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Abstract

In prostate cancer, the development of castration resistance is pivotal in progression to aggressive 

disease. However, understanding of the pathways involved remains incomplete. In this study, we 

performed a high-throughput genetic screen to identify kinases that enable tumor formation by 

androgen-dependent prostate epithelial (LHSR-AR) cells under androgen-deprived conditions. In 

addition to the identification of known mediators of castration resistance, which served to validate 

the screen, we identified a mitotic-related serine/threonine kinase, NEK6, as a mediator of 

androgen-independent tumor growth. NEK6 was overexpressed in a subset of human prostate 

cancers. Silencing NEK6 in castration-resistant cancer cells was sufficient to restore sensitivity to 

castration in a mouse xenograft model system. Tumors in which castration resistance was 

conferred by NEK6 were predominantly squamous in histology with no evidence of AR signaling. 

Gene expression profiling suggested that NEK6 overexpression stimulated cytoskeletal, 

differentiation and immune signaling pathways and maintained gene expression patterns normal 

decreased by castration. Phosphoproteome profiling revealed the transcription factor FOXJ2 as a 

novel NEK6 substrate, with FOXJ2 phosphorylation associated with increased expression of 

newly identified NEK6 transcriptional targets. Overall, our studies establish NEK6 signaling as a 

central mechanism mediating castration-resistant prostate cancer.
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INTRODUCTION

Prostate cancer is the second most common cause of cancer death in men, and the majority 

of these deaths occur in patients with metastatic castration-resistant prostate cancer (CRPC). 

Studies of metastatic tissue from these patients reveal that tumors can become resistant 

either through persistent activation of the AR pathway (1), or by progression to a state 

described as androgen pathway independent prostate cancer (APIPC) (2) with or without 

evidence for neuroendocrine transdifferentiation.

Constitutive activation of kinases such as ERBB2, MAPK, PI3K/Akt, and Src has been 

implicated in mediating resistance to hormonal therapies through both AR-dependent and 

AR-independent mechanisms (3). However, inhibitors of many of these kinases have failed 

to demonstrate significant clinical benefit in unselected patient populations, such as in trials 

of the ERBB2 inhibitor lapatinib (4), the MTOR inhibitor everolimus (5), and the SRC 

inhibitor dasatinib (6). Cabozantinib, a small molecule inhibitor of MET and VEGFR2, 

exhibited clinical activity in metastatic CRPC (7) but a Phase III trial failed to demonstrate 

improvement in overall survival (8).

Tumor samples from patients with CRPC show increased levels of tyrosine phosphorylation 

as compared to treatment naïve prostate cancer (9), and the analysis of serine/threonine and 

tyrosine phosphorylation events in metastatic CRPC demonstrated a number of kinases that 

are differentially expressed or activated in prostate cancer metastases (10). However, there is 

limited evidence for activating kinase point mutations in CRPC (11), suggesting that kinase 

pathways are activated by other (structural genetic, epigenetic, microenvironmental) 

mechanisms. Kinase signaling has previously been implicated in treatment resistance in 

other cancer types through re-activation of the targeted signaling pathway, activation of 

parallel signaling pathways and through inducing transdifferentiation phenotypes (12); 

kinases conferring resistance are obvious druggable targets for potential therapeutic 

intervention. Since kinase signaling pathways whose activation could lead to castration 

resistance in patients with prostate cancer have not been comprehensively catalogued, we 

have performed an in vivo functional genomic screen to identify novel pathways that may be 

involved and identified NEK6 as a kinase that mediates androgen independent tumor growth.

MATERIALS AND METHODS

Cell Lines and Antibodies

LH, LHSR-AR, and LHMK-AR cells (13) were cultured in Prostate Epithelial Basal 

Medium (PrEBM) with Prostate Epithelial Growth Medium (PrEGM) SingleQuot Kit 

Supplements & Growth Factors (Lonza). LNCaP, C4-2, CL-1 and DU145 were cultured in 

phenol red free RPMI (Gibco) supplemented with 10% fetal bovine serum (FBS), 1 mM 

sodium pyruvate and 10 mM HEPES. LAPC4 cells were cultured in IMDM supplemented 

with 10% FBS and 1nM R1881. VCaP and PC-3 cells were cultured in DMEM:F12 (1:1) 

with L-glutamine (Hyclone) + 10% FBS. RWPE-1 cells were cultured in Keratinocyte-SFM 

+ EGF and bovine pituitary extract (Gibco).
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Antibodies used for immunoblotting were: NEK6 (AbCam ab76071 for Figure 1C, Santa 

Cruz sc-134833 for Supplemental Figure S1A, AbCam ab133494 otherwise), AR (Santa 

Cruz, sc-7305), Hsp90 (Cell Signaling 4875), beta-actin (Santa Cruz sc-47778 HRP), V5 

(Invitrogen P/N 46-0708), FOXJ2 (LifeSpan LS-C31294), AKT1 (Cell Signaling 9272), 

RAF1 (BD Biosciences 610151), p-T412-RPS6KB1 (Cell Signaling 9234), p-S727-STAT3 

(GeneTex 61050), cleaved PARP (Cell Signaling 9541), p53 (Cell Signaling 9282), p21 

(Santa Cruz sc-397).

Kinase Library and Androgen Independence Screen

LHSR-AR cells were infected with each virus from the previously described human kinase 

library (14) in 96-well format; cells from 9–10 of these wells were pooled together to 

generate 61 total pools. 2×106 cells from each pool in 200 μl 1:1 PBS:matrigel (Corning 

354234) were implanted into each of 3 subcutaneous sites of a female BALB/C nude mouse 

(Charles River, Boston, MA). DNA was isolated from tumors using the Qiagen Blood Spin 

Mini Kit. For tumor formation in male mice, mice were implanted with testosterone pellet 

(Innovative Research NA-151) into the lateral neck; pellets were removed at the time of 

castration. For castration, testes were ligated and removed through a lower abdominal 

incision. Doxycycline diet at 625 ppm (Test Diet) was fed to mice for target dose of 0.6 – 2 

mg/kg.

Tumor Processing and Gene Expression analysis

Tumors were harvested fresh and fragments were immediately fixed in 10% neutral buffered 

formalin solution (Sigma) for paraffin embedding or flash frozen in liquid nitrogen and 

stored in −80° C. Protein lysates were generated by mechanical disruption in RIPA buffer 

(Cell Signaling) and passage through a QiaShredder column; RNA was isolated using the 

Qiagen RNeasy purification kit with passage through a QiaShredder column and on-column 

DNase digestion per manufacturer’s protocol. RNA-Seq, comparative marker selection using 

GENE-E software, and GSEA pre-ranked were performed as described in the Supplemental 

Methods.

Immunohistochemistry

Prostate cancer microarray slides immunostained for NEK6 were scanned and scored by 

automated spectral imaging analysis per the Supplemental Methods. Paraffin embedded 

subcutaneous tumor sections were immunostained using anti-AR (Dako # M3562, dilution 

1:200, 1 hr incubation, citrate and microwave retrieval, EnVision detection. BioGenex 

platform); anti beta-catenin (Santa Cruz sc-1496, dilution 1:100, T3 H1(30), Leica 

platform), anti-KRT13 (GeneTex EPR3671), anti-NEK6 (as for TMAs but at 1:100 dilution).

Phosphoproteomic analysis

LHSR-AR cells transduced with constructs for doxycycline-inducible expression of wild-

type (wt) NEK6 and kinase-dead (kd) NEK6 were cultured in “light,” “medium,” or “heavy” 

SILAC media in two different permutations of the three conditions of wt +dox, wt −dox 

(uninduced), and kd +dox. Cells were growth factor starved and then growth factor 

stimulated for 5 min; protein lysates were subjected to SCX/IMAC and mass spectrometry 
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as previously described (15). Detailed procedures are described in the Supplemental 

Methods.

RNA interference, Proliferation Assessment, and Cell Cycle Profiling

Inducible suppression of NEK6 was accomplished by using the pLKO-TetOn-puro lentiviral 

vector with the shRNA sequences listed in the Supplemental Methods. Proliferation assays 

were performed by plating 100,000 cells in 3 × 60 mm plates at day 0; at the designated time 

points cells were harvested and counted by Coulter counter (3 measurements from each of 3 

plates), and 100,000 cells were replated in 3 new 60 mm plates. For cell cycle profiling after 

growth factor withdrawal, LHSR-AR cells were growth factor starved for 28 hours, followed 

by media change to complete PrEGM, and cells were harvested at the designated times 

points for propidium iodide staining and flow cytometry using a previously described 

protocol (http://fccf.salk.edu/protocols/cellcycle.php).

ORF constructs and in vitro kinase assays

Details on the ORF constructs and site-directed mutagenesis protocols used in these 

experiments are found in the Supplemental Methods. For in vitro kinase assays, expression 

constructs of putative substrates with a C-terminal V5 tag were transfected into 293T cells 

using TransIT®-LT1 Transfection Reagent (Mirus); cell pellets were lysed and proteins 

immunoprecipitated with anti-V5 agarose affinity gel (Sigma A7345) in RIPA buffer for on-

bead kinase assay using active recombinant GST-NEK6 (Sigma N9788) per manufacturer’s 

protocol using 0.1 μl GST-NEK6 per reaction.

Study Approval

All patients with tumors included in the tissue microarrays provided written informed 

consent to allow the collection of tissue and blood and the analysis of clinical and genetic 

data for research purposes (DFCI Protocol #01–045). All xenograft studies were conducted 

under the guidelines of the Dana-Farber Cancer Institute (DFCI) Animal Research Facility, 

and were approved by the DFCI Institutional Care and Use Committee (IACUC) under 

Protocol #03–013.

RESULTS

Identification of NEK6 as a mediator of castration-resistance in vivo

Previous work in our laboratory (13) demonstrated that primary prostate epithelial cells 

(PrECs) that are rendered tumorigenic by the expression of the SV40 large T and small t 

antigens, the catalytic subunit of telomerase (hTERT), activated H-Ras, and the androgen 

receptor (LHSR-AR cells) form well-differentiated prostate epithelial tumors in mice. These 

tumors are androgen-dependent and are thus unable to grow in female or castrated mice, 

unlike xenografts derived from the prostate cancer cell lines VCaP and LNCaP, which were 

derived from patients with CRPC and thus do not demonstrate robust differential tumor 

formation capability in non-castrate vs. castrate mice in vivo. Here we performed a high 

throughput, in vivo genetic screen to identify kinases that permitted LHSR-AR cells to form 

tumors in female animals. A lentivirally delivered kinase ORF library (14) encompassing 

601 kinases and other oncogenes was introduced into these cells in pools of 9–10, and we 
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identified fourteen ORF integrants that allowed for the androgen-independent development 

of subcutaneous tumors by PCR using vector specific primers (Supplemental Table S1).

These 14 candidates were then introduced into LHSR-AR cells individually and implanted 

subcutaneously in female BALB/c nude mice for validation of androgen-independent tumor 

formation. Among the candidates that reproducibly yielded androgen-independent tumors 

were mutated KRAS; RAF1, a known prostate cancer oncogene (16) that was recently 

described to confer metastatic potential in an in vivo model (10); ERBB2, AKT1, and 

constitutively active MEK1, which have been implicated in androgen independence (3); and 

PIM1 and PIM2, which have previously been demonstrated to be important oncogenes in 

prostate cancer (17, 18). In addition, we found that a wild-type form (NP_055212.2) of the 

Never In Mitosis A (NIMA) related kinase 6 (NEK6) scored strongly in this assay.

In addition to conferring tumor formation in female mice, overexpression of NEK6 in 

LHSR-AR cells also led to tumor formation in castrated mice (Figure 1A), which lack 

circulating androgens since mice do not synthesize androgens from their adrenal glands (19). 

In addition, we tested whether NEK6 overexpression can lead to androgen-independent 

tumor formation in a different genetic context, that is in immortalized PrECs transformed by 

overexpression of the MYC oncogene and expression of an active form of the p110α subunit 

of PI3 kinase (rather than with small t antigen and active HRAS), termed LHMK-AR cells 

(13). Indeed, NEK6 overexpression led to tumor formation in this other genetic context as 

well (Figure 1B). The kinase activity of NEK6 was essential for conferring castration 

resistance, as a kinase-dead formof NEK6, K74M/K75M (20), failed to lead to tumor 

formation of LHSR-AR cells in female or castrated mice (Supplemental Figure S1A).

In addition to demonstrating the role of NEK6 in androgen-independent tumor formation, 

we determined whether NEK6 confers castration resistance to established tumors by 

generating LHSR-AR cells in which NEK6 expression is induced with doxycycline (Figure 

1C, left). After xenograft tumor formation in male mice in the presence of doxycycline for 

35 days, the mice were castrated and the tumors were monitored for response. We found that 

NEK6 expressing tumors continued to grow even in castrated mice as compared to control 

tumors derived from parental LHSR-AR cells (p=0.001). However, when NEK6 

overexpression was abrogated by doxycycline withdrawal at the time of castration, the 

resulting tumors were as sensitive to castration as the control tumors. These observations 

demonstrate that NEK6 can lead to castration resistance in established tumors, and suggest 

that therapeutic targeting of NEK6 can restore sensitivity to castration in tumors where its 

activity is increased.

The tumors formed due to NEK6 overexpression mostly lacked AR expression, except for in 

small regions of the tumors (Figure 2A). Hematoxylin and eosin (H&E) staining 

demonstrated squamous differentiation in these tumors, with the more mature differentiated 

regions demonstrating keratin deposition and AR loss. Androgen-independent tumors 

derived from expression of the other kinases identified in the screen also have regions of 

AR-positivity and negativity that vary in proportion and intensity (Supplemental Table S2). 

NEK6 overexpressing tumors established in male mice demonstrate strong nuclear AR 

staining with no squamous differentiation (Figure 2B, left panels). However, after castration, 
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these tumors lose nuclear AR over time and develop more keratinization between nests of 

tumor cells (Figure 2B, bottom panels). This observation suggests that NEK6-mediated 

castration resistance does not require AR activity, and that transdifferentiation to a squamous 

phenotype is a result of or response to castration.

NEK6 is aberrantly expressed in human prostate cancer

NEK6 is overexpressed in several malignant tissues and cell lines and has been previously 

been implicated in cell transformation in vitro (21,22) and in vivo (23). Cancer types 

previously described to have high frequency of NEK6 overexpression include cancers of the 

liver (21), stomach (22), breast (21,22), uterus, colon/rectum and ovary (22). In human 

prostate cancer, the NEK6 locus at chromosome 9q33.3 is present in an amplicon without a 

known validated prostate cancer oncogene: a statistically significant amplicon at 9q33.2-

q34.3 (q=0.0066) was reported by Taylor, et al. (16), while updated analysis of 492 tumors 

from The Cancer Genome Atlas consortium (TCGA) revealed the peak of this amplicon to 

be at 9q33.3 (q=0.059)(24). Genomic characterization of human prostate cancers 

demonstrated amplification or mRNA overexpression (z-score>2) of NEK6 in 7% of 

primary tumors (provisional results from The Cancer Genome Atlas consortium, 

www.cbioportal.org) and 6% of metastases (11).

We performed immunohistochemistry (IHC) on primary prostate cancers compiled in seven 

tumor microarrays (TMA) generated from radical prostatectomy (RP) specimens from 347 

patients using an antibody we optimized for IHC (Supplemental Figure S2A and B), and 

quantified NEK6 expression by spectral imaging. We failed to detect NEK6 protein in most 

normal prostate tissues, but found that NEK6 is aberrantly expressed in ~16% of tumors 

(Supplemental Figure S2C). NEK6 expression was greater in tumor samples than in benign 

glandular epithelium from these same RP specimens (p=0.0024), suggesting that NEK6 

expression is associated with tumorigenesis (Figure 2C). The level of NEK6 expression in 

human tumors is somewhat less than the degree of overexpression achieved in xenografts 

(Supplemental Figure S2B), as assessed by the fact that the NEK6 antibody was used at a 

1:100 dilution in xenografts and at a 1:50 dilution in clinical samples (though differences in 

sample preparation and the fact that the TMA slides were older could also play a role). We 

sought to assess whether NEK6 overexpression by IHC correlated with progression to 

castration resistance in this cohort, but given that these specimens were from patients with 

primary prostate cancer, there were not enough events in clinical follow-up to assess this 

outcome.

We analyzed the levels of NEK6 expression in several patient-derived prostate cell lines by 

immunoblotting (Figure 3A) and found that most prostate cancer cell lines expressed higher 

levels of NEK6 than immortalized (RWPE, PrEC-LH) and transformed (LHSR-AR) prostate 

epithelial cells. Interestingly, NEK6 levels were relatively high in VCaP and LNCaP cells, 

suggesting that high expression of NEK6 was not sufficient to overcome the in vitro 
androgen dependence of these cells; however, it is important to note that these cells were 

derived from patients with castration-resistant disease in vivo. The level of exogenous 

overexpression of NEK6 in LHSR-AR cells leading to the castration-resistance phenotype 

seen in Figure 1 is somewhat greater than endogenous levels in VCaP and LNCaP cells 
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(Figure 3A, right). This finding, along with the fact that the LHSR-AR xenografts express 

only somewhat greater levels of NEK6 than what is seen in human primary tumors, would 

suggest that the phenotype conferred by NEK6 is not due to artifact of supraphysiologic 

overexpression.

To test whether NEK6 was essential for in vitro proliferation of androgen-independent AR-

low cell lines (reminiscent of the AR-low xenograft tumors), we introduced doxycycline-

inducible shRNAs targeting NEK6 to CL-1, PC-3 and DU145 cells (Figure 3B). Despite 

near complete suppression of NEK6 expression, there was no effect on proliferation of the 

cell lines except a modest suppression of DU145 proliferation with shRNA#2. These 

observations are in consonance with a prior report suggesting that NEK6 is not essential for 

proliferation of many mammalian cell lines (22).

NEK6 does not activate AR signaling or other known bypass pathways

Since persistence of androgen receptor signaling has been demonstrated to be an important 

mechanism of castration resistance (1), we determined whether NEK6 influences AR 

signaling. NEK6-mediated castration resistant tumors mostly lack expression of the AR, but 

such tumors sometimes harbor areas that express AR. NEK6 overexpression did not lead to 

an increase in activity of an AR reporter based on the PSA enhancer in LNCaP cells 

(Supplemental Figure S3A), and inducible overexpression of NEK6 in LHSR-AR cells 

(Supplemental Figure S3B) failed to increase expression of the AR targets PSA and 

TMPRSS2 (Supplemental Figure S3C). When we performed Gene set enrichment analysis 

(GSEA) (25) of an mRNA expression signature of NEK6 activity generated from cells 

inducibly expressing wild-type vs. a kinase dead form of NEK6 K74M/K75M (20), we 

found that gene expression changes associated with NEK6 kinase activity failed to correlate 

(Supplemental Figure S3D) with three previously published signatures of AR activity (26–

28).

We explored the possibility that the Wnt/β-catenin pathway mediated AR bypass in these 

tumors since a prior report demonstrated that the transformation of patient-derived prostate 

basal cells induced xenograft tumors exhibiting squamous histology with evidence of active 

β-catenin (29). However, we failed to find evidence of nuclear β-catenin staining in our 

NEK6-mediated castration resistant tumors (Supplemental Figure S4A).

Previously, NEK6 has been reported to be the major protein kinase that is active on the 

RPS6KB1 hydrophobic regulatory site, threonine 412 (30) in vitro. In addition, STAT3 

phosphorylation at serine 727 has been implicated in the transformation activity of NEK6 

previously (21). When we assessed phosphorylation of these proteins in LHSR-AR cells 

expressing NEK6, we failed to find evidence of RPS6KB1 (Thr412) or STAT3 (Ser727) 

phosphorylation in cultured cells (Supplemental Figure S4B), or in castration resistant 

tumors (Supplemental Figure S4C) as compared to controls.

Given that NEK6 has also been described to play a role in the G2/M transition in 

hepatocellular carcinoma through modulation of cyclin B (31) as well as inhibition of p53-

mediated senescence (32), we assessed whether NEK6 overexpression influenced cell cycle 

progression. We failed to find any difference in cell cycle profiles of cells overexpressing 
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NEK6 at steady state or upon release from growth factor starvation (Supplemental Figure 

S5A). NEK6 did not increase proliferation rate of LHSR-AR cells in vitro compared to a 

lacZ control (Supplemental Figure S5B). Thus, NEK6 overexpression in these cells does not 

appear to be related to cell cycle progression. Consistent with p53 being inactivated in 

LHSR-AR cells due the expression of SV40 large-T antigen, exposure of LHSR-AR cells to 

etoposide failed to cause p21 induction, but PARP was induced (Supplemental Figure S5C). 

Thus NEK6 does not act by modulating the p53 pathway in our cell context. Furthermore, 

the pro-survival effect of NEK6 appears to be specific to the in vivo context of castration 

resistance.

Gene Expression changes mediated by NEK6

Since the observed castration resistance mediated by NEK6 does not appear to involve these 

previously described pathways, we sought to elucidate downstream signaling mediated by 

NEK6 overexpression in an unbiased manner by examining gene expression changes in 

NEK6 driven tumors under castrate conditions. We established subcutaneous tumors in male 

mice with LHSR-AR cells expressing NEK6 under a doxycycline-inducible promoter; after 

tumors formed, 7 days before planned tumor harvest we split the mice into two groups, with 

half continuing on doxycycline diet and half discontinuing doxycycline. We then castrated 

the animals and harvested the tumors at days 0, 2 and 5 after castration. We found that 

doxycycline withdrawal reduced NEK6 levels to baseline (Figure 4A). We then analyzed 

gene expression by RNA-Seq on mRNA isolated from tumors harvested from mice with and 

without doxycycline in their diet at days 2 and day 5 after castration (3 tumors under each 

condition, 12 samples total).

To characterize gene expression changes associated with NEK6 expression in response to 

castration, we performed GSEA comparing tumors overexpressing NEK6 (+dox) at day 5 

after castration with −dox controls (Figure 4B). The top two curated gene sets from the 

molecular signatures database (MSigDB collection C2, representing 4725 gene sets) 

correlated with the NEK6 signature are (i) genes down-regulated in primary B lymphocytes 

within 60–180 min after activation of LMP1, an oncogene encoded by Epstein-Barr virus 

(33) and (ii) genes representing the epithelial differentiation module in sputum during 

asthma exacerbations (34). The GO biological process most significantly enriched among 

the NEK6-upregulated genes as assessed using the Gene Ontology for Functional Analysis 

(GOFFA) software (35) was “response to biotic stimulus” (p=0.0005) (Supplemental Table 

S3); other relevant terms include “apoptotic signaling pathway” (p=0.0056), “cytoskeleton 

organization” (p=0.0084), cytokine-mediated signaling pathway (p=0.0085) and “epithelial 

cell differentiation” (p=0.0183). One of these differentiation genes is cytokeratin 13 

(KRT13), a known marker of squamous differentiation in the literature (36). KRT13 

expression in xenograft tumors expressing NEK6 in the presence of circulating androgens 

was modest (Supplemental Figure S6, left panels), but increased with castration 

preferentially in tumors that continued to express NEK6 under a doxycycline inducible 

promoter as compared to tumors where NEK6 expression was abrogated by doxycycline 

withdrawal (Supplemental Figure S6, right panels).
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We hypothesized that NEK6 may mediate resistance to castration in tumors by maintaining 

survival signaling that is lost when AR is no longer activated by circulating androgens. To 

understand components of this survival signaling, we compared gene expression of control 

tumors (i.e. without NEK6 overexpression) at the day 2 and day 5 time points. We found that 

the top gene set and six of the top 12 gene sets by GSEA associated with gene expression 

lost following castration reflected interferon signaling (Supplemental Table S4A). In 

addition, two prostate cancer related gene sets were also highly correlated with genes 

downregulated by castration (ranked 9 and 12): genes up-regulated in prostate tumors 

developed by transgenic mice overexpressing Vav3 (37) and genes up-regulated in prostate 

cancer samples from African-American patients compared to those from the European-

American patients (38). These latter signatures were reported to incorporate elements of 

NFκB signaling and interferon signaling respectively, suggesting that the loss of circulating 

androgens leads to a decrease in immune-type signaling in these tumors.

The set of genes upregulated by NEK6 overexpression in castrate conditions correlated 

strongly with genes downregulated after castration in control tumors (Figure 4C), suggesting 

that NEK6 maintains gene expression lost with castration. The 60 overlapping genes in these 

two comparisons are listed in Supplemental Table S4B. The most statistically significant GO 

biological processes associated with the overlap (Supplemental Table S4C) are “cytokine-

mediated signaling pathway” (p=2×10−5) and “type I interferon signaling pathway” 

(p=2×10−5), suggesting that maintenance of interferon and other immune-type signaling 

normally lost with castration may be involved in NEK6-mediated castration resistance.

Identification of FOXJ2 and NCOA5 as NEK6 substrates

To gain a more comprehensive understanding of the immediate signaling mediated by NEK6 

expression and discover novel in vivo substrates, we performed a phosphoproteomic analysis 

as a screen to identify candidate substrates with the intent to validate individual substrates. 

In global phosphorylation analysis from cell lysates, a total of 9418 phosphopeptides (8432 

phosphoserine, 952 phosphothreonine, 34 phosphotyrosine) from 3401 proteins were 

detected. Of these, 59 phosphopeptides from 50 proteins were upregulated by wild-type 

NEK6 expression as compared to control and kinase-dead NEK6 (Supplemental Table S5). 

A previously described NEK6 motif with polypeptide sequence [L/F/W/Y-X-X-pS/pT-

F/W/Y/M/L/I/V/R/K] (39) was significantly enriched among these phosphopeptides as 

compared to all phosphopeptides detected in the experiment (8/59 vs. 186/9362, 

p=1.95×10−5), whereas other common phosphorylation motifs were not enriched (Figure 

5A). This observation suggested that this peptide sequence is a true description of the NEK6 

phosphorylation motif, and that the 8 proteins with phosphopeptides of this form detected 

here (FOXJ2, HUWE1, NCOA5, KRT18, TRA2B, HNRNPM, HNRNPA2B1, ZNF326) are 

likely bona fide in vivo NEK6 substrates.

Two potential substrates identified in this analysisFOXJ2 and NCOA5, are related to 

families of transcription factors already described to be important in prostate cancer (40,41), 

and we sought to determine the phosphorylation sites of NEK6 on these proteins. 

Substitution of the phosphorylation sites of FOXJ2 and NCOA5 identified via mass 

spectrometry, Ser8 and Ser96 respectively, decreased the in vitro phosphorylation of these 
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substrates (Figure 5B). Additionally, we found that NEK6 phosphorylated FOXJ2 at Thr23 

and Ser254 (Figure 6A, lanes 3 and 5), and NCOA5 at Ser21 and Ser151 (Figure 6B, lanes 3 

and 4). The phosphorylation of FOXJ2 and NCOA5 in vitro is indeed due to the active GST-

NEK6 added to the assay, as excluding it led to no detectable phosphorylation of these 

substrates (Figure 6C lanes 2 and 6).

Gene expression changes mediated by the NEK6 substrate FOXJ2

To determine the role of the identified substrates in mediating signaling downstream of 

NEK6, we assessed signaling in tumors mediated by phosphomimetic forms of these 

substrates with serine to aspartic acid substitutions of the phosphorylation sites identified in 
vitro, which we called FOXJ2(D×3) and NCOA5(D×3). We expressed them under a 

doxycycline-inducible promoter in tumors formed in male mice, which were harvested for 

RNA-Seq five days after castration from mice with continued doxycycline treatment or 7 

day doxycycline withdrawal as for NEK6 previously. GSEA revealed that the gene 

expression changes mediated by a phosphomimetic form of FOXJ2 (FDR q-value=0.0044), 

but not NCOA5 (q=0.477) was statistically significantly correlated with the NEK6 signature 

(Figure 7A). Since NCOA5 failed to correlate to NEK6 signature, these observations suggest 

that the gene expression signatures associated with NEK6 and FOXJ2(D×3) expression are 

not the result of artifact or technical bias related to doxycycline treatment.

Eight genes overlapped between the gene expression signature mediated by FOXJ2(D×3) 

and NEK6 at the significance threshold used here (Figure 7B). Three of these eight genes, 

TPPP3 (Tubulin Polymerization-Promoting Protein Family Member 3), PSCA (Prostate 

Stem Cell Antigen), and PLAC8 (Placenta-Specific 8), had previously been found to be 

upregulated by NEK6 expression in vitro in the experiment described in Supplemental 

Figure S3D, suggesting these three genes as bona fide transcriptional targets of NEK6 

signaling with FOXJ2 as the relevant transcription factor. TPPP3 has been previously 

implicated in proliferation, invasion and migration of cancer cells (42), PSCA has been 

reported to promote growth and metastasis of prostate cancer (43), and PLAC8 

overexpression has been linked to EMT features and increased invasiveness (44), so these 

transcriptional targets may play a role in the oncogenic functions of NEK6.

Phosphorylation of FOXJ2 by NEK6 appears to increase stability of the FOXJ2 protein, as 

inducible expression of the phophomimetic form (D×3) led to a significantly higher FOXJ2 

protein expression as compared to wild-type and phosphorylation-deficient(A×3) forms 

(Figure 7C) despite similar mRNA levels (Figure 7D). This higher level of protein 

expression led to increased mRNA expression of TPPP3 and PSCA in vitro (Figure 7D).

DISCUSSION

We performed an unbiased in vivo functional genomic screen to identify kinases that can 

confer androgen independence in a model of androgen-dependent prostate tumor formation, 

and discovered NEK6 as a novel mediator of castration resistance. Microenvironment 

potentially plays an important role in the development of resistance phenotypes, and 

performing a genomic screen in vivo allowed us to assess candidates requiring a physiologic 

microenvironment for their functional effects. We found that NEK6 does not confer any 
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growth or survival advantage to transformed prostate epithelial cells in vitro in terms of 

proliferation rate or sensitivity to chemotherapy. Thus, the in vivo setting allowed us to 

discover NEK6 as a gene that confers castration resistance.

The NEK6 gene on chromosome 9q33.3 is located on a region of recurrent copy number 

gain in prostate cancer, and NEK6 protein is overexpressed in most patient-derived prostate 

cancer cell lines tested as well as a subset of primary human prostate cancers. NEK6 plays a 

mechanistic role in the development of castration resistance in our model, and suppressing 

NEK6 expression in xenograft tumors restores sensitivity to castration, suggesting that its 

continued activity is required for tumor maintenance in this context. NEK6 is not essential 

for cell proliferation, and mice homozygous for a targeted null Nek6 allele (Nek6tm1Dgen - 

DELTAGEN_T518) demonstrate no apparent phenotype (www.infrafrontier.eu), suggesting 

that NEK6 could serve as a therapeutic target without significant on-target toxicity.

Prior work has implicated NEK6 in cell cycle progression/cyclin B modulation (31), 

inhibition of p53-mediated senescence (32), the phosphorylation of STAT3 (21), and the 

abrogation of nuclear translocation of SMAD4 to antagonize TGFβ signaling (45). Here we 

failed to find evidence to implicate any of these previously described mechanisms in the role 

of NEK6-mediated castration resistance. In this experimental context, NEK6 overexpression 

did not promote cell cycle progression in vitro, as we failed to find any difference in cell 

cycle profiles of cells overexpressing NEK6 at steady state or upon release from growth 

factor starvation. We also found no evidence that NEK6 was required for cell cycle 

progression of androgen-independent prostate cancer cells, as there was no effect of NEK6 

suppression on proliferation of the tested cell lines (except for a modest suppression of 

DU145 proliferation with a single shRNA). However, we cannot eliminate the possibility 

that the expression of NEK6 may affect cell cycle progression, contributing to the castration 

resistance phenotype in vivo. Similarly, while there was no evidence that NEK6 modulates 

p53 activity in these experiments, it remains possible that the expression of NEK6 inhibits a 

senescence phenotype that may occur with castration in a p53-independent manner.

We did not find gene sets annotated as involving STAT3, Wnt/β-catenin or TGFβ/SMAD4 

signaling within the top 200 gene sets correlated with the NEK6 signature by GSEA in 

tumors after castration; rather, cytoskeletal, differentiation, and immune processes are 

implicated. In particular, NEK6 overexpression maintained the expression of a set of genes 

involved in interferon signaling that was lost with castration in this model. Relevance of 

interferon-related gene sets in prostate cancer has been demonstrated previously in signaling 

differences between cancers in patients with African and European ancestry (38) and in 

treatment resistance (46). Recent reports also implicated immune signaling (47) and 

cytoskeletal signaling (by induction of RhoA, Cdc42, and Rac1) (48) as mechanisms of 

resistance to the anti-androgen enzalutamide. Here, analysis of gene expression changes 

induced by a phosphomimetic form of a newly identified substrate FOXJ2 revealed that this 

is the relevant transcription factor for certain important transcriptional targets downstream of 

NEK6. Of note, expression of a phosphomimetic form of FOXJ2 failed to confer androgen-

independent tumor formation, suggesting that a combination of events downstream of NEK6 

is required for this phenotype.
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Molecular mechanisms underlying transition to androgen pathway independence are not 

fully characterized: a subset of these cancers express markers of neuroendocrine 

differentiation, and transdifferentiation to a squamous phenotype has also been described in 

resistance to hormonal therapy (49). We hypothesize that APIPC represents a diversity of 

phenotypes and dependencies; a comprehensive understanding of these mechanisms would 

identify potential therapeutic targets for intervention, and would also allow for biomarker 

discovery to stratify patients for likelihood of response to targeted therapies. Thus, the 

signaling pathways described here warrant further study in this patient population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NEK6 confers androgen-independent tumor formation in a xenograft model of androgen-

dependent prostate cancer. A. Effects of NEK6 expression on the rate of tumor formation at 

60 d in the indicated LHSR-AR cells in female and castrated mice. Of note, if the tumor 

denoted with a is excluded, the difference in rate of tumor formation between parental 

LHSR-AR cells and cells expressing NEK6 in castrated mice remains statistically significant 

(p=0.009). B. The effects of expressing NEK6 on the rate of tumor formation at 60 d for 

parental LHMK-AR cells and cells expressing NEK6 in female mice. C. Left: Inducible 

expression of NEK6 in vitro at 48 hrs after addition of doxycycline Right: Waterfall plot of 

change in tumor volume at 30 d after castration (compared to prior to castration) of 
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xenograft tumors derived from parental LHSR-AR cells and cells with inducible NEK6 

expression formed in male mice.
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Figure 2. 
A. NEK6-mediated androgen-independent tumors are primarily squamous in histology and 

AR negative. Sections of tumors derived from parental LHSR-AR cells expressing GFP in 

male mice, and cells expressing NEK6 in female and castrated mice were stained with AR 

antibody (brown). B. Sections of tumors derived from LHSR-AR cells overexpressing NEK6 

in male mice with implanted testosterone pellet harvested prior to castration (Day 0) and at 

4, 8, and 12 d after castration. C. Immunohistochemical staining at 20× magnification for 

NEK6 in prostate cancer tissue microarrays. Low (left and middle) and high grade (right) 
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cases are represented, each core showing tumor infiltrating in between benign glands with 

higher expression seen in the tumor.
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Figure 3. 
NEK6 is overexpressed in several prostate cancer cell lines compared to immortalized 

(RWPE, LH) and transformed (LHSR-AR) prostate epithelial cells. A. Left: Expression of 

NEK6 and AR in prostate cell lines with Hsp90 as loading control; Right: NEK6 expression 

in LHSR-AR cells (lane 1), LHSR-AR cells overexpressing NEK6 (lane 2), and in VCaP 

and LNCaP cells. B. Expression of NEK6 in CL-1, PC-3, and DU145 cells with doxycycline 

inducible expression of 2 shRNAs targeting NEK6 or a control targeting lacZ in the presence 

or absence of doxycycline (CL-1 and PC-3) or with doxycycline in the presence or absence 
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of growth factor stimulation (DU145). C. Proliferation curves of cells cultured in the 

presence of doxycycline with cells in 60 mm plates, split and replated every 2–3 d as 

indicated. The average of 3 replicates with error bars is shown.
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Figure 4. 
A. Immunoblots of protein lysates of xenograft tumors derived from LHSR-AR cells 

transduced with doxycycline-inducible constructs (in the pTRIPz vector) for the expression 

of GFP or NEK6 in male mice, with doxycycline maintained in the diet at time of harvest 

(+dox) or with doxycycline diet removed 7 d prior to harvest (−dox). Tumors were harvested 

from non-castrated mice (day 0) or 2 or 5 d after castration. Short and long exposures of the 

NEK6 immunoblot are shown. B. Gene Set Enrichment Analysis performed on the gene 

expression signature mediated by NEK6 overexpression at d 5 after castration (GSEA pre-
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ranked based on ratio of classes to tumors without NEK6 overexpression). The top two 

curated gene sets (C2) from the molecular signatures database (MSigDB) correlated with the 

NEK6 signature are shown. C. Left: Genes downregulated in the control (−dox) tumors after 

castration (fold change <−1.5, signal-to-noise <−1 in the comparison of tumors harvested at 

d 5 and day 2) were plotted against the NEK6 signature at d 5 using GSEA pre-ranked. 

Right: Venn diagram of genes downregulated in control tumors after castration intersected 

with genes upregulated by NEK6 at day 5 (fold change >1.5, signal-to-noise >1 in the 

comparison of +dox to −dox tumors). The GO terms most highly enriched in this overlap are 

cytokine-mediated and type I interferon signaling pathways (p=2×10−5).
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Figure 5. 
A. Summary of phosphopeptides (categorized by phosphorylation motif) found to be 

enriched in cells expressing wild-type NEK6 under a doxycycline-inducible promoter as 

compared to kinase-dead NEK6 or cells not treated with doxycycline. B. NEK6 can 

phosphorylate NCOA5 and FOXJ2 in vitro at the sites discovered in the phosphoproteomic 

screen. 293T cells were transfected with expression constructs for wild-type and mutant (S-

to-D) versions of NCOA5 or FOXJ2 with a C-terminal V5 tag and immunoprecipitated with 

anti-V5 antibody. Eluates from 1/5 of the beads were assayed by V5 immunoblot; the 

remaining 4/5 was subjected to on-bead in vitro kinase assay with recombinant active GST-

NEK6 (Sigma).
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Figure 6. 
A+B. Mapping NEK6 phosphorylation sites on FOXJ2 and NCOA5. 293T cells were 

transfected with expression constructs for wild-type and mutant (S-to-D) versions of 

NCOA5 or FOXJ2 with a C-terminal V5 tag and immunoprecipitated with anti-V5 antibody; 

+ indicates a mutation is present at that residue, − indicates that the residue is wild-type 

(lane 1 of each blot represents the wild-type protein). 5% of the input assayed by V5 

immunoblot is shown in the left panels; the kinase assay is shown in the right panels. FOXJ2 

has 10 S/T residues of the previously reported NEK6 motif L/F/W/Y-X-X-pS/pT-
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F/W/Y/M/L/I/V/R/K; the six residues in FOXJ2 (or homologous residues in FOXJ3) that 

had been previously demonstrated to be phosphorylated in phosphosite.org were assayed 

here. NCOA5 has 5 S/T residues in this NEK6 phosphorylation motif; however, mutating 

Ser201 to aspartic acid dramatically decreased exogenous NCOA5 expression, so the 

remaining four sites were tested in this assay. C. Kinase assay performed for wild-type and 

(D×3) forms of FOXJ2 and NCOA5 in the presence (+) or absence (−) of active recombinant 

GST-NEK6 in the assay.
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Figure 7. 
A. RNA-Seq was performed from 3 tumors inducibly expressing phosphomimetic forms of 

FOXJ2 or NCOA5 with continued doxycycline expression, and 3 matched tumors seven 

days post doxycycline withdrawal, 5 days after castration. Shown are plots demonstrating 

correlation of genes upregulated by these phosphomimetic forms with the NEK6 signature at 

day 5 by GSEA pre-ranked. B. Venn diagram of genes upregulated by NEK6 with genes 

upregulated by FOXJ2(D×3) at day 5 after castration (fold change >1.5, signal-to-noise >1 

in the comparison of +dox to −dox tumors). C. Immunoblot of protein lysates of LHSR-AR 

cells transduced with doxycycline-inducible constructs (in the pTRIPz vector) for the 

expression of phosphorylation-deficient (A×3), wild-type, and phosphomimetic (D×3) forms 

of FOXJ2 treated with or without doxycycline for 48 hours. * indicates a background band 

used as a loading control. D. Gene expression of FOXJ2, TPPP3 and PSCA by quantitative 

RT-PCR (as fold-change from control) in cells expressing (A×3), wild-type and (D×3) forms 

of FOXJ2 under a doxycycline-inducible promoter treated with or without doxycycline for 

48 hours. The average of 3 technical replicates (with error bars representing the standard 

deviation) is shown.
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