another mechanism 

may be responsible for these observations. The exact mechanisms of perinuclear RAD51 

formation by the combination of dinaciclib and olaparib remain unknown. The combination 

of dinaciclib and docetaxel strongly disrupted HR compared to each single agent, leading to 

accumulation of DNA damage and an additive anti-proliferative effect in BHPrE1 with 

suppression of MAP3K7 (Fig 6A, 6C–E, and supplemental Table 13B and 15). Importantly, 

these effects in BHPrE1 were obtained with very low concentration of drugs, docetaxel 1nM 

and dinaciclib 4nM, which would open the therapeutic window for prostate cancer 

treatment. However, it has yet to be determined how MAP3K7 is associated with DNA 

damage response including HR.

Dinaciclib decreased the expression and phosphorylation of HR-related proteins to a similar 

degree in LNCaP with suppression of CHD1 and MAP3K7 and those without loss of these 

genes. This resulted in similar anti-proliferative effects, yet still stronger cytotoxic effects on 

LNCaP with suppression of these genes (supplemental Fig 8A−B). Because LNCaP cells 

already have hemizygous deletion of MAP3K7, and thus lower expression of MAP3K7 
(2,38,39), additional suppression of MAP3K7 expression might have little effect on 

augmenting disruption of HR. Accordingly, increased cytotoxicity with the combination of 

dinaciclib and olaparib was observed in LNCaP with or without knockdown of CHD1 and 

MAP3K7 (supplement Fig 8A−B).

Previous studies also have shown that MAP3K7 functions as a critical mediator of the 

genotoxic stress response and is required for NF-ĸB, p38 MAPK, and JNK activation 

(40,41). MAP3K7 silencing results in an impaired NF-ĸB-dependent anti-apoptotic 

response and increased sensitivity to DNA damage. MAP3K7 was also demonstrated to be a 

prosurvival mediator in colon cancer cells displaying hyperactive KRAS-dependent Wnt 

signaling (42). Therefore, loss of MAP3K7 could modulate these pathways and affect 

sensitivity to anti-cancer drugs in prostate cells.

In conclusion, dinaciclib selectively disrupts HR in prostate cells with decreased MAP3K7 
expression. The combination of dinaciclib and DNA damaging agents causes an 

accumulation of DNA damage which results in synergistic or additive antitumor effects on 

prostate cells with loss of MAP3K7 (supplemental Fig 9).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: TRAP analysis and validation in WFU3 cells
A: The TRAP network construction workflow is shown. A human gene expression 

compendium of over 3,500 expression profiles was compiled. Druggable genes were defined 

using DGIdb and canonical pathways using the C2.CP gene sets from MSigDB. Mutual 

Information was calculated for all druggable genes/canonical pathway pairs; significant 

relationships define the edges in the TRAP network, which is the background model that 

defines how druggable genes are connected to pathways. See Methods section for more 

detail.

B: TCGA patient tumors with co-loss of CHD1 & MAP3K7 were used to identify 

significantly up-regulated pathways. These pathways and their direct druggable gene 

neighbors were selected from the TRAP network and the most centrally located genes were 

identified..

C: The top 20 druggable target genes are shown. Network centrality from the TRAP 

analysis, the log-fold change between TCGA patients with co-loss of CHD1 & MAP3K7 
and those diploid at CHD1 & MAP3K7, and the log-fold change between WFU3 shDouble 

and shCtrl..

D: Dose-response curves of candidate drugs in cell growth of WFU3 shControl (black) 

versus shDouble (red). Cells were treated with each drug for 48hr and cell growth was 
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assessed by % confluence of each well in IncuCyte Zoom. Data are shown by mean and SE 

(n=3–5 per group). These results are representative of three independent experiments.
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Figure 2: Loss of MAP3K7 sensitizes prostate cells to dinaciclib through disruption of 
homologous recombination in WFU3 cells
A: Dose response curves of dinaciclib in cell growth of WFU3 shControl (black), shChd1 

(purple), shMap3k7 (blue), and shDouble (red) are shown. Cells were treated with vehicle or 

dinaciclib (25–100nM) for 48hr. Cell growth was assessed by % confluence of each well and 

PI positive cells were normalized to % confluence in IncuCyte Zoom. Data are shown by 

mean and SE (n=3 per group). The comparison of dose-response curve fit between the two 

cells was performed using extra sum-of-square F test. Two different categorical independent 

variables were analyzed using two-way ANOVA with Sidak’s multiple comparisons test. * 

p<0.05, ** p<0.01, *** p<0.001, and # p<0.0001 vs shCtrl. These results are representative 

of three independent experiments.

B: Reduction of ATM, BRCA2, BRCA1 phosphorylation and RAD51, but not ATR, by 

dinaciclib accompanied by ɤH2AX and p53 induction in WFU3 cells. Cells were treated 

with vehicle or dinaciclib (60 or 120nM) for 24hr. The results are representative 

(immunoblot), and mean and SE (bar graphs) of two independent experiments

C: Spearman correlation of normalized enrichment scores of the C2.CP gene sets from 

MSigDB for TCGA primary prostate tumor with loss of CHD1, MAP3K7 and both, and 

WFU3 shChd1, shMap3k7 and shDouble as determined by GSEA.

D, E: The overlap of significant C2.CP gene sets from GSEA (FDR < 0.05) among the 

TCGA primary prostate tumor with loss of CHD1, MAP3K7 and both (D), and WFU3 

shChd1, shMap3k7 and shDouble (E).
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Figure 3: Loss of MAP3K7 sensitizes prostate cells to dinaciclib through disruption of 
homologous recombination in BHPrE1
A: Dose-response curves of dinaciclib in BHPrE1 shControl (black) versus shMAP3K7 

(blue). Cells were treated with vehicle or dinaciclib (1.25–40nM) for 72hr and cell growth 

was assessed using CellTiterGlo. Dinaciclib-induced cytotoxicity was assessed by PI assay 

in IncuCyte Zoom. Cells were treated with dinaciclib (1–16nM) for 48hr. Data are shown by 

mean and SE (n=3 per group). The results are representative of three independent 

experiments.

B: Dose response reduction of HR-related proteins and induction of ɤH2AX in response to 

dinaciclib, which was more prominent, especially BRCA2 and ATR reduction, in BHPrE1 

shMAK3K7 than shControl. Cells were treated with vehicle or dinaciclib (4–12nM) for 24h. 

The results are representative (immunoblot) and mean ± SE (bar graph, n=3 per group) of 

three independent experiments.

Data were analyzed using two-way ANOVA with Dunnett’s or Sidak’s multiple comparisons 

test. The comparison of dose-response curve fit between the two cells was performed using 

extra sum-of-square F test. * p<0.05, ** p<0.01, *** p<0.001, and # p<0.0001 vs shCtrl
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Figure 4: Dinaciclib augments effects of DNA damaging agents and olaparib in prostate cells 
with loss of MAP3K7
A, B: Annexin V (A) and PI positive cells (B) in response to each DNA damaging agent or 

olaparib with or without dinaciclib in WFU3 shControl versus shMap3k7. Cells were treated 

with vehicle or each DNA damaging agent, doxorubicin 50–400nM, etoposide 0.63–5.0μM, 

docetaxel 1.25–10nM, or olaparib 1.25–10.0μM, with or without dinaciclib 60nM for 48hr. 

Annexin V and PI positive cells were assessed using IncuCyte Zoom and normalized to % 

confluence.

C, D: Annexin V (C) and PI positive cells (D) in BHPrE1 shControl versus shMAP3K7 in 

response to vehicle or each DNA damaging agent, doxorubicin 50–200nM, etoposide 1.0–

4.0μM, docetaxel 0.25–1nM or olaparib 2.5–10.0μM with or without dinadicilib 4nM are 

shown. Cells were treated with these drugs for 48hr. Annexin V and PI positive cells were 

assessed using IncuCyte Zoom and normalized to % confluence.

Data were analyzed using two-way ANOVA and F ratio of column factor (each DNA 

damaging agent/ olaparib vs dinaciclib + each DNA damaging agent/olaparib) and p-value 

are also shown (Supplemental Table 12). Data are shown by mean and SE (n=3 per group). 

These results are representative of three independent experiments.
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Figure 5: The combination therapy of dinaciclib and olaparib in WFU3
A: Anti-proliferative effects in response to vehicle, dinaciclib (60nM), olaparib (10μM) or 

the combination of dinaciclib and olaparib in WFU3 shControl, shChd1, shMap3k7 and 

shDouble. The combination of dinaciclib and olaparib inhibited the cell growth of WFU3 

with suppression of Map3k7 without regard to Chd1 status. Cells were treated with these 

drugs for 48hr. * p<0.0001 compared to WFU3 shControl by two-way ANOVA with 

Dunnett’s multiple comparisons test. Data are shown by mean and SE (n=3 per group). The 

results are representative of three independent experiments.

B: The results of cell cycle analysis in response to vehicle, dinaciclib (60nM), olaparib 

(10μM) or the combination of dinaciclib and olaparib in WFU3 shControl and shMap3k7. 

Cells were treated with these drugs for 24hr. Data are shown by mean and SE (n=3 per 

group). The results are representative of two independent experiments.

C: Time course of Annexin V and PI positive cells in response to vehicle (black), dinaciclib 

(60nM; blue), olaparib (10μM; green), or the combination (red) in WFU3 shControl, 

shMap3k7, shChd1, versus shDouble. Cells were treated with these drugs for up to 48hr. 

Data are shown by mean and SE (n=3 per group). The results are representative of three 

independent experiments.

D: HR-related proteins were selectively suppressed in WFU3 shMap3k7 in response to the 

combination of dinaciclib (60nM) and olaparib (10μM), which was accompanied by 
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induction of ɤH2AX, p53, and cleaved caspase-3. Cells were treated with drugs for 36hr. 

Time dependent reduction of BRCA2 and RAD51 accompanied by increases in p53, 

ɤH2AX and cleavage caspase-3 in response to the combination dinaciclib and olaparib are 

also shown. The results are representative of at least two independent experiments.

E: RAD51 foci were selectively suppressed in WFU3 shMap3k7 and shDouble in response 

to the dinaciclib (60nM) with or without olaparib (10μM)/ etoposide (10μM). Cells were 

treated with drugs for 12hr. Pictures are representative of merged images of RAD51 foci 

with DAPI. § p<0.1, * p<0.05 by two-way ANOVA with Tukey’s multiple comparisons test. 

Data are shown by mean and SE (n=3 per group).

F: ɤH2AX foci were more observed in WFU3 shMap3k7 and shDouble in vehicle condition 

(small graph) as well as in response to the dinaciclib (60nM) and/or olaparib (10μM) (large 

graph) compared to WFU3 shControl. Cells were treated with drugs for 36hr. Pictures are 

representative of images of ɤH2AX foci, DAPI, and merge. * p<0.05, ** p<0.01, # 

p<0.0001 vs shControl by two-way ANOVA with Dunnet’s multiple comparisons test. Data 

are shown by mean and SE (n=3 per group).
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Figure 6: The combination therapy of dinaciclib and docetaxel in BHPrE1
A: Cell growth assay in response to vehicle, dinaciclib (4nM), docetaxel (1nM), or the 

combination of dinaciclib and docetaxel in BHPrE1 shControl versus shMAP3K7 are 

shown. Cells were treated with these drugs for 72hr and cell growth was assessed using 

CellTiterGlo. ** p<0.01 and **** p<0.0001 by two-way ANOVA with Sidak’s multiple 

comparisons test. Data are shown by mean and SE (n=3 per group). These results are 

representative of three independent experiments.

B: Time course of Annexin V and PI positive cells in BHPrE1 shControl versus BHPrE1 

shMAP3K7 in response to vehicle (black), Dinaciclib (4nM; blue), docetaxel 1nM (green) or 

the combination of dinaciclib and docetaxel (red). Cells were treated with these drugs for up 

to 60hr. Data are shown by mean and SE (n=3 per group). These results are representative of 

three independent experiments.

C: Cell cycle analyses in BHPrE1 shControl and shMAP3K7 in response to vehicle, 

dinaciclib (4nM), docetaxel (1nM) or the combination of dinaciclib and docetaxel. Cells 

were treated with these drugs for 24hr. Data are shown by mean and SE (n=3 per group). 

These results are representative of two independent experiments.

D: Cells were treated with vehicle, dinaciclib (4nM), docetaxel (1nM), or the combination of 

dinaciclib and docetaxel for 48hr before harvesting. HR-related proteins were suppressed by 

the combination therapy compared to each single agent, and this was accompanied by 
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induction of ɤH2AX and cleaved caspase-3. These results are representative (bands) and 

mean and SE (bar graphs) of three independent experiments.

E: ɤH2AX foci increased in BHP shMAP3K7 in vehicle condition as well as in response to 

the dinaciclib (4nM) and docetaxel (1nM). Cells were treated with drugs for 24hr. Pictures 

are representative of merged images of ɤH2AX foci with DAPI. The results are 

representative of two independent experiments (n=3 per each group). *** p<0.001 vs 

BHPrE1 shControl by two-way ANOVA with Dunnet’s multiple comparisons test. Data are 

shown by mean and SE (n=3 per group).
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