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Abstract

Prostate cancer (PCa) is the second leading cause of cancer death in American men, and curing 

metastatic disease remains a significant challenge. Nearly all patients with disseminated PCa 

initially respond to androgen deprivation therapy (ADT), but virtually all patient will relapse and 

develop incurable castration-resistant prostate cancer (CRPC). A high-throughput RNAi screen to 

identify signaling pathways regulating PCa cell growth led to our discovery that Checkpoint 

Kinase 2 (CHK2) knockdown dramatically increased PCa growth and hypersensitized cells to low 

androgen levels. Mechanistic investigations revealed that the effects of CHK2 were dependent on 

the downstream signaling proteins CDC25C and CDK1. Moreover, CHK2 depletion increased 

androgen receptor (AR) transcriptional activity on androgen-regulated genes, substantiating the 

finding that CHK2 affects PCa proliferation, partly, through the AR. Remarkably, we further show 

that CHK2 is a novel AR-repressed gene, suggestive of a negative feedback loop between CHK2 

and AR. Additionally, we provide evidence that CHK2 physically associates with the AR, and that 

cell cycle inhibition increased this association. Finally, immunohistochemical analysis of CHK2 in 

prostate cancer patient samples demonstrated a decrease in CHK2 expression in high-grade 

tumors. In conclusion, we propose that CHK2 is a negative regulator of androgen sensitivity and 

PCa growth, and that CHK2 signaling is lost during prostate cancer progression to castration 

resistance. Thus, perturbing CHK2 signaling may offer a new therapeutic approach for sensitizing 

CRPC to ADT and radiation.
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Introduction

Prostate cancer (PCa) is the most common non-cutaneous malignancy in American men. 

With approximately 30,000 deaths yearly, PCa is the second leading cause of cancer 

mortality, following lung carcinoma. The standard treatment for advanced PCa is radiation 

and androgen deprivation therapy (ADT). Despite the high response rate to ADT, the 

outgrowth of castration-resistant cells will invariably occur with progression to a lethal 

disease and a relative 5-year survival rate of 28% [www.cancer.org]. Even with the recent 

advances in ADT that have led to improvements in overall survival, castration-resistant 

prostate cancer (CRPC) is still incurable. Therefore, insights into the mechanisms by which 

androgens stimulate PCa growth will lead to new therapies or the improvement of current 

treatments for the management of CRPC.

Current research has demonstrated that androgen receptor (AR) signaling continues to play a 

crucial role in CRPC progression. AR overexpression is sufficient to drive androgen-

dependent PCa cells to castration resistance and facilitate proliferation in low androgen 

levels (1). In addition to its cognate steroid hormone, AR can be regulated by interactions 

with a constellation of co-regulatory and signaling molecules (2). Several mechanisms, 

including extensive networks between androgen and peptide growth factor signaling 

pathways, multiple genetic mutations, and the genetic plasticity of cancer, contribute to the 

inherent and acquired resistance to ADT (3). Previous studies have shown that signal 

transduction pathways can stimulate AR activation. These studies illustrate that modulating 

signaling pathways in PCa models regulates castration-resistant growth, AR transcription, 

AR protein stability, AR DNA binding, and AR phosphorylation (4–6). Together, these 

reports suggest that the ability of signaling cascades to influence AR function may have a 

significant role in CRPC progression, and that CRPC may not be effectively treated by 

ligand-directed therapy alone.

Comparative genomic hybridization studies of cancer have shown that loss of genetic 

material is much more common than gains or amplifications, suggesting that tumor 

suppressor genes play a crucial role in tumor development (7). Individuals with defects in 

DNA damage response (DDR) signaling lose the natural protection against tumorigenesis 

and are more susceptible to cell transformation and cancer. Checkpoint kinase 2 (CHK2), a 

serine/threonine kinase and candidate tumor suppressor gene, is essential in the cell-cycle 

checkpoint activated in response to radiation-induced DNA double-strand breaks (DSBs) 

(8,9). Activated CHK2 phosphorylates multiple downstream effectors involved in regulating 

cell-cycle arrest, apoptosis, DNA repair, mitotic spindle assembly, and chromosomal 

stability (9,10). Rare CHK2 germline mutations have been identified in several familial 

cancers and rare somatic mutations have been reported in various carcinomas, including 

those arising in the prostate, breast, and colon (11–13). These mutations affect the stability 

or kinase activity of CHK2, suggesting that they may be involved in the pathogenesis of 
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these neoplasms. Loss of heterozygosity studies suggest that CHK2 mutations may 

contribute to tumor development through haploinsufficiency (14). While loss of the q arm 

on chromosome 22 where CHK2 is located has been observed in breast, colorectal, and 

ovarian cancers, mutation of the remaining allele was not associated with this loss (15). 

However, the function of the remaining normal allele can be disrupted (16). CHK2 splice 

variants lacking kinase activity or mislocalized to the cytoplasm have been detected in breast 

cancer (17). Reduced expression or total loss of CHK2 protein that was associated with 

mutation or promoter methylation has been found in many cancers including those of the 

breast, urinary bladder, colon, ovary, and lung (15,18,19). Reports of other tumors lacking 

CHK2 expression without any detectable mutation or promoter methylation suggest that 

additional epigenetic, post-transcriptional, or post-translational mechanisms can decrease 

CHK2 protein levels (20). Thus, these studies provide support that CHK2 behaves as a 

tumor suppressor gene.

In this study, we demonstrated that, in addition to dramatically increasing PCa proliferation, 

CHK2 depletion hypersensitized PCa cells to castrate androgen levels. Conversely, CHK2 

overexpression decreased cell growth. The CHK2-mediated effects on growth required the 

downstream signaling proteins CDC25C and CDK1. We also found that reduced CHK2 

protein levels correlated with increasing Gleason score in patient samples. CHK2 

knockdown increased AR transcriptional activity on both androgen-activated and androgen-

repressed genes, providing evidence that CHK2 affected PCa proliferation, at least in part, 

through increasing AR activity. Finally, we show for the first time that CHK2 is a novel AR-

regulated gene that physically associates with the AR. Cellular perturbations that halt the 

cell cycle increase this interaction. Based on these findings, we propose that CHK2 is a 

negative regulator of androgen sensitivity and PCa cell growth, and that CHK2 signaling is 

lost during progression to castration resistance.

Materials and Methods

Cell Culture, Reagents, and Immunoblotting

LNCaP and C4-2 cells (a gift from Dr. L. W. K. Chung) were grown in T-Medium 

(Invitrogen) with 5% Non-Heat Inactivated serum (Gemini) as previously described (21). 

CWR22Rv1 (Rv1), VCaP, and PC3 cells (gifts from Drs. Steven Balk, Karen Knudsen, and 

L. W. K. Chung, respectively) were grown in Dulbecco's Modified Eagle's Media 

(Invitrogen) with 10% Heat Inactivated serum. DU-145 cells (a gift from Dr. Chung) were 

grown in RPMI-1640 (Invitrogen) with 10% Heat Inactivated serum. LHS cells (a gift from 

Dr. William Hahn) were grown in ProstaLife Epithelial Cell Medium (Lifeline). For growth 

and RNA experiments, phenol-red free RPMI-1640 media with 5% Charcoal-Stripped 

Serum (CSS) (Gemini) was used. Commercial DNA fingerprinting kits (DDC Medical) 

verified cell lines. The following STR markers were tested: CSF1PO, TPOX, TH01, 

Amelogenin, vWA, D16S539, D7S820, D13S317 and D5S818. Allelic score data revealed a 

pattern related to the scores reported by the ATCC, and consistent with their presumptive 

identity.
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Antibodies—CHK2, CDC25C, CDK1, ERK1/2, and HA (Cell Signaling); AR21 (in-

house). Western blotting performed as previously described (21,22).

CHK2 primers were based on the human CHEK2 sequence obtained from Genbank 

(BC004207.2) (Supplemental Fig.S1A). PCR was performed using iProof High-Fidelity 

DNA Polymerase (Bio-Rad) and MGC Human CHEK2 Sequence-Verified cDNA as the 

template (Thermo Scientific). Amino-terminal triple HA-tagged wild-type (wt) CHK2 was 

ligated into AgeI and EcoRI sites of the lentiviral expression vector pLJM1 (Addgene 

plasmid 19319) using T4 DNA ligase (Promega), transformed into Stbl3 bacteria (Life 

Technologies), and clones were sequenced for verification.

TRC lentiviral human shRNAs targeting CHK2, CDC25C, and CDK1, and pLKO vector 

control (Thermo Scientific)

CyQuant Growth Assays

Assay was performed as previously described (22). Briefly, shRNA or pLKO control virus 

was added to fibronectin-coated (1μg/ml) 96well plates. Cells were plated in RPMI-1640 

plus 5%CSS with vehicle, 0-0.05nM R1881, and/or 10μM MDV3100 (Selleck). 

Quantification was performed on Day 7 using a BioTek Synergy 2 plate reader.

RNA Isolation and qPCR

RNA isolation and quantitative real-time PCR (qPCR) was performed as previously 

described (21,22). RNA concentrations were determined using a NanoDrop 2000 UVVis 

Spectrophotometer (Thermo Scientific). Primer sequences and annealing temperatures are 

described in Supplemental Fig.S1B.

Chromatin Immunoprecipitation (ChIP)

ChIP analyses and qPCR were performed as previously described (23) using primers 

described in Supplemental Fig.S1C.

Immunohistochemistry

Approval from the Institutional Review Board at the University of Virginia was obtained for 

studies involving human specimens. The avidin-biotin immunoperoxidase technique was 

used on zinc formalin-fixed, paraffin-embedded tissues. After slides had been placed in a 

citrate buffer pH 6.0, they were subjected to microwave heat followed by application of the 

CHK2 antibody (1:400 dilution) for 1 hour. DAB was used as the chromogen.

Results

CHK2 regulates androgen-dependent and castration resistant prostate cancer cell growth

We recently screened a panel of shRNAs that target the human kinome against LNCaP 

prostate cancer cells grown in the presence or absence of androgen (22) The screen 

identified CHK2 as a potential negative regulator of growth, while CHK1 knockdown had 

no effect on cell growth. We evaluated the effect of CHK2 knockdown on growth using the 

CyQuant Assay, which measures DNA content as a surrogate for cell number. Androgen-
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sensitive LNCaP or castration-resistant C42 or Rv1 prostate cancer cells were transduced 

with lentiviral particles expressing two independent shRNAs specific for CHK2 or pLKO 

empty vector control in the presence or absence of synthetic androgen (R1881). Each CHK2 

shRNA generated a reproducible decrease of approximately 70% in protein expression 

compared to pLKO (Fig.1A). Growth was increased 2-5-fold in the absence of androgen 

when CHK2 was knocked down. As expected, androgen stimulated proliferation. 

Remarkably, CHK2 depletion from all three cell lines increased growth in the presence of 

R1881 compared to pLKO control cells expressing CHK2 under similar conditions. Since 

these three AR-positive cell lines have mutated AR, we also assessed the effect of CHK2 

down-regulation on cell growth in a PCa cell line with wtAR, VCaP. CHK2 knockdown in 

these cells significantly increased growth in the absence and presence of androgen (Fig.1A). 

We confirmed that the CHK2 effects on growth was not due to the inhibition of a regulator 

of cell cycle progression, as cell cycle analysis in response to CHK2 knockdown by flow 

cytometry showed no marked differences in the proportion of cells in each phase of the cell 

cycle between CHK2-expressing and CHK2-depleted cells (data not shown). These findings 

suggest that CHK2 may be a negative regulator of PCa cell growth.

Androgen hypersensitivity, a condition where cells can tolerate and continue to proliferate in 

low androgen concentrations, was reported as one mechanism of resistance to ADT (24). 

Since CHK2 knockdown dramatically increased growth in the presence of 0.05nM R1881, 

we hypothesized that CHK2 depletion would enhance sensitivity to lower levels of 

androgen. To test this, LNCaP and Rv1 cells were transduced with two independent CHK2 

shRNAs or empty vector, exposed to multiple R1881 doses, and growth was determined 

(Fig.1B). Consistent with our previous results, CHK2 knockdown increased growth in the 

absence of androgen. Notably, a comparison of the slope of the lines from the CHK2-

depleted and CHK2-expressing cells showed that there was a significant concentration-

dependent augmentation in R1881 sensitivity. Upon exposure to 0.006nM R1881, LNCaP 

cells expressing CHK2 shRNAs exhibited a 5-fold growth advantage over pLKO control 

cells. The growth benefit gained from CHK2 knockdown was most evident at 0.025nM 

R1881, where the proliferative difference between control and CHK2-depleted cells was up 

to 7-fold. Similar to these results, CHK2 depletion in Rv1 cells heightened androgen 

sensitivity. Thus, these results indicate that CHK2 knockdown hypersensitizes PCa cells to 

castrate androgen levels.

To investigate whether the AR plays a role in CHK2-regulated growth, cell growth was 

assessed using the CyQuant Assay in LNCaP and Rv1 cells expressing two independent 

CHK2 shRNAs or pLKO and treated with R1881 and/or the anti-androgen MDV3100. We 

determined that the increase in PCa proliferation following CHK2 knockdown could be 

blocked by MDV3100, indicating a dependence on AR activity for growth, even when 

growth is enhanced due to CHK2 loss (Fig.1C). However, the inhibitory effect of MDV3100 

was less in CHK2-depleted cells compared to pLKO-expressing cells under similar culture 

conditions. It is not surprising that the effect of MDV3100 is not as great in Rv1 cells, since 

this PCa line represents castration resistant disease. Moreover, we measured the effect of 

CHK2 knockdown on growth in AR-null PC3 and DU145 cells and observed that there was 

no difference in cell number in the presence or absence of androgen in cells expressing 
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CHK2 compared to CHK2-depleted cells (Fig.1D). Finally, in order to determine if the 

growth effects mediated by CHK2 were specific to PCa cells, we measured cell number in 

response to two independent CHK2 shRNAs in LHS cells, which are non-tumorigenic 

immortalized human prostate epithelial cells. Down-regulation of CHK2 in normal prostate 

cells had no significant effects on cell growth (Fig.1E). Taken together, these results indicate 

that the CHK2-mediated growth effects in PCa are regulated in both an androgen-dependent 

and androgen-independent manner.

CHK2 is required for PCa cell growth in response to hormone

We hypothesized that, if CHK2 knockdown increased growth in PCa cells, then CHK2 

overexpression would have the opposite effect. Rv1 or VCaP cells were transduced with 

lentiviral particles expressing wtCHK2 or pLJM1 vector in the presence or absence of 

R1881. Overexpression of CHK2 in Rv1 cells (Fig.2A) decreased growth by 55% in the 

absence of androgen compared to cells expressing endogenous CHK2. While androgen 

supplementation increased growth in cells expressing the empty vector, CHK2 

overexpression inhibited the R1881-induced growth by 65%. Similar results were seen in 

VCaP cells, where the overexpression of CHK2 suppressed growth by 27% and 51% in the 

absence and presence of R1881, respectively. These data indicate that CHK2 negatively 

regulates PCa growth and response to hormone.

To confirm that CHK2 was required for the growth changes in response to hormone, we 

performed rescue experiments that took advantage of an shRNA which targeted the 3′-UTR 

of CHK2, and therefore, only knocked down endogenous protein but not exogenous CHK2 

(Fig.2B). LNCaP, Rv1, and C42 cells were transduced with an empty vector, shCHK2-3, or 

shCHK2-3/wtCHK2, exposed to R1881, and growth was determined. Consistent with our 

previous data, CHK2 depletion increased growth in the absence and presence of androgen. 

Notably, reconstitution of wtCHK2 in cells depleted of CHK2 repressed the growth 

augmentation resulting from CHK2 knockdown and androgen stimulation by at least 68% in 

these cell lines. Thus, these data show that CHK2 is necessary for the regulation of PCa cell 

growth and hormone response.

CHK2 protein is inversely correlated with PCa grade

We analyzed CHK2 staining in primary PCa samples from radical prostatectomies of 85 

patients and found a significant decrease in CHK2 expression with increasing Gleason score 

(Fig.3). There was a significant correlation between patient samples with higher Gleason 

scores [scores 7(4+3), and 8-10] and low CHK2 expression. Furthermore, patient samples 

with higher CHK2 expression were significantly associated with lower Gleason scores 

[scores 6 and 7(3+4)]. These data suggest that a reduction in CHK2 expression may 

contribute to PCa progression.

CHK2 regulates AR transcriptional activity

Since the AR is a major regulator of PCa growth, we determined whether CHK2 was 

affecting PCa growth through modulation of AR transcriptional activity. To examine the 

effect of CHK2 knockdown on AR target gene transcription, qPCR was used to determine 

transcript levels of AR-induced genes in LNCaP cells transduced with two independent 
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CHK2 shRNAs. We quantitated gene transcription at 2 hours following androgen exposure 

to separate the effect of cell proliferation from the CHK2 knockdown effect. As expected, 

androgen induced transcription of AR target immediate-early genes (NKX3.1, SGK1, 

STAG1, TMPRSS2) in the pLKO control cells (Fig.4A). CHK2 knockdown significantly 

increased the induction of NKX3.1 transcription in the absence and presence of 1nM 

dihydrotestosterone (DHT). The magnitude of the transcriptional amplification of the three 

other AR-induced genes (TMPRSS2, SGK1, STAG1) was dependent on the target gene and 

shCHK2 construct. The shCHK2-1 and shCHK2-3 viruses consistently elicited greater than 

60% knockdown of CHK2 mRNA compared to pLKO (Fig.4A), whereas another shCHK2 

construct (shCHK2-4) produced approximately 30% knockdown (data not shown). We also 

measured transcript levels of an AR-induced gene (FKBP51) in VCaP cells transduced with 

two independent CHK2 shRNAs (Fig.4B). In response to androgen, FKBP51 transcript 

levels were amplified 2-5-fold further in CHK2-depleted cells compared to control cells. 

Moreover, we quantitated gene transcription of six AR-responsive genes at 24 hours to 

evaluate the effect of CHK2 knockdown on steady-state levels of AR transcriptional activity 

(Fig.4C). PSA was the most affected androgen-induced gene tested, with a significant 3-fold 

induction in transcription upon CHK2 knockdown in the absence and presence of androgen. 

TMPRSS2 and KLK2 message levels were dramatically increased in the absence of R1881, 

whereas SGK1 and ORM1 transcripts were amplified in the presence of androgen. CHK2 

knockdown decreased FST transcript levels by 50-60% in the absence of androgen. We did 

not see any changes in FKBP51 transcript levels in response to CHK2 knockdown in AR-

null PC3 cells (Fig.4D). Together, these results suggest that the growth increase following 

CHK2 knockdown may be due to the regulation of AR transcriptional activity.

CHK2 regulates cell growth through a signaling pathway involving CDC25C, CDK1, and AR

Cell division cycle 25C (CDC25C) is a dual specificity phosphatase downstream of CHK2 

and overexpressed in PCa (9,25). CHK2 negatively regulates CDC25C through S216 

phosphorylation, which creates a binding site for 14-3-3 and results in cytoplasmic 

sequestration and proteasome degradation (26). Studies show the importance of CDC25C in 

the regulation of the cell cycle during the G2/M transition and DDR (27,28). To determine 

whether CDC25C is necessary for the CHK2 effects on growth, we performed epistasis 

experiments where CDC25C expression was decreased in CHK2-depleted LNCaP cells with 

two independent CDC25C shRNAs (Fig.5A). CDC25C was analyzed since it was the 

highest expressed CDC25 isoform in LNCaP cells (data not shown). Transduced cells were 

treated with vehicle or R1881, and cell number was assessed. If the increase in growth 

resulting from CHK2 knockdown is dependent upon CHK2 signaling to CDC25C, then 

CDC25C depletion will block the growth increase resulting from CHK2 knockdown. This is 

what we observed; the growth increase induced by R1881 in CHK2-depleted cells was 

completely blocked when CDC25C and CHK2 were diminished together under similar 

culture conditions (Fig.5B). Thus, these results suggest that CHK2 mediates effects on cell 

growth through CDC25C.

CDC25C facilitates cell cycle progression by removing inhibitory phosphorylations on 

cyclin-dependent kinase 1 (CDK1), which is also downstream of CHK2 and upregulated in 

PCa (29). To determine whether CDK1 is required for the CHK2 effects on growth, epistasis 
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experiments were performed in LNCaP cells where CDK1 protein was decreased in 

combination with CHK2 depletion (Fig.5C). Cells expressing shRNAs for CHK2, CDK1, or 

pLKO were exposed to vehicle or R1881, and the CyQuant Assay was used to quantitate 

cell growth. Consistent with reports that CDK1 is downstream of CDC25C and CHK2, 

knockdown of CDK1 in combination with CHK2 depletion abrogated the androgen-induced 

increase in growth resulting from CHK2 knockdown alone (Fig.5D). These data indicate 

that CDK1 is necessary for the CHK2 effects on proliferation.

We did not see any growth inhibition when CDC25C or CDK1 alone were knocked down, 

even in the presence of CHK2. This may be due to the nature of RNAi experiments, which 

do not completely abrogate protein expression and activity. Thus, the shRNA knockdown 

functions similar to a hypomorphic allele. The residual CDC25C or CDK1 expression 

allowed cells to continue to cycle during the course of the experiment. Moreover, previous 

studies showed that there were no differences in growth when comparing pLKO empty 

vector to a non-target control (22). Taken together, our findings show that CHK2 regulates 

cell growth through CDC25C and CDK1.

Since CHK2 regulated growth through CDC25C and CDK1, we evaluated the impact of AR 

inhibition on the CHK2 growth effects in epistasis experiments where CDC25C (Fig.5E) or 

CDK1 (Fig.5F) expression was decreased in CHK2-depleted LNCaP cells. Transduced cells 

were treated with R1881 and/or MDV3100, and cell growth was measured. As expected, 

MDV3100 blocked the growth increase induced by R1881 in CHK2-depleted PCa cells, and 

the decrease in growth resulting from AR inhibition was lower in cells depleted of CHK2 

than in cells expressing pLKO. Importantly, CDC25C or CDK1 knockdown in CHK2-

depleted cells significantly augmented the inhibitory effect of MDV3100 on growth. The 

influence of CDK1 knockdown on the growth inhibitory effect of MDV3100 was greater 

than that of CDC25C knockdown suggesting that CDK1 repression may cooperate more 

with AR inhibition to suppress PCa growth. Together, these data show that a CHK2-

CDC25C-CDK1-AR signaling pathway regulates PCa cell growth.

AR negatively regulates CHK2 expression

MatInspector [www.genomatix.de], a program that locates transcription factor binding sites 

in DNA sequences, predicted that five out of eight reported CHK2 transcripts possessed 

candidate androgen response elements (AREs) in the promoter region, suggesting direct 

regulation of CHK2 mRNA by the AR (Fig.6A). Four transcripts contained half ARE sites, 

whereas one transcript possessed the full ARE site. To determine whether AR regulated 

CHK2 expression, we used qPCR to quantitate CHK2 transcript levels in LNCaP cells 24 

hours after androgen exposure (Fig.6B). Consistent with the MatInspector analysis, 

androgen regulated transcription of CHK2 mRNA in LNCaP cells repressing mRNA by 

45%. Next, we determined whether AR was recruited to the candidate ARE in the CHK2 

gene by ChIP-qPCR. While androgen deprivation coincided with low AR occupancy at the 

candidate ARE, the addition of androgen significantly increased AR occupancy by 4-fold, 

suggesting that androgen promoted AR binding and AR-dependent repression of CHK2 

transcription (Fig.6C). We observed that AR only occupied the CHK2 transcript that 

contained the full ARE site in the presence of androgen. Finally, we verified the presence of 
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AREs in the CHK2 promoter by evaluating the expression of CHK2 protein in LNCaP and 

Rv1 cells exposed to R1881 by western blot. There was a significant androgen-induced 

decrease of 71% and 42% in CHK2 protein in LNCaP and Rv1 cells, respectively (Fig.6D). 

The repression of CHK2 protein in LNCaP and Rv1 cells suggested that the effect of 

androgen was not specific to one cell line. To confirm that AR regulated CHK2 protein 

expression, we examined CHK2 levels in AR-null DU145 cells in the absence and presence 

of hormone. R1881 had no effect on CHK2 expression in DU-145 cells, strengthening the 

idea that AR may be required for the modulation of CHK2 protein levels. These data 

indicate that CHK2 is a novel AR-regulated gene down-regulated by androgen.

CHK2 physically associates with AR and CDK1 in PCa cells

To determine if the CHK2 effects on growth and AR transcription are mediated through 

associations between CHK2 and AR, we measured CHK2/AR interactions in LNCaP and 

Rv1 cells (Fig.7A). Surprisingly, CHK2 immune complexes revealed that AR co-

immunoprecipitated with CHK2 in both PCa cell lines. Since CDK1 was required for the 

CHK2 effects on growth, we assessed whether CDK1 was also present in CHK2/AR 

complexes (Fig.7B). CDK1 immune complexes showed that both CHK2 and AR interacted 

with CDK1. These data suggest that the impact of CHK2 on PCa growth and AR 

transcriptional activity may be mediated through physical interactions with AR and CDK1. 

Since CHK2 is a cell cycle regulator, we assessed whether perturbations to the cell cycle 

affected CHK2/AR interactions. We measured CHK2/AR immune complexes in LNCaP, 

Rv1, and C42 cells grown in the presence of CSS or complete growth media (Fig.7C). 

CHK2/AR interactions were significantly increased under conditions of serum starvation, as 

seen in CHK2 immune complexes where more AR co-precipitated with equal amount of 

CHK2. Thus, our results show for the first time that CHK2 physically binds to AR, and that 

these interactions increase when there are halts in the cell cycle.

Discussion

Signaling networks governing PCa growth and AR activity have been recognized as key 

contributors in the progression of androgen-dependent PCa to CRPC (2,6). Our study 

identified a CHK2-CDC25C-CDK1-AR signaling pathway as a novel regulator of PCa cell 

growth and AR transcriptional activity (Fig.7D). We utilized loss-of-function and gain-of-

function studies to demonstrate a critical role for CHK2 in the negative modulation of PCa 

growth and androgen sensitivity, which was not compensated for by the presence of the 

related kinase CHK1. Genetic and protein expression studies in tumors from germline 

CHK2 mutation carriers and non-carriers suggest that a reduced level rather than total lack 

of CHK2 protein is necessary for tumorigenesis (7,11–14). CHK2 was the most common 

gene lost in gliomas and copy number loss was significantly associated with lower gene 

expression (30). Our analysis of human prostate cancers showed that there was a significant 

correlation between low CHK2 expression and advanced Gleason score. Cell lines from 

prostate cancer, lung cancer, osteosarcomas, and myelodysplastic syndromes have 

documented CHK2 alterations. In addition to genetic variations that generate mutated CHK2 

forms, changes in protein expression impair its kinase activity (9). These modified proteins 

may impair other tumor suppressive pathways in a dominant-negative manner (31).
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Genomic instability is believed to be crucial for tumorigenesis because the mutations 

required for malignancy are difficult to accumulate in a normal cell (32). Mutations in genes 

required for the preservation of genomic integrity could be a mechanism for genome 

instability. Individuals carrying certain CHK2 mutations suffer from a statistically 

significant increase in incidence of prostate, breast, and other cancers (11,33,34). In 

addition, germline CHK2 mutations are found in 63% of familial PCa (8), while sporadic 

CHK2 mutations are observed in preliminary reports of prostate tumor data from The 

Cancer Genome Atlas (cBio). Our data, when considered in the context of the CHK2 

mutations in PCa and the role of CHK2 in the DDR, strongly suggest that CHK2 may act as 

a tumor suppressor gene and CHK2 loss may be causal in PCa progression.

Several mechanisms responsible for the regulation of CHK2 expression have been reported 

in various cancers. In addition to inactivating mutations, a dominant-negative effect exerted 

by CHK2 splice variants in breast cancer reduces expression of the wild-type protein (31). 

Promoter methylation results in the down-regulation of CHK2 in non-small cell lung 

carcinomas (19), while decreased CHK2 expression in aggressive, non-Hodgkin lymphomas 

was due to post-transcriptional regulation, as no mutations, deletions, or hypermethylation 

were present in the promoter region (20). Functional p53 negatively regulated CHK2 

expression in colon cancer cell lines under physiologic conditions and following X-ray and 

ultraviolet radiation exposure (35). Protein phosphatase 2A and Wip1 decreased CHK2 

kinase activity and protein stability through T68 dephosphorylation (36,37). We showed for 

the first time that AR repressed CHK2 expression in response to hormone. Since CHK2 

regulated androgen-dependent growth and transcription, these results indicate that the 

relationship between CHK2 and AR is reciprocal. While the increase in AR transcriptional 

activity resulting from CHK2 depletion suggests that CHK2 may represent a novel AR 

corepressor, the AR-CHK2 negative feedback loop may serve as a mechanism to halt 

checkpoint signaling once DNA damage is repaired. It is also possible that cancer cells may 

hijack this feedback loop to perturb CHK2 levels to optimize their survival and resistance to 

therapy.

The CDC25 family, which consists of three isoforms (CDC25 A, B, and C), activate CDKs 

which regulate cell cycle progression. As key components of checkpoint signaling pathways 

activated by DNA damage, the activity and expression of CDC25s are negatively regulated 

by CHK2. All three CDC25 proteins are overexpressed in prostate tumors (25,38,39). CHK2 

loss in PCa could contribute to the reduced rate of degradation and subsequent CDC25C 

upregulation. Failure to inactivate CDC25C in response to DNA damage may promote 

genomic instability and cancer predisposition described in syndromes where CHK2 is 

affected (40). The literature supports a role for CDC25 in regulating AR activity, where 

CDC25A acts as a repressor and CDC25B as an activator of AR transcriptional activity 

(38,39). We determined that CDC25C may activate androgen-dependent PCa growth since 

the dual knockdown of CDC25C and CHK2 repressed growth.

The progression through the cell cycle must be strictly regulated in space and time to 

maintain genomic stability. It is possible that CDC25C overexpression, accompanied by 

increased phosphatase activity (25), could lead to CDK1 activation, eventually pushing the 

cell through the checkpoint barrier and acquiring genetic mutations. CDK1 was identified as 
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a mitosis-phase gene that was upregulated in CRPC (29). CDK1 activity promotes AR S81 

phosphorylation and protein stabilization, thereby increasing AR activity (41). Recently, we 

reported that CDK1 phosphorylates AR on S308, and that this phosphorylation may regulate 

AR localization during mitosis (42). CDK1 activity increases as PCa progresses (29,43). 

Elevated CDK1 activity could be a mechanism for increasing AR expression and stability in 

response to low androgen levels (41). Inappropriate cell cycle progression also requires the 

escape from checkpoint mechanisms, which is consistent with loss of CHK2 activity in 

CRPC.

CHK2 was epistatic with CDC25C and CDK1, consistent with these proteins functioning in 

the same pathway. Decreases in CHK2 could contribute to PCa by relieving regulation of 

CDC25C and CDK1. Interestingly, we noticed that CDC25C and CDK1 protein levels 

increased in shCHK2-expressing LNCaP cells. This could suggest that CHK1 does not 

compensate for CHK2 since under some conditions CHK1 also phosphorylates CDC25C 

leading to cytoplasmic sequestration and/or degradation (26). Furthermore, these results 

support the possibility that CDK1 activity is upregulated due to elevated CDC25C levels 

following CHK2 loss, ultimately leading to increased growth.

Proper regulation of the DDR is essential for the cell to prevent the propagation of mutations 

that lead to cancer development. CHK2 is a cell-cycle regulator and a significant component 

of the DDR pathway initiated by radiation-induced DSBs (44). Our data showed that CHK2 

knockdown increased NKX3.1 transcription following androgen stimulation. NKX3.1 has 

been shown to increase PCa cell survival and clonogenicity in response to DNA damage by 

enhancing DSB repair (45). It was recently demonstrated that AR was activated by 

radiation-induced DNA damage and initiated a transcriptional program regulating DNA 

repair, thereby providing a potential mechanism for the synergy of ADT with ionizing 

radiation (46,47). Deficiencies in DNA repair resulting from CHK2 loss may contribute to 

the pronounced genomic instability seen in advanced PCa.

We presented the first evidence that CHK2 physically associated with AR. Using mass 

spectroscopy analysis or AR immunoprecipitates, CDK1 was found to interact with AR 

(21,41). CDC25C and CHK2 co-immunoprecipitated in Daudi and T47D cells (48). AR 

recruited DNA repair proteins (KU70, ATM, DNA-PK) to AR target sites upon 

transcriptional activation (49). A small pool of CHK2 associated with chromatin (50). Thus, 

it is conceivable that these proteins form a complex that might function as a molecular node 

to assimilate mitogenic and checkpoint signals. CHK2 loss may result in the inability to 

properly regulate these interactions, rendering them active during the wrong phase of the 

cell cycle.

In this study, we present data to show that the loss of CHK2 signaling increases AR activity 

and facilitates cell proliferation. Our data substantiates a new role for CHK2 in the 

regulation of androgen sensitivity and PCa growth, and directly links a critical member of 

the DDR with AR-mediated transcription and proliferation in PCa. These findings are 

clinically relevant since several CHK and second-generation CDK1 inhibitors are in clinical 

trials and the CHK2 signaling pathway is activated in response to radiation-induced DNA 

damage (43). These data may assist in the rational application of existing therapies and lead 
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to the development of novel PCa therapeutics. Based on our findings, we would predict that 

modulation of the CHK2-CDC25C-CDK1-AR signaling pathway would cooperate with 

ADT and thereby sensitize prostate tumor cells with CHK2 loss to radiation therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CHK2 regulates androgen-dependent and androgen-independent prostate cancer cell growth. 

CyQuant Assay measured DNA content as a surrogate for cell number 7 days after shRNA 

transduction. Growth was compared to untreated empty vector control and the values were 

averaged across biological replicates. Error bars represent standard error of the mean. (A) 

Cell lysate was blotted for CHK2 and ERK1/2. Plotted is the CHK2 signal normalized to 

total ERK1/2. Quantitation was performed on Odyssey LICOR imaging system, n=3. The 

effect of two independent shRNAs on cell growth in LNCaP, VCaP, Rv1, and C42 cells in 

the absence or presence of 0.05nM R1881, n=5. (B) Knockdown of CHK2 enhances 

sensitivity to castration levels of androgen. The effect of two independent shRNAs on cell 

growth in LNCaP and Rv1 cells in the absence or presence of 0-0.05nM R1881, n=3. (C) 

The effect of two independent CHK2 shRNAs on cell growth in LNCaP and Rv1 cells in the 

presence of R1881 (0.05nM) and/or the anti-androgen MDV3100 (10μM). (D) Cell lysate 

was blotted for CHK2 and ERK1/2. Quantitation represents the CHK2 signal normalized to 

total ERK1/2, n=3. The effect of two independent shRNAs on cell growth in PC3 and 

DU145 cells in the absence or presence of 0.05nM R1881, n=3. Statistical analysis was 
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performed using two-way ANOVA. * p<0.0001. (E) CHK2 knockdown has no effect on cell 

growth or AR transcription in non-AR expressing cells. The effect of two independent 

shRNAs on cell growth in LHS cells, n=3. Cell lysate was blotted for CHK2 and ERK1/2. 

Quantitation on Odyssey LICOR imaging system represents the CHK2 signal normalized to 

total ERK1/2, n=3.
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Figure 2. 
CHK2 is required for prostate cancer cell growth in response to hormone. CyQuant Assay 

measured cell number 7 days after transduction. (A) CHK2 overexpression decreases cell 

growth. Cell lysate was blotted for HA (exogenous CHK2), CHK2 (endogenous CHK2), and 

ERK1/2. The effect of empty vector (pLMJ1) or wild-type CHK2 (pLJM1-wtCHK2) 

overexpression on growth in Rv1 and VCaP cells in the absence or presence of 0.05nM 

R1881, n=3. (B) Overexpression of CHK2 in cells depleted of CHK2 abrogated the growth 

effect of CHK2 knockdown alone. Cell lysate was blotted for HA, CHK2, and ERK1/2. The 

effect of empty vector (pLKO), CHK2 shRNA, or CHK2 shRNA/wtCHK2 overexpression 

on growth in LNCaP, Rv1, and C42 cells in the absence or presence of 0.05nM R1881, n=3. 

Statistical analysis was performed using two-way ANOVA. * p<0.01.
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Figure 3. 
CHK2 protein levels are inversely correlated with prostate cancer grade. CHK2 decreases 

with increasing Gleason score. Immunohistochemistry for CHK2 in 85 zinc formalin-fixed, 

paraffin-embedded primary prostate cancers consisting of tissue microarrays, radical 

prostatectomies, and biopsies evaluated by a pathologist (HFF). High-grade tumors 

consisted of 3 Gleason 7(4+3), 11 Gleason 8, 14 Gleason 9, and 18 Gleason 10; and low-

grade tumors included 15 Gleason 6 and 24 Gleason 7(3+4). The extent of staining was 

scored on a percentage basis. The number of cells staining for CHK2 was scored as 0; 1 

(<5% positive); 2 (5-25%); 3 (26-50%), and 4 (>50%). Plotted is CHK2 level of staining 

versus percent samples. The CHK2 antibody was validated prior to staining the patients 

samples by evaluating the specificity of the antibody on zinc formalin-fixed, paraffin-

embedded CHK2-depleted and CHK2-expressing (20% vs 90% positive staining) LNCaP 

cells using varying concentrations of anti-CHK2 antibody. Statistical analysis was 

performed using the chi-squared test. * p<0.05 and ** p<0.02.
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Figure 4. 
CHK2 regulates AR transcriptional activity. Transcript levels of AR target genes in LNCaP, 

VCaP, or PC3 cells transduced with two independent shRNAs and pLKO control were 

measured by qPCR. RNA was isolated 2 hours following 1nM DHT exposure and 24 hours 

after addition of 1nM R1881. Transcript levels were normalized to the housekeeping gene, 

PSMB6, and compared to pLKO. Values were averaged across biological replicates +/− 

standard error of the mean, n=3. Shown are the histograms for (A) four immediate-early 

androgen-activated genes (NKX3.1, TMPRSS2, SGK1, and STAG1) and CHK2 in LNCaP 

cells. Statistical analysis was performed using two-way ANOVA. * p<0.05. (B) one 

androgen-activated genes (FKBP51) and CHK2 in VCaP cells. Statistical analysis was 

performed using two-way ANOVA. * p<0.05. (C) Table showing the fold changes in 

mRNA for six androgen-responsive genes (PSA, TMPRSS2, KLK2, SGK, ORM1, FST) in 

response to CHK2 knockdown and hormone treatment in LNCaP cells. Statistical analysis 

was performed using two-way ANOVA. * p<0.05 (vs pLKO, vehicle), ∧ p<0.05 (vs pLKO, 

1nM R1881). (D) CHK2 knockdown in AR-null PC3 cells has no effect on AR 

transcriptional activity. Shown are the histograms for FKBP51 and CHK2.
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Figure 5. 
CHK2 regulates cell growth through a signaling pathway involving CDC25C, CDK1, and 

AR. (A) Cell lysate was blotted for CHK2, CDC25C, and ERK1/2. The effect of CHK2 

shRNA and two independent (B) CDC25C or (D) CDK1 shRNAs on cell growth in LNCaP 

cells. CyQuant Assay was performed 7 days after shRNA transduction. The experiment was 

done in the absence and presence of 0.05nM R1881. Cell growth was compared to untreated 

pLKO control and the values were averaged across biological replicates. Error bars represent 

standard error of the mean, n=3. (C) Cell lysate was blotted for CHK2, CDK1, and ERK1/2. 

The relative effect of CHK2 and two independent (E) CDC25C or (F) CDK1 shRNAs on 

cell growth in LNCaP cells in the presence of R1881 (0.05nM) and/or the anti-androgen 

MDV3100 (10μM). Cell growth was compared to untreated pLKO control and the values 

were averaged across biological replicates. Error bars represent standard error of the mean, 

n=3. Statistical analysis was performed using two-way ANOVA. * p<0.001.
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Figure 6. 
AR negatively regulates CHK2 expression. (A) Model of a candidate ARE in the promoter 

of the CHK2 gene. (B) Transcript levels of CHK2 in LNCaP cells were measured by qPCR. 

RNA was isolated 24 hours after addition of 1nM R1881. Transcript levels were compared 

to LNCaP cells in the absence of hormone and normalized to the housekeeping gene, 

PSMB6. Values were averaged across biological replicates +/− standard error of the mean, 

n=3. Statistical analysis was performed using two-way ANOVA. * p<0.05. (C) LNCaP cells 

were cultured in hormone-depleted media for 48 hours and then treated with 10nM DHT for 

2 hours. Samples were harvested for ChIP analysis and AR was immunoprecipitated with 

AR21 antibody and analyzed using primers targeting the candidate ARE in the CHK2 

promoter, n=5. Statistical analysis was performed using two-way ANOVA. * p<0.02. (D) 

Cell lysate was blotted for CHK2 and ERK1/2. Representative blots are shown. LNCaP, 

Rv1, and DU145 cells were grown in phenol-red free RPMI media with 5% CSS in the 

absence or presence of 1nM R1881 for 48 hours. Plotted is the CHK2 signal normalized to 

total ERK1/2. Quantitation was performed on Odyssey LICOR imaging system. Error bars 

represent standard error of the mean, n=3. Statistical analysis was performed using two-way 

ANOVA. * p<0.05.
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Figure 7. 
CHK2 physically associates with AR and CDK1. (A) Physical association of CHK2 and the 

AR in prostate cancer cells. CHK2 immune complexes were generated from 1mg cell extract 

from LNCaP and Rv1 cells grown in the appropriate media supplemented with 5% FBS, 

separated by 7.5% SDS-PAGE, and immunoblotted with AR21 and CHK2 antibodies. (B) 

The interaction of CHK2, CDK1, and the AR in prostate cancer cells. CDK1 immune 

complexes were generated from 1mg cell extract from LNCaP and Rv1 cells cultured in the 

appropriate growth media, separated by 10% SDS-PAGE, and immunoblotted with AR21, 

CHK2, and CDK1 antibodies. For comparison, 100μg cell extract was immunoblotted with 

the same antibodies. (C) CHK2/AR interactions increase in response to serum starvation. 

CHK2 immune complexes were generated from 1mg cell extract from LNCaP, Rv1, and 

C42 cells grown in complete growth media or RPMI-1640 plus 5%CSS, separated by 7.5% 

SDS-PAGE, and immunoblotted with AR21 and CHK2 antibodies. Plotted is the AR signal 

normalized to total CHK2 and compared to cells growth in complete growth media. 

Quantitation was performed on Odyssey LICOR imaging system. Error bars represent 

standard error of the mean, n=4. Statistical analysis was performed using two-way ANOVA. 

* p<0.05. (D) Model of the CHK2-CDC25C-CDK1-AR signaling axis.
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