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ABSTRACT 

Title of Dissertation: The Role of RNF6 in Regulation of Cell Cycle Progression in 

Prostate Cancer 

 

Dhanraj Deshmukh, Doctor of Philosophy, 2017 

 

Dissertation Directed by: Dr. Yun Qiu, Professor, Program in Toxicology 

 

Prostate cancer is one of the most commonly diagnosed cancers in men worldwide. 

Ubiquitin E3 ligases play an important role in carcinogenesis by modulating the 

expression levels of important cell cycle checkpoint proteins. The CDK2 inhibitor p27 

(Kip1) is an important regulator of the G1/S checkpoint. Reduced nuclear p27 levels have 

previously been shown to be an independent predictor of decreased time between 

prostatectomy and biochemical recurrence. Here we investigated the role of the E3 

ubiquitin ligase RNF6 in cell cycle progression in prostate cancer. Our data demonstrate 

that RNF6 can promote cell cycle progression by modulating the levels of p27. 

Knockdown of RNF6 led to an increase in the stability of p27 and to the arrest of cells in 

the G1 phase. RNF6 interacted with p27 via its KIL domain and this interaction was 

found to be phosphorylation independent. RNF6 enhanced the ubiquitination and 

subsequent degradation of p27 in the early G0/G1 phase of the cell cycle. Knockdown of 

RNF6 by short hairpin RNA led to the inhibition of the CDK2/Cyclin E complex thereby 

reducing the phosphorylation of the retinoblastoma protein (pRb) and to subsequent 

decrease in cell cycle progression and proliferation. In addition to its role in cell cycle 

regulation, RNF6 is also involved in the modulation of PARP-1 activity. Both PARP-1 

and CDK2 play an important role in DNA repair. Since RNF6 regulates the activities of 

both, CDK2 and PARP-1, we hypothesized that combining a PARP-1/2 inhibitor 

Veliparib to a CDK2 inhibitor Dinaciclib might sensitize prostate cancer cells to the 



 
 

CDK2 inhibitor and enhance cytotoxicity. Treatment of LNCaP and CWR-R1 cells with 

Dinaciclib at pharmacologically relevant dose levels, led to a significant induction of 

apoptosis. Simultaneously treating DU145 cells with a PARP-1 inhibitor, Veliparib, led 

to enhanced PARP-1 cleavage which is consistent with apoptosis. In summary, we have 

provided evidence that p27 is a substrate for RNF6. Dinaciclib alone or in combination 

with Veliparib could be used as a therapeutic intervention in prostate cancer. 
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CHAPTER ONE 
 

BACKGROUND AND SIGNIFICANCE 
 

INTRODUCTION 

The Prostate Gland 

The prostate gland is a walnut sized oval organ about 4 cm wide and 3 cm think. It is an 

essential part of the male reproductive system and its primary function is to store and 

excrete a liquid which forms 30% of the semen. The prostate gland is primarily made up 

of three different types of tissues: 

a) Gland cells that produce the fluid portion of semen. 

b) Muscle cells that control urine flow and ejaculation. 

c) Fibrous cells that provide the supportive structure of the gland. 

 

 

Fig. 1–1. Adult prostate structure and organization.  (1).  
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(From Kumar V, Abbas AK, Fausto N, eds. Robbins and Cotran Pathologic Basis of 

Disease, 7th ed. Philadelphia: Elsevier; 2004) 

 

Some of the organs/tissues that work in tandem with the prostate are: 

a) Seminal vesicles – produce semen and are found bilaterally to the prostate gland. 

b) Vas deferens – tubes that carry sperm from testicles to the seminal vesicles. 

c) Nerve bundles – control bladder and erectile functions and are found bilaterally to 

the prostate gland.  

d) Muscles – These muscles control urination. 

The  normal  prostate  contains  several distinct regions, including a central zone (CZ), a 

peripheral zone (PZ), a transitional  zone  (TZ),  and  a  periurethral  zone (Fig. 1-1.).  

Most carcinomas arise from the peripheral glands of the organ whereas the nodular 

hyperplasia also called as Benign Prostatic hyperplasia (BPH) arises from more centrally 

situated glands. The mouse prostate is different from the human prostate in that it consists 

of multiple lobes that have distinct patterns of ductal branching, histological appearance, 

gene expression, and secretory protein expression (2). The mouse and human prostate are 

similar at the histological level. They both contain a pseudo stratified epithelium with 

three differentiated epithelial cell types: luminal, basal, and neuroendocrine (3,4). The 

luminal epithelial cells are AR positive and express markers like cytokeratin 8 and 18 

whereas the basal cells express cytokeratin 5 and 14 and very low or no AR. 

Neuroendocrine cells are rare cells and express markers like chromogranin A and 

synaptophysin and are AR-negative.  
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Progression of Human Prostate Cancer 

Prostate cancer is the most common cancer in men and 10 to 20 percent of patients 

diagnosed with prostate cancer ultimately progress to metastatic disease (3). Clinically, 

prostate cancer has been known since ancient times; however, the removal of the prostate 

surgically, was done >100 years ago (5). The single most risk factor for prostate cancer is 

advanced age. Men less than 40 years of age have a 1 in 10,000 chance of developing 

prostate cancer while the odds increase to 1 in 7 by the age of 60 (American Cancer 

Society 2009). Prostate cancer is typically diagnosed by measuring the levels of prostate-

specific antigen (PSA) in the blood. PSA is a kallikrein-related serine protease that is 

produced in normal prostate secretions, but is released into the blood when the normal 

prostate architecture is compromised (6). 

Men with elevated PSA levels often undergo biopsy to determine the extent of 

progression of disease. Histopathologically, tumors are graded based on differentiation 

with tumors classified from Gleason score 1-5 with 1 being the most differentiated to 5 

being the least differentiated tumors. A combined score is then assigned based on the 

most common patterns observed throughout the tumor (7). Patients can also be diagnosed 

based on the status of their primary tumors with scores assigned between T1-T4 with T1 

representing organ confined while T4 representing a fully invasive tumor. Lymph node 

metastasis is denoted N0 or 1 where N0 represents no lymph node involvement. 

Similarly, presence and degree of metastasis is designated as M0-1a-c where no 

metastasis is denoted by M0 and presence of metastasis by M1a-c where c represents 

distant metastases (8). Once prostate cancer is diagnosed, treatment regimens include 

radical prostatectomy, irradiation or brachytherapy. In case of advanced prostate cancers, 
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androgen deprivation therapy is started after conventional prostatectomy and/or 

irradiation. However, disease tends to recur in some of the patients leading to a ‘castrate 

resistant’ prostate cancer.  

The processes that lead to prostate cancer include inflammation, oxidative stress, changes 

in gene expression with age and cellular senescence (9-11) (Fig. 1-2). The stages of 

prostate cancer progression, on the other hand, include prostatic intraepithelial neoplasia  

 

Fig. 1-2. Progression of Human Prostate Cancer (12) 

 

(Source: Shen et al; 2010, Genes Dev) 

 

 

(PIN) lesions followed by adenocarcinoma and then metastases. It is widely accepted that 

PIN lesions are the precursors of prostate adenocarcinoma; involvement of basal cells is 

rare. More than 95% prostate cancers are acinar adenocarcinomas; mucinous 

adenocarcinomas, ductal adenocarcinomas and rarely signet ring carcinomas. The second 

most prevalent carcinoma of the prostate is neuroendocrine prostate cancer (<2%) (13). 

Prostate cancer cells invariably metastasize to the bone to form osteoclastic lesions 

(14,15). Other secondary sites include lung, liver and pleura. Chronic inflammation is 
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considered to be an important factor in prostate carcinogenesis (16,17). Administration of 

a heterocyclic amine PhIP (2-amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine) to rats 

can recapitulate the PIN lesions which are preceded by chronic inflammation (18). 

GSTP1 which encodes a member of the Glutathione-S-transferase family, is essential for 

detoxification of a number of oxidative species and is epigenetically silenced in a number 

of prostate cancer patients (19). Age-related increase in oxidative stress due to increase in 

reactive oxygen species (ROS) and a decrease in enzymes like GSTP1 that quench ROS 

are considered important factors in the initiation of prostate carcinogenesis. Increase in 

ROS leads to DNA adduct formation like 8-oxy-7,8, dihydro-2’-deoxyguanosine (8-oxy-

dG) (20). Increased telomerase activity has been observed in prostate carcinomas and 

PIN lesions thereby suggesting telomere length as an important factor in prostate 

carcinogenesis (21). Genomic alterations like TMPRSS2-ERG fusions and copy number 

alterations for the tumor suppressor TP53, epigenetic silencing of important genes like 

GSTP1 are other events that could be involved in the progression of prostate 

carcinogenesis (22,23). Fig. 1-2 lists some of the molecular mechanisms that are involved 

in prostate carcinogenesis. The homeo-box protein NKX3.1 which is anti-proliferative, is 

frequently down regulated in prostate cancer (24). It is localized within a 150-Mb 

minimal deleted region of chromosome 8p21.2 that displays loss of heterozygosity 

(LOH) in up to 85% of high grade PIN lesions and adenocarcinomas (25,26). MYC is 

another gene that is up regulated in prostate cancer (27). Among chromosomal 

rearrangements, the most widely studied are the ones that involve the ETS transcription 

factors (ERG, ETV1 and ETV4). TMPRSS2 and ETS are located on chromosome 21q 

about 3 Mb apart. Due to either an interstitial deletion, or an unbalanced 
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interchromosomal translocation, there is chromosomal rearrangement forming a 

TMPRSS2-ERG fusion gene wherein the N-terminal truncated ERG gene is under the 

control of the androgen-responsive promoter of TMPRSS2 (28,29).  The phosphatase and 

tensin homolog (PTEN) gene is frequently mutated or deleted in prostate cancer (30). In 

genetically engineered mice, germline loss of PTEN or conditional deletion of PTEN in 

prostate epithelium leads to formation of PIN lesions or adenocarcinoma (31,32). Loss of 

PTEN leads to the activation of the AKT/mTOR pathway which is one of the most 

important cell survival pathways involved in increased gluconeogenesis and protein 

synthesis and development of an androgen-independent prostate cancer phenotype 

(33,34). There is evidence that a number of embryonic developmental pathways like the 

hedgehog pathway and the wnt signaling pathway are reactivated in the castrate resistant 

stage of prostate cancer (35,36). 

Mechanism of Action of Ubiquitin E3 Ligases 

Protein ubiquitination is the rate limiting step in protein turnover. Addition of ubiquitin 

(Ub) chains of different lengths, topologies determines the fate of the proteins. Canonical 

ubiquitination creates an isopeptide bond between the lysine residue in a target protein 

and the ubiquitin C-terminal glycine 76 (37). Typically, chains of four or more ubiquitin 

linked through K48 efficiently target proteins for proteasomal degradation (38). The 

protein ubiquitination system consists of the E1 enzyme, several E2 enzymes and several 

hundred E3 ubiquitin ligases. In humans, the E1 (ubiquitin activating enzyme) is encoded 

by the Ube1 gene which is located on the X chromosome. There are more than 30 E2 

(ubiquitin conjugating enzymes) that transfer the ubiquitin form the E1 to the E3 or the 

substrate (Fig. 1-3). The specificity for a particular target protein is governed by the E2 
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enzyme and the E3 ubiquitin ligase. The E3s are divided into three main groups based on 

their defining motifs. These include a HECT (homologous to E6-associated protein C-

terminus), RING (really interesting new gene) or U-box (a modified RING motif without 

the full complement of Zn
2+

-binding ligands) domain. The main difference between the 

HECT E3s and RING E3s is that, the HECT E3s play a direct role in catalysis during 

ubiquitination, whereas RING and U-box E3s facilitate protein ubiquitination (Figs. 1-3, 

1-4).  

 
Fig. 1-3. Ubiquitination Reactions and Differences between HECT Domain and 

RING E3 Ligases (39). 

(Source: Metzger et al., 2014, Biochim Biophys Acta) 
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Increasing amount of evidence suggests that abnormal regulation of E3 ligases could be 

involved in cancer development. One of the widely studied E3 ligases is the mouse 

double minute 2 homolog (MDM2) or the human equivalent HDM2. HDM2 is involved 

in the regulation of turnover of p53 (40). Other E3 ligases are the SCF-SKP2 complex 

that is involved in the progression of the cell cycle by degrading the cell cycle check 

point proteins viz; p27, p57 and p21 (41,42).  

 

 
 

Fig. 1-4. Domain Structure of E3s and Some Important E3s 
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CHAPTER TWO 

 

THE ROLE OF RNF6 IN REGULATING CELL CYCLE 

PROGRESSION VIA MODULATION OF p27 (KIP1) LEVELS 

 
INTRODUCTION 

 

The Ubiquitin E3 Ligase RNF6 

RNF6 belongs to the RING domain containing ligase family and shares considerable 

homology to RLIM (RNF12) (43). RNF6 is a 685 amino acid protein encoded by the 

RNF6 gene located on chromosome 13q12 (44). It has a coiled-coil domain toward the 

N-terminal, an arginine rich domain in the middle, a KIL motif (Lys-X-X-Leu/Ile-X-X-

Leu/Ile) and a RING-H2 domain towards the C-terminal. RNF6 contains both NLS and 

NES and might be involved in nucleo-cytoplasmic shuttling which could be 

phosphorylation dependent (43). RNF6 has been reported to ubiquitinate and degrade  

 

Fig. 2-1. Domain Organization of RNF6 
 

 

LIMK1 in neuronal cells (45). LIMK1 is a serine threonine kinase which phosphorylates 

actin binding/depolymerizing factors cofilin 1 and 2 and destrin thereby stabilizing the 

actin cytoskeleton. By degrading LIMK1, RNF6 is involved in regulating the local 

growth cone dynamics in axonal growth cones. Previous work in our laboratory has 

shown that RNF6 is significantly up regulated in a subset of hormone resistant prostate 
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cancer patients (46). We also demonstrated that RNF6 ubiquitinates AR and modulates 

AR transcription under androgen deprived conditions. Recently, it was found that RNF6 

ubiquitinates p53 thereby decreasing the levels of p53 (47). In mouse sertoli cells, it was 

found that RNF6 binds to the repeat(s) of the GGGGC motif found in the promoter of the 

inha gene that encodes the alpha subunit of inhibin (48). These studies demonstrate that 

RNF6 is involved in a number of physiological processes including axonal growth, AR 

transcription, transcription of inhibin and cell cycle checkpoint modulation depending on 

the growth conditions and the cell type involved.  

 

Fig. 2-2. KM Survival Curves Grouped by RNF6 Expression 

 

To study the impact of RNF6 expression on patient survival, we did a meta-analysis of 

RNF6 expression and patient survival on prostate cancer patient samples derived from the 



11 
 

TCGA database using the UCSC XENA genomic data analysis and visualization 

browser. We found that higher expression of RNF6 in the prostate cancer samples 

correlated with decreased survival (Fig. 2-2). 

Cell Cycle Progression and The Role of p27 (Kip1) 

 

p27, also known as KIP1 is encoded by the CDKN1B gene. It has the cyclin and CDK 

binding sites in the N-terminal and the QT domain in the C-terminal (Fig. 2-3). The 

former domains are involved in binding to the cyclins/CDKs whereas the latter QT 

domain is involved in protein stability (49). It is involved in tumor suppression and 

regulates G1 to S phase transition of cells. It binds to and regulates the activity of 

 

Fig. 2-3. Schematic of p27 (Kip1) structure and functional domains. 

 

cyclin-dependent kinases (Cdks) 1 & 2. In G0 and early G1, p27 translation and protein 

stability are maximal and it binds and inhibits cyclin E–CDK2 complex (50-52). The 

progressive decrease in p27 during G1 allows cyclin E–CDK2 and cyclin A–CDK2 to 

activate the transcription of genes that are required for the G1–S transition and to 

participate in the initiation of DNA replication(53). D-type cyclin–Cdks are activated by 

mitogens to cause G0 exit and G1 progression. p27 has a dual role in the regulation of 

cyclin D–CDK4 and cyclin D–CDK6 complexes. In early G1 to mid-G1, p27 also 
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promotes the assembly and nuclear import of cyclin D1–Cdk complexes (Fig. 2-4). 

Tyrosine phosphorylation of p27 leads to activation of assembled cyclin D–Cdks (54,55). 

Knockout of p27 in mice leads to multi-organ hyperplasia, increased body size and 

increases susceptibility to carcinogen-induced tumors which suggests that p27 acts as a 

tumor suppressor and controls both tissue growth as well as cell proliferation (56,57). 

Lower p27 levels correlate with poor prognosis in a number of cancers. In prostate 

cancer, seven out of nine analyses involving 1464 patients showed that reduced nuclear 

p27 is an independent predictor of decreased time between prostatectomy and 

biochemical recurrence (58). p27 is rarely mutated or deleted in human cancers (59); 

however, p27 levels are reduced or the protein is mis-localized to the cytoplasm. The best 

known proteolytic mechanism of p27 is by the E3 ligase complex SCF
SKP2

 (henceforth 

written SKP2) which ubiquitinates and degrades p27 when it is phosphorylated on 

Thr187 (60). SKP2 might also be involved in phosphorylation independent proteolysis of 

p27 in G1 (61,62). However, it is important to note that the expression of Skp2 begins in 

the S phase, except for Skp2-overexpressing tumor (63,64). Moreover, Skp2-independent 

degradation of p27 was observed in Skp2-knockout lymphocytes (65). These studies 

suggest that ubiquitin mediated degradation of p27 might be mediated by more than one 

E3 ligase. 
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Fig. 2-4. Post-translational modifications on p27 

 

(Source: Slingerland et al., 2008, Nature Reviews Cancer) 

 

RNF6 and p27 

 

When prostate cancer cells were transduced with small hairpin RNAs specific for two 

different regions of RNF6 mRNA, we observed a significant decrease in cell 

proliferation. We hypothesized that the cells might be getting stuck in one of the phases 

of the cell cycle. To identify the exact cause, we conducted a cell cycle analysis in 

asynchronous LNCaP cells after knocking down RNF6 by shRNA technology. We 

observed that knocking down of RNF6 lead to a significant increase in number of cells in 

G1 as compared to the control shRNA (Fig.2-5A). This suggested that loss of RNF6 leads 

to an increase in one or more of the G1 checkpoint inhibitors. Subsequent western blot 

analysis of PC3 cell lysates revealed that p27 levels were increased when RNF6 mRNA 
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was knocked down (Fig. 2-5B). We have previously shown that RNF6 ubiquitinates AR 

and drives AR transcription in androgen depleted conditions (46). It has also been show 

by Fang et al., that AR enhances degradation of p27 by activation of TORC2 (66). Since 

PC3 cells are AR negative, the increase in p27 could be a result of an AR independent 

mechanism. A similar increase in p27 levels was also found in androgen independent 

cells (CWR-R1) and androgen dependent cells (LNCaP) (Fig. 2-6A). To understand if 

these increases in p27 levels were due to increased transcription, we performed real-time 

RT-PCR in LNCaP and CWR-R1 cells. We observed that there was no increase in p27 

RNA on abrogation of RNF6 in either cell line (Fig. 2-5C). These preliminary 

experiments suggested that knockdown of RNF6 in prostate cancer cell lines, led to the 

arrest of cells in G1, that this G1 arrest was due to increase in p27 and that levels of p27 

were modulated post-transcriptionally. 
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Fig. 2-5. Knockdown of RNF6 stabilizes p27 
A) LNCaP cells were transduced with either control shRNA or shRNF6 1/2. After 72h, 

cells were fixed in ethanol, stained with PI and subjected to cell cycle analysis. B) PC3 

cells were transduced with either control shRNA or shRNF6-1/2. After 72h, cells were 

lysed and lysates subjected to western blot analyses. P27 levels were quantified using 

densitometry. C) LNCaP and CWR-R1 cells were transduced with either control shRNA 

or shRNF6-1/2. After 72h total RNA was collected, reverse transcribed into cDNA and 
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used for real time RT-PCR. 18S was used for normalization and values set relative to 

vector treatment. ns = not significant. 

 

MATERIALS AND METHODS 

Cell Lines and Cell Culture 

Cell lines were purchased from American Tissue Culture Collections (ATCC). CWR-R1 

cells were a kind gift from Drs. Gregory and Wilson of the University of North Carolina 

Chapel Hill (67). Cells were maintained in a 37 °C incubator at 5% CO2. 293T cells were 

cultured in DMEM (Cellgro™; Mediatech Inc.) supplemented with 10% fetal bovine 

serum (FBS) & 1% streptomycin/penicillin. LNCaP and CWR-R1 were cultured in RPMI 

1640 medium (Cellgro™; Mediatech Inc.) with 10% FBS and 1% 

penicillin/streptomycin. Cell proliferation was assayed using CCK-8 (Dojindo Molecular 

Technologies, Inc). 

Constructs 

RNF6 constructs were cloned as described previously (46). The RNF6 KIL domain 

mutant and p27T187A phosphomutant were made using the QuickChange Mutagenesis 

Kit (Stratagene). All mutations were confirmed by sequencing.  RNF6 shRNAs were 

constructed as described previously (68). The target sequences of the 

human RNF6 shRNAs are 5′-CCTCAGTGAATTTCAATGGTA-3′ (shRNF6-1) and 5′-

CCATAACAGTTCCTCTTCGTA-3′ (shRNF6-2).  

In vitro Ubiquitination 

In vitro ubiquitination assay was carried out as described previously with minor 

modifications (40,69).   Briefly, GST tagged RNF6 (aa 247-685) or the mutant GST-

RNF6 (aa 247-685) were expressed in e. coli cells and then affinity-purified with 
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glutathione-sepharose 4B beads. 100ng of purified GST-p27 was mixed with 100ng of 

either ligase-active or the ligase-inactive GST-RNF6  in a total volume of 25 μl 

containing 50 mM HEPES (pH7.9), 4 mM ATP, 5 mM MgCl2, 15 μM ZnCl2, 150 μM 

ubiquitin (Boston Biochem, Cat. # U-100H), 30 nM rabbit E1 (Boston Biochem, Cat. # 

E302), and 200 nM UbcH10 (Boston Biochem, Cat. # E2-650). The reaction was 

incubated at 37 °C for 4 h and reactions were terminated by addition of SDS sample 

buffer. Samples were resolved by SDS-PAGE and immunoblotted with anti-p27 

antibody. In some experiments, the E2 UbcH10 was replaced with UbcH2, UbcH5a or 

Use1 (Boston Biochem). 

Cell Cycle Analysis 

Cell cycle analysis was done using the protocol by Riccardi et al. (70), with slight 

modification. Briefly, non-synchronous 1-2 x 10
6 

cells were harvested by trypsinization. 

The cells in suspension were pelleted by centrifugation. The supernatant was discarded 

and the cells were re-suspended in 1 ml of PBS. Cells were then centrifuged at 200g for 5 

min at 4°C. PBS was aspirated and the cells re-suspended in 0.3 mL of fresh PBS. 0.7 mL 

of absolute cold ethanol was added drop by drop with centrifugation to prevent cell 

clumping. The fixed cells were then stored at - 20°C at least overnight. Fixed cells were 

centrifuged at 400g for 5 min and the supernatant removed. Cells were washed in 1 ml of 

PBS and PBS removed by centrifugation at 400g for 5 min. Cells were then resuspended 

in 0.25mL of PBS. 5µL of 10 mg/mL of Rnase A was added to the suspension and cells 

incubated for 1 hour at room temperature. 10 µL of 1 mg/mL propidium iodide solution 

was then added and the cells stored in dark at 4°C until analysis.  
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Transient Transfections 

Cells were plated in 6-well plates or 100-mm dishes for 24 h before transfection. 293T 

cells were transfected using a calcium phosphate transfection kit (CalPhos™ mammalian 

transfection kit). Lysates of cells were collected ∼48 h post-transfection. 

Western Blotting, Immunoprecipitation and Antibodies 

For western blots, cell lysates were prepared in RIPA buffer supplemented with protease 

inhibitors and the protein concentrations quantified using the Bradford method (71). 

Proteins were resolved on 8% -15% SDS-Polyacrylamide gels by electrophoresis, 

transferred to PVDF (Millipore) membrane, non-specific binding blocked with either 

2.5% BSA or 5% fat-free milk and the protein probed with an antibody.  The proteins 

were then detected by chemiluminescence using an HRP-linked species specific 

secondary antibody. For immunoprecipitations (IPs) cell lysates were collected using IP 

buffer as described previously (72). IPs were carried out by adding ∼1-2 μg of antibody 

per ml cell lysates and allowing incubation overnight at 4 °C with gentle agitation. The 

following day, the antibody conjugated to the protein was pulled down by using 

recombinant protein A sepharose conjugated beads. The beads were washed with IP 

buffer 3x and the proteins eluted in 50-100µL SDS loading buffer. For detecting 

ubiquitinated proteins, lysates were prepared under denaturing conditions prior to IP (73).  

Antibodies used for western blotting, immunoprecipitation and immunofluorescence 

included p27 (sc53871 & sc528), Ub (sc8017), GAPDH (sc47724), actin (sc7210), p-p27 

(Thr187) (sc16324-R),p-p27 (Ser10) (sc12939) , CDK2 (SC163), Cyclin D1 (sc-8396), 

PARP-1 (sc-8007), cyclin B1 (sc245) from Santa Cruz and cyclin E1 (#4129), SKP2 

(#4358), Rb (#9309), p-Rb (#8516) from Cell Signaling. The HA antibody was from 



19 
 

Covance (MMS-101P). The monoclonal antibody for RNF6 (anti-RNF6) was developed 

by immunizing mice with a purified fusion protein containing N-terminal residues of 

RNF6 (aa 1–246), and hybridoma clones were isolated and maintained in RPMI 1640 

medium containing 25 mM HEPES (Invitrogen). The conditioned medium was used in 

the study. 

Quantitative Real-time RT-PCR 

 

RNA was extracted using TRIzol reagent (Invitrogen). Total RNA was treated with 

DNase (Promega RQ1 kit) and transcribed into cDNA (Roche Transcriptor Reverse 

Transcriptase kit), both according to manufacturers' protocols. PCR was carried out using 

Roche FastStart High Fidelity PCR kit. Real-time PCR was carried out using Roche 

FastStart SYBR Green Master kit. 18S rRNA primers were 

TTGACGGAAGGGCACCACCAG (forward) and GCACCACCACCCACGGAATCG 

(reverse); p27 primers were ATCACAAACCCCTAGAGGGCA  

(forward) and GGGTCTGTAGTAGAACTCGGG (reverse). The relative abundance of 

each transcript was quantified by using the ΔΔCt formula using 18S rRNA as an internal 

control. 

In Vitro Cell Proliferation Assays 

Cells were plated in 100-mm plates at a density of ∼1 × 106 cells/plate 24 h prior to 

lentiviral infection. As vector-treated cells reached confluence, cells were fixed with 1% 

formaldehyde for 1 h, and then stained with Coommassie Blue dye for 1 h.  



20 
 

Immunofluorescence Staining 

CWR-R1 cells were plated in Millipore chamber slides (Millicell
®
 EZ) and transduced 

with either control shRNA or shRNF6-1/2. After about 72h, media was aspirated; cells 

were washed with PBS and then fixed in 4% formaldehyde for 15 minutes. The fixative 

was aspirated, cells washed 3X with 1X PBS and then blocked in blocking solution (1 X 

PBS/1% BSA/5% Normal Donkey Serum/0.3% Triton
™ 

X-100) for 1 hour. Blocking 

solution was aspirated and cells immunostained with primary antibody (RNF6 mouse 

monoclonal Ab 1:100; p27 rabbit Ab 1:200) in blocking buffer for 2h at room 

temperature. Cells were washed 3X with 1XPBS and then incubated with Alexa 488-

conjugated anti-rabbit antibody (1:400) and Cy5 conjugated anti-mouse antibody (1:300) 

for 1 hour at room temperature. Slides were washed 3X with 1XPBS and counterstained 

with DAPI for 5 min. Cells were washed and then coverslip mounted with anti-fade 

Vectashield (Vector Laboratories). The coverslips were sealed with nail polish and 

allowed to harden overnight at 4°C in dark. Slides were then observed under a confocal 

microscope. 

Cytoplasmic Nuclear Fractionation 

The cytoplasmic nuclear fractions were prepared as described by Holden et al. (74) with 

slight modifications. Briefly, cells were transduced with either control shRNA or 

shRNF6-1/2. After 72h, cells were trypsinized and washed with 1X PBS and then 

incubated with appropriate volume of cytosolic buffer (150mM NaCl, 50mM HEPES 

pH7.4, 25µg/mL Digitonin, Protease Inhibitors) for 10 min at 4°C with gentle agitation. 

The suspension was pelleted and the supernatant collected as the cytosolic fraction. The 

pellet was washed once with the cytosolic buffer and then lysed in RIPA buffer 
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containing protease inhibitors. The lysates were pelleted at 17000 g for 15 min. and the 

supernatant collected as the nuclear fraction. Protein concentration was estimated in each 

sample and then 5 X SDS loading buffer added. Lysates were denatured by boiling at 

95°C for 5 min. and then subjected to western blot analysis. 

Statistical Analyses 

Experiments were performed a minimum of three replicates. Statistical analyses were 

performed as a Student's t test or ANOVA followed by a post-hoc Dunnett’s multiple 

comparison tests using GraphPad Prism software (Version 7). p values of p < 0.05 were 

considered statistically significant. 

Table 1: List of primers used for mutagenesis PCR 
 

Mutant Sequences 

P27T187A GTTCTGTGGAGCAGGCGCCCAAGAAGCCTG       sense  

CAGGCTTCTTGGGCGCCTGCTCCACAGAAC        antisense 
 

RNF6ΔKIL TGAAACTGGAACACTACCCAAAATCTGTAGTGTTTGTA    sense 

TACAAACACTACAGATTTTGGGTAGTGTTCCAGTTTCA   antisense 
 

 

RESULTS 

 

Knockdown of RNF6 leads to increased stability of p27 

 

To study the effect of RNF6 knockdown on the stability of p27, three prostate cancer cell 

lines were used viz; LNCaP (AR dependent), CWR-R1 (AR independent) and PC3 (AR 

negative). Knocking down of RNF6 by shRNA in CWR-R1, LNCaP and PC3 cells led to 

an increase in the stability of p27 (Figs. 2-5B, 2-6A). LIMK1, which is a serine threonine 

kinase has been reported to have a role in cell cycle progression (75). Moreover, RNF6 

targets LIMK1 for degradation in neuronal cells (45). The levels of LIMK1 were 

unaffected by RNF6 knockdown (2-6A). Since RNF6 is an ubiquitin E3 ligase, we 
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hypothesized that p27 could be a potential target for RNF6. To confirm this hypothesis, 

we transfected HEK293T cells with either p27 along with HA-tagged WT-RNF6 (aa 1-

685) or with the ΔRING mutant (aa 1-629) (Fig. 2-6C). When p27 was co-expressed with 

WT-RNF6, there was a significant decrease in p27 levels. However, when expressed with 

mutant RNF6 (ΔRING), the levels were similar to when p27 was expressed alone. When 

the proteasome inhibitor, MG132 (10µM) was added to the cells co-expressing WT-

RNF6 and p27, the p27 levels returned to baseline levels indicating that the decrease in 

p27 levels were due to the proteasomal degradation of p27. These data suggest that p27 

could be a potential target for ubiquitin mediated proteasomal degradation by RNF6. 

 

Fig. 2-6. Knockdown of RNF6 leads to increase in stability of p27 A) Prostate cancer 

cell lines were transduced with either control shRNA or shRNF6-1/2. After 72h of 
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knockdown, cells were lysed and lysates subjected to western blot analyses. B) HEK293 

cells were transfected with the indicated plasmids by the CaCl2 method. After 42h, 

MG132 (10µM) was added as shown. After 48h of transfection, cells were lysed in RIPA 

buffer with protease inhibitors. The lysates were then subjected to western blot analysis. 

Densitometry analysis showing relative band intensities of p27 normalized to GAPDH 

(n=3). 

 

RNF6 interacts with p27 via its KIL motif in a phosphorylation-independent 

manner. 

Since it was observed that RNF6 modulates p27 levels post-translationally, we sought to 

understand, if these two proteins interacted with each other. The interaction between p27 

and RNF6 was confirmed by co-immunoprecipitation in both LNCaP and CWR-R1 cells 

(Fig. 2-7A). This interaction was lost when co-immunoprecipitation was carried out 

under RNF6 knockdown conditions further confirming the specificity of the interaction. 

(Fig. 2-7B). Immunofluorescence staining revealed co-localization of RNF6 and p27 

primarily within the nucleus (Fig. 2-7C). To study if the interaction between p27 and 

RNF6 was RING domain dependent, we co-expressed either WT RNF6 or mutant RNF6 

(ΔRING) along with p27 in HEK293T cells. Co-immunoprecipitation experiments 

revealed that p27 interacted with both WT and RING deletion mutant of RNF6 (Fig. 2-

7D). These experiments revealed that the RING domain was dispensable for interaction 

between RNF6 and p27. Next, we deleted a stretch of 45 amino acids just downstream of 

the RING domain which also contains a KIL motif (a highly conserved motif in a subset 

of RING-H2 E3 ligases – hereby designated KIL domain) either alone or additionally 

with the RING domain (Fig. 2-8A). The primers used are listed in Table 1. 

Immunoprecipitation with anti-RNF6 antibody revealed that the KIL domain was 

essential for the binding of RNF6 with p27 (Fig. 2-8A). Interestingly, deletion of the KIL 



24 
 

domain also led to a loss of E3 ligase activity as seen by the decrease in auto-

ubiquitination that is observed in the WT- RNF6 (Fig. 2-8A).  Since the interaction 

between SKP2 and p27 is phosphorylation dependent, we investigated if this case was 

true for the interaction between RNF6 and p27 as well. 

 

Fig. 2-7. RNF6 interacts with p27 A) Prostate cancer cells were treated with MG132 

(10µM) for 6h and then lysed in IP buffer. Lysates were immunoprecipitate with anti-

RNF6 antibody and immunoblotted for p27. Preimmune IgG was used as control. B) 

LNCaP and CWR-R1 cells were transduced with wither control or RNF6 shRNA. After 

about 66h post transduction, cells were treated with MG132 (10µM) for 6h. Cells were 

then lysed in IP buffer and the lysates immunoprecipitated with anti-RNF6 antibody. 

Immunoprecipitates were then immunoblotted for p27. RNF6 blots were used as control. 

C) Immunofluorescence confocal microscopy was carried out in CWR-R1 cells with anti-

RNF6 (Red) and anti-p27 (Green) antibodies. Nuclei were counterstained with DAPI. D) 

HEK293 cells were co-transfected with either HA-tagged WT-RNF6 or mutant RNF6 

lacking the RING domain and p27. After about 42h of transfection, cells were treated 

with MG132 (10µM) for 6h as indicated. Cells were then lysed and lysates 
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immunoprecipitated with anti-RNF6 antibody. The immunoprecipitates were then 

immunoblotted for HA and p27. 

Both WT and phosphomutant p27 (T187A), co-immunoprecipitated with RNF6 

indicating that the interaction between RNF6 and p27 was not dependent on 

phosphorylation (Fig. 2-8B). As expected, the phosphomutant p27 (T187A) did not co-

immunoprecipitate with SKP2.  
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Fig. 2-8. RNF6 interacts with p27 via its KIL domain in a phosphorylation-

independent manner A) HA-tagged WT RNF6 and various mutants were cotransfected 

with p27 in HEK293 cells. After 42h, cells were treated with MG132 (10µM) for 6h after 

which they were lysed and lysates immunoblotted for HA and p27.Cartoons of WT RNF6 

and different mutants. B) WT RNF6 or Myc-tagged SKP2 was cotransfected with WT 

p27 or the phosphomutant p27T187A in HEK293 cells. Cells were treated with MG132 

(10µM) for 6h prior to cell lysis. After 48h of transfection, cells were lysed and lysates 
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immunoprecipitated with anti-RNF6 antibody. Immunoprecipitates were subjected to 

western blot analysis and immunoblotted for HA/Myc and p27. 

 

RNF6 Knockdown leads to accumulation of p27 in the nucleus 

p27 is frequently mis-localized to the cytoplasm in a number of cancers (76,77). 

Cytosolic p27 has been implicated in a number of oncogenic processes like metastasis 

and resistance to cancer therapy. In order to investigate if abrogation of RNF6 led to any 

mis-localization of p27, we prepared cytosolic and nuclear fractions of WT and RNF6 

KD LNCaP and CWR-R1 cells. Since p27 is a small protein, cell fractionation using 

detergents like Triton X-100 leads to its leakage to the cytosol (78). Hence, we used a 

buffer containing a mild detergent like digitonin as discussed in materials and methods. 

Immunoblotting of the cytosolic and nuclear fractions revealed that accumulation of p27 

after RNF6 knockdown was primarily confined to the nucleus (Fig. 2-9B). Moreover, 

RNF6 too was mainly concentrated within the nucleus. To confirm these observations, 

we did fluorescence microscopy in CWR-R1 cells infected with either control or RNF6 

specific shRNA. We observed that, knockdown of RNF6 (red) lead to an increase in the 

levels of p27 (green) and that this increase in p27 was mostly nuclear (Fig. 2-9A). These 

observations corroborated with the cell fractionation experiments. Thus, abrogation of 

RNF6 leads to the accumulation of p27 within the nucleus.  
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Fig. 2-9. RNF6 knockdown leads to increase in p27 levels in the nucleus A) CWR-R1 

cells were transduced with either control shRNA or shRNF6. After 72h, cells were fixed 

and immunofluorescence confocal microscopy carried out on the cells by co-staining 

with anti-p27 (green) and anti-RNF6 (red) antibodies. Cells were counterstained with 

DAPI. B and C) LNCaP/CWR-R1 cells were transduced with either control shRNA or 

shRNF6. After about 72h of transduction, cells were fractionated as described in 

materials and methods. The cytosolic and nuclear fractions were then subjected to 

western blot analysis. 

 

RNF6 polyubiquitinates p27 in vivo and in vitro 

A number of ubiquitin E3 ligases regulate p27, temporally and spatially. The most well 

studied of them all is the SCF-SKP2 complex (60). In order to study the ubiquitination of 

p27 by RNF6, we utilized both, in vivo and in vitro systems. We transduced LNCaP cells 

with control shRNA, RNF6 shRNA or RNF6 overexpressing plasmid. After 48h of 

infection we immunoprecipitated p27 from the cell lysates and then immune-blotted with 

anti-Ub antibody. We observed that knockdown of RNF6 led to a decrease in p27 

ubiquitination whereas overexpression of RNF6 led to a marginal increase in 

ubiquitinated p27 (Fig. 2-10A). To confirm these observations, we co-expressed either 

WT or RING domain deleted RNF6 mutant along with p27 in HEK293T cells. p27 alone 

was used as control. After 48h, cell lysates were prepared under denaturing conditions 

and subjected to immunoblotting. Co-expression of WT-RNF6 along with p27 led a 

significant increase in ubiquitinated p27 as was apparent from the increase in higher 

molecular weight p27 observed on immunoblotting with p27 antibody. When p27 was 

immunoprecipitated from these lysates and then probed for Ub, a significant increase in 

ubiquitination was observed in cells co-expressing WT RNF6 as compared to the mutant 

RNF6 or the p27 control (Fig. 2-10B). We then investigated whether p27 ubiquitination 

could be recapitulated in a cell-free system with recombinant proteins. RNF6 mediated 
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ubiquitination was observed only when all the components of the ubiquitin system were 

present in the reaction mixture (Fig. 2-10C). When WT GST-RNF6 (aa 247-685) was 

substituted with a mutant GST-RNF6 (aa 247-685), the polyubiquitination of p27 was 

completely lost (Fig. 2-10D). These data suggest that RNF6 ubiquitinates p27
kip1

 in vivo 

as well as in vitro and that p27 is a direct substrate of RNF6. 
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Fig. 2-10. RNF6 ubiquitinates p27 in vivo and in vitro A) LNCaP cells were 

transduced with scrambled shRNA, shRNF6 or RNF6 plasmid. After about 72h of 

transduction, cells were lysed and lysates immunoprecipitated with anti-p27 antibody. 
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Immunoprecipitates were then probed for Ub. B) HEK293 cells were transfected with 

p27 alone, WT RNF6 and p27 or mutant RNF6 (ΔRING) and p27. After 42h of 

transfection, cells were treated with MG132 for an additional 6h. Cells were then lysed in 

denaturing buffer and lysates immunoprecipitated with anti-p27 antibody. The 

immunoprecipitates were immunoblotted for Ub. C) The in vitro ubiquitination assays 

were carried out as described in Materials and Methods. Top, immunoblot of anti-p27 to 

detect p27. Bottom, Coommassie Blue staining (CBS) of the gel to monitor the amount of 

E3 ligases present in the reactions. D) Same as in C except that either active or inactive 

GST-RNF6 was used. 

 

RNF6 knockdown leads to p27 accumulation in early G1 and to reduced Rb 

phosphorylation. 

p27 is regulated post-translationally by a number of different mechanisms. To understand 

the role of RNF6 in a temporal setting, we knocked down RNF6 using small hairpin RNA 

and studied the effect on p27 stability in G0/G1 synchronized cells. This synchronization 

was carried out by serum starvation for 48h. We observed that, RNF6 ablation led to 

stabilization of p27 in early G1 phase until 9h. During this time, there was no expression 

of SKP2. At the late G1/S boundary, when SKP2 levels increased, the p27 levels reduced 

in both control and RNF6 knockdown cells (Fig. 2-11A). Moreover, levels of RNF6 

remained more or less constant during this period. These observations suggest that RNF6 

regulates p27 levels during the early G1 phase of the cell cycle in prostate cancer cells. 

Since p27 levels during early G1 are governed by p27S10 phosphorylation, we probed for 

changes in p27S10 phosphorylation as a result of RNF6 ablation (79). We observed that, 

the p27S10 levels remain unchanged in the absence of RNF6 (2-11B). However, there 

was a decrease in Cyclin E1 and CDK2 levels in both LNCaP and CWR-R1 cells. This 

decrease might be due to the inhibition of the Cyclin E1/CDK2 complex by p27. 

Decrease in the Cyclin E1/CDK2 levels further led to a decrease in phosphorylation of 

the Rb protein on S807/811 residues in LNCaP cells. Rb phosphorylation was marginal in 
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CWR-R1 cells. The concomitant decrease in p27T187 levels could be a direct result of 

the decrease in Cyclin E1/CDK2 levels. These data demonstrate that, RNF6 ablation 

leads to increased stability of p27 in the early G1 phase and consequently leads to 

reduced Rb phosphorylation.  
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Fig. 2-11. RNF6 knockdown leads to p27 accumulation in early G1 and reduced Rb 

phosphorylation  A) CWR-R1 cells were transduced wither either control shRNA or 

shRNF6. After 48h of transduction, cells were synchronized in G0/G1 by serum 

withdrawal for 48h. 10% final serum was added back and cells harvested at indicated 

time points. Cells lysates were prepared and immunoblotted as shown. B) CWR-R1 and 

LNCaP cells were transduced with either control shRNA or shRNF6. After 72h of 

transduction, cell lysates were prepared and subjected to western blot analysis as shown. 

Relative optical density was calculated for some proteins and presented below the blot.  

 

Knockdown of RNF6 leas to G1/S block and to reduced cell proliferation 

To understand the consequences of RNF6 depletion on cell cycle function, we performed 

cell cycle analysis and cell proliferation assays. When control and RNF6 knockdown 

asynchronously growing LNCaP and CWR-R1 cells were subjected to cell cycle analysis, 

we observed that a significantly higher number of cells were arrested in G1 in RNF6 

knockdown cells when compared to control cells (Fig. 2-12A). This observation was true 

in both the cell lines viz; LNCaP and CWR-R1. However, the effect was more 

pronounced in LNCaP cells. This could be because LNCaP cells inherently have a higher 

proportion of cells in G1 (60-70%) as compared to CWR-R1 cells (20-25%). Lagging of 

cells in G1 after RNF6 knockdown was expected as p27 blocks G1-S progression of the 

cells. In order to assess if the G1/S block of cells had any effect on cell proliferation, we 

conducted cell proliferation assays using the CCK8 kit and colony forming assay. In both 

the assays, it was observed that proliferation of cells was significantly reduced on RNF6 

ablation (Fig. 2-12B and C). Again, the cell proliferation assays corroborated with our 

cell cycle analysis as LNCaP cells were found to be more sensitive to RNF6 knockdown 

when compared to CWR-R1 cells. These data demonstrate that knocking down of RNF6 

leads to cell cycle arrest in G1 and this leads to reduced cell proliferation. 
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Fig. 2-12. Knockdown of RNF6 leads to G1/S block and to reduced cell proliferation  

A) Asynchronous cells were transduced with either control shRNA or shRNF6 for 72h 

after which they were stained with PI as described in materials and methods. After PI 

staining cells were subjected to FACS analysis. B) Cells were transduced with either 

control shRNA or RNF6 shRNA for 7 days. Cell proliferation was then assessed using 

CCK8 assay. C) Cells were transduced with control or RNF6 shRNA as in B. Cells were 

then fixed and stained with coommassie dye. 
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DISCUSSION 

 

Treatment for castration resistant prostate cancer continues to elude us. Early diagnosis of 

CRPC could increase survival and improve quality of life (80). In organ confined prostate 

tumors, p27 expression was the only significant independent predictor of the time to 

biochemical recurrence after radical prostatectomy (81). Thus p27 expression could serve 

as an early marker for the prediction of a castrate resistant prostate cancer. Cell cycle-

dependent changes in p27 levels are largely attributed to post-translational modifications 

like phosphorylation and ubiquitination ultimately leading to proteasomal degradation 

(7). This regulation is tightly controlled, temporally and spatially. It has been shown that 

p27 undergoes ubiquitination even in Skp2-null cells (65,82). These studies suggest that 

multiple E3 ligase could be involved in regulation of p27 (Kip1) levels. In this study, we 

observed a dramatic decrease in cell proliferation following knockdown of RNF6 in 

prostate cancer cells. This prompted us to conduct a cell cycle analysis of the cells. We 

found that knockdown of RNF6 led to an inhibition in cell cycle progression and that the 

cells were unable to progress into the S phase. To identify the exact cause of this G1/S 

block we immunoblotted for some of the known CDK inhibitors that block G1/S 

progression. This exercise revealed that the protein levels of p27 were significantly up-

regulated on RNF6 knockdown (Fig.2-6A & B). When we probed to see if there was an 

interaction between these proteins, we found that RNF6 interacts with p27 (Kip1) (Fig 2-

7, 2-8). This interaction depended on a stretch of 45aa sequence (KIL domain) which 

contains the KIL motif just downstream of the RING domain (Fig. 2-8). Interestingly, 

when the KIL domain was deleted, the activity of RNF6 was also lost as evident from the 

lack of auto-ubiquitination (Fig. 2-8A). Thus, the KIL domain is not only essential for 
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interacting with p27 but also for the ubiquitination activity of RNF6. RNF6 ablation in 

multiple cell lines including PC3 cells that are AR negative, led to an accumulation of 

p27 (Fig. 2-5A, 2-6A & B). Previously, we have shown that RNF6 drives AR 

transcriptional activity in the absence of androgen by ubiquitination and stabilization of 

the AR (46). Since we observed p27 stabilization even in PC3 cells which is AR 

negative, this effect is most likely independent of the function of RNF6 on AR activity. It 

is well documented that the ubiquitination of p27 by Skp2 is phosphorylation dependent 

and hence we wanted to study if this case was true for the interaction between RNF6 and 

p27 as well (60). We found that the interaction between RNF6 and p27 is 

phosphorylation independent (Fig. 2-8B). This could be because RNF6 regulates p27 

levels early on in the G1 phase when the activity of the CDK complexes is minimal. 

There are a number of studies documenting the mis-localization of p27 to the cytosol 

(83,84). Loss of nuclear p27 is seen in most cancers and is considered a marker of poor 

prognosis. Immunohistochemistry studies of nuclear p27 are associated with adverse 

outcome in prostate cancer (56), gliomas (85), and astocytomas (86). Mislocalization of 

p27 from the nucleus to the cytoplasm has been attributed to the phosphorylation of p27 

on T198 by AKT and of T157 by AKT & SGK1 (83,87,88).  Phosphorylation of p27 on 

T198 and T157 leads to sequestration of p27 in the cytoplasm. Some studies have shown 

that mislocalization of p27 to the cytoplasm was associated with increased cell migration 

(89,90). One of the important events in early G0/G1 phase of the cell cycle is the 

phosphorylation of p27 on Ser 10 by the Mirk/dyrk1b kinase leading to the stabilization 

of p27 (79). This phosphorylation is also required for the export of p27 to the cytoplasm 

mediated by the CRM1/RanGTP complex (91). Once exported to the cytoplasm, p27S10 
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is then ubiquitinated by the KPC1/KPC2 RING E3 complex in early G0/G1 phase (92). 

Immunofluorescence staining of CWR-R1 cells revealed that shRNA mediated ablation 

of RNF6 leads to an increase in nuclear p27 staining (Fig. 2-9A). This observation was 

then confirmed by the cytosolic nuclear fractions in which p27 was detected within the 

nucleus (Fig. 2-9B). The cytosolic p27 was undetectable. This could be because of very 

low levels in the cytoplasm. These data demonstrate that RNF6, being a predominantly 

nuclear protein targets p27 within the nucleus for degradation. We next studied the 

ubiquitination of p27 in vivo and in vitro. We observed that RNF6 ubiquitinated p27 and 

that the RING domain was essential for this ubiquitination (Fig. 2-10A & B). These 

observations were further corroborated by in vitro ubiquitination experiments (Fig. 2-10 

C & D). The ubiquitin E2 conjugating enzyme UBCH10 enhanced the polyubiquitination 

of p27. To study how RNF6 regulates p27 levels temporally, we synchronized control 

and shRNF6 infected CWR-R1 cells by serum starvation to G0/G1. Serum was added 

back and cells were collected at different time points for western blot analysis. The data 

revealed that RNF6 levels were fairly constant throughout the cell cycle. However, p27 

levels were up regulated in the RNF6 knockdown cells from 0h to 9h. During this time, 

Skp2 levels were not detectable. At around 12h, robust Skp2 protein levels could be seen 

and the p27 levels were comparable in both, control and shRNF6 KD cells (Fig. 2-11A). 

These data suggest that, RNF6 regulates p27 levels in the early G0/G1 phase of the cell 

cycle. At the G1/S boundary of the cell cycle, Skp2 levels determine the fate of p27. This 

is in line with most of the reported literature. As expected, stabilization of p27 leads to 

reduced Rb phosphorylation (Fig. 2-11B). Moreover, p27S10 levels remain unchanged 

on RNF6 knockdown suggesting that nuclear retention of p27 is not a consequence of 
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decrease in p27S10 phosphorylation. Higher p27 levels in RNF6 ablated samples likely 

inhibit Cyclin E/CDK2 complex and lead to their decrease (Fig. 2-11B). Reduction in 

Cyclin E/CDK2 leads to a reduction in p27T187 phosphorylation levels. These data 

suggest that increase in p27 levels in early G0/G1 lead to a cascading effect on the Cyclin 

E/CDK2 complex further reducing p27T187 phosphorylation and enhancing p27 

stability. A consequence of increased p27 stability is that most of the cells are arrested in 

the G1 phase of the cell cycle as evidenced from the cell cycle analyses (Fig. 2-12A). 

This is expected since p27 is a known inhibitor of G1/S progression of cells. Increased 

p27 stability leads to reduced cell proliferation as shown by the CCK8 cell proliferation 

assay and the colony formation assays (Fig. 2-12B & C). The effect of RNF6 ablation is 

seen to be more pronounced in LNCaP cells as compared to CWR-R1 cells. This could be 

because of the inherently lower levels of p27 in CWR-R1 cells compared to LNCaP. 

Moreover, in LNCaP cells more cells in the control group are in G1 phase 45-70% 

compared to CWR-R1 (20-25%). Overall, these data demonstrate that RNF6 is a novel 

regulator of p27 and targets it for degradation in the early G1 phase of the cell cycle.  

Given the importance of p27 as a prognostic marker, RNF6 expression could serve as a 

differential diagnostic marker between hormone naïve and hormone resistant prostate 

cancers. 
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CHAPTER THREE 

 

EFFECT OF RNF6 ON PARP-1 ACTIVITY 
 

INTRODUCTION 

 

 

Fig. 3-1. PARP-1 domains and major functions (93) 

 

(Source: Deshmukh D, Qiu Y., 2015, Am J Clin Exp Urol) 

 

PARP-1 consists of three major conserved domains, a NH2-terminal DNA-damage 

sensing and binding domain containing three zinc fingers, an auto modification domain, 

and a C-terminal catalytic domain (93) (Fig. 3-1). The central auto-modification domain, 

which consists of the BRCA1 C-terminus (BRCT) domain, is the main site of post-

translational auto-modifications. The BRCT domain is required for protein-protein 

interactions and interacts with XRCC1 and DNA ligase III (94,95). The catalytic domain 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4446377/
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is required for NAD
+
 binding and catalysis of Poly-(ADP)-ribose (PAR) synthesis 

(96,97). PARP-1 uses Nicotinamide adenine dinucleotide (NAD
+
) as a donor to add 

linear and/or branched chains of ADP-ribose (ADPR) on itself or target nuclear proteins 

with the help of its catalytic domain. The major acceptor of these ADPR chains is PARP-

1 itself. The other important acceptor of ADPR chains is the linker histone protein H1 

(93). This poly(ADP-ribosyl)ation or PARylation occurs on a number of target proteins 

and plays an important role in a variety of cellular processes such as gene transcription, 

DNA repair and stress response(98).  

MATERIALS AND METHODS 

Cell Lines, Cell Culture and Drug Treatments 

Cell lines were purchased from American Tissue Culture Collections (ATCC). CWR-R1 

cells were a kind gift from Drs. Gregory and Wilson of the University of North Carolina 

Chapel Hill (67). Cells were maintained in a 37 °C incubator at 5% CO2. LNCaP and 

CWR-R1 were cultured in RPMI 1640 medium (Cellgro™; Mediatech Inc.) with 10% 

FBS and 1% penicillin/streptomycin. 

Western Blotting, Immunoprecipitation and Antibodies 

For western blots, cell lysates were prepared in RIPA buffer supplemented with protease 

inhibitors and the protein concentrations quantified using the Bradford method (71). 

Proteins were resolved on 8% -15% SDS-Polyacrylamide gels by electrophoresis, 

transferred to PVDF (Millipore) membrane, non-specific binding blocked with either 

2.5% BSA or 5% fat-free milk and the protein probed with an antibody.  The proteins 

were then detected by chemiluminescence using an HRP-linked species specific 
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secondary antibody. For immunoprecipitations (IPs) cell lysates were collected using IP 

buffer (unless specified otherwise) as described previously (72). IPs were carried out by 

adding ∼1-2 μg of antibody per ml cell lysates and allowing incubation overnight at 4 °C 

with gentle agitation. The following day, the antibody conjugated to the protein was 

pulled down by using recombinant protein A sepharose conjugated beads. The beads 

were washed with IP buffer 3x and the proteins eluted in 50-100µL SDS loading buffer. 

Antibodies used for western blotting and immunoprecipitation included PARP-1 (H-300), 

PARP-1 (F-2), GAPDH (sc47724) from Santa Cruz and Poly ADP-ribose (MAB3192) 

from Millipore. Alpha-tubulin (T9026) was from Sigma.  

RESULTS 

RNF6 Knockdown Leads to Reduced PARP-1 Activity 

 

Fig. 3-2. Knockdown of RNF6 leads to a reduction in PARP-1 ADPribosylation  

A) LNCaP cells were transduced with either control shRNA or shRNF6-1/2 for 72h after 

which the cells were lysed in RIPA buffer. The lysates were then subjected to western 

blot analysis. B) Cells were transduced with either control shRNA or RNF6 shRNA for 

72h. Lysates were prepared in RIPA buffer supplemented with protease inhibitors. Either 

pre-immune IgG or PARP-1 Ab was added to the lysates and mixed overnight. Protein A 

beads were then added to the mix and rotated for another 2h at 4
⸰
C. The antibody bound 

proteins were immunoprecipitated, washed 3x with RIPA buffer and eluted in 2xSDS 
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loading buffer. The immunoprecipitates and lysates were then subjected to western blot 

analysis. 

 

In order to identify proteins that interacted with RNF6, we conducted a GST pulldown 

assay using GST-RNF6 (data not shown). We identified PARP-1 as one of the proteins 

that interacted with RNF6. When we conducted western blot analysis of PARP-1 with the 

polyclonal antibody (Santa Cruz H-300) we observed that, knocking down of RNF6 led 

to a substantial decrease in the modified form of PARP-1. To probe this further, we used 

short hairpin RNA to knock down the expression of RNF6 in LNCaP cells. When we 

immunoblotted with PARP-1 polyclonal antibody, we observed that PARP-1 auto-

modification was considerably reduced in RNF6 knockdown cells compared to control 

cells (Fig. 3-2A). This was confirmed by using two different shRNAs. Since the most 

common auto-modification that PARP-1 undergoes is poly (ADP) ribose, we sought to 

confirm if this was indeed the case. We immunoprecipitated PARP-1 from either control 

or RNF6 shRNA transduced cell lysates and then immunoblotted for poly (ADP) ribose. 

Pre-immune IgG was used as control. We found that ablation of RNF6 expression indeed 

led to a significant reduction in PARylation of PARP-1. These data confirm that 

knocking down of RNF6 expression leads to a reduction in the activity of PARP-1.  
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Fig. 3-3: Knockdown of RNF6 leads to a reduction in global PAR levels  

LNCaP cells were transduced with either control shRNA or shRNF6-1/2 for 72h after 

which the cells were lysed in RIPA buffer. The lysates were then subjected to western 

blot analysis. To blot for total ADP ribosylation, the entire membrane was used. 

 

Reduced activity of PARP-1 leads to reduced total ADP-ribosylation of substrates (99). 

In order to further assess the impact of RNF6 on global PAR accumulation, we knocked 

down the expression of RNF6 and immunoblotted the entire membrane for PAR using 

anti-PAR antibody. Interestingly, we observed a significant decrease in total PAR activity 

using two different shRNAs further confirming that knockdown of RNF6 leads to 

reduction in PARP-1 catalytic activity ultimately leading to a decrease in total PAR in the 

cells (Fig. 3-3). 
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RNF6 is Required for Hormone Dependent PARP-1 Activation 

In breast cancer cells, Wright et al. have shown that PARP-1 is activated in response to 

progesterone treatment (99). Moreover, PARP-1 is recruited to sites of AR binding 

thereby promoting AR function (100). In order to understand if RNF6 played any such 

role in modulating PARP-1 activity in response to hormones, we cultured either control 

of RNF6 shRNA transduced cells with charcoal stripped serum (CSS) containing medium 

for 48h. We then added DHT at 10nM concentration for different times and observed that 

PARP-1 activity increased with increasing duration of treatment with DHT. As 

hypothesized, abrogation of RNF6 expression failed to activate PARP-1 in spite of 

treatment with DHT. This activity was more pronounced in LNCaP cells, whereas it was 

modest in CWR-R1 cells (Fig. 3-4 A&B). This could be due to the fact that CWR-R1 

cells are androgen independent.  
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Fig. 3-4. RNF6 is required for DHT induced PARP-1 activity  

A & B) LNCaP/CWR-R1 cells were transduced with either control shRNA or shRNF6-

1/2. After 48h, medium was changed to charcoal stripped serum (CSS) containing 

medium as indicated. DHT (10nM) was then added to the CSS medium containing cells 

for the indicated times. Lysates were prepared in RIPA buffer and subjected to western 

blot analysis. Optical Density values for PARP-1 were normalized with GAPDH. Optical 

Density of Controls was calculated relative to respective controls. 
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DISCUSSION 

 

The role of PARP-1 in DNA repair is very well known. Increasing number of studies also 

point to its role in gene transcription and chromatin remodeling. During transcription, 

PARP-1 opens up the chromatin by preventing access to de-methylases like KDM5B to 

histone H3K4 methylation marks (101). It is also instrumental in evicting the linker 

histone H1 from promoter nucleosomes thereby enabling access to the transcriptional 

machinery (102). One of the main targets of PARP-1 activity is histone H1 PARylation. 

During DNA single strand break repair, PARP-1 is one of the first proteins to be recruited 

at the site of DNA nicks. It PARylates itself adding negatively charged polymers onto 

itself and target proteins. These negatively charged polymers repel DNA thereby 

allowing access to the DNA repair machinery at the sites of DNA damage(103). Thus, 

PARP-1 plays an important role in gene transcription and DNA repair by remodeling the 

chromatin structure. In this study, we evaluated the role of RNF6 in modulating PARP-1 

activity in prostate cancer cells. Our data suggest that, abrogation of RNF6 leads to a 

decrease in the activity of PARP-1. This decrease in activity leads to a global reduction in 

PAR activity as evidenced by the PAR immunoblot (Fig. 3-2, 3-3). Reduction in PARP-1 

activity was very significant in LNCaP cells and modest in CWR-R1 cells. This could be 

because LNCaP cells are AR dependent whereas CWR-R1 cells are not. Moreover, 

LNCaP cells express the canonical RNF6 protein while CWR-R1 cells express a 

transcript variant which is slightly shorter than the canonical RNF6 protein. We next 

studied the effect of RNF6 expression on AR ligand DHT induced PARP-1 activation. 

Wright et al., have previously shown that CDK2 PARylates PAPR-1 in breast cancer 

cells when treated with progesterone (99). We observed that PARP-1 activity increased 
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with increased duration of DHT treatment (Fig. 3-4A) in LNCaP cells. Knocking down of 

RNF6 reduced PARP-1 activation in both LNCaP and CWR-R1 cells. However, this 

difference was more pronounced in LNCaP cells compared to CWR-R1 cells. This could 

be because LNCaP cells are androgen sensitive whereas CWR-R1 cells are androgen 

insensitive. Altogether these data demonstrate that RNF6 is involved in regulation of 

PARP-1 activity, and that this activity is potentially AR dependent. Further studies are 

required to elucidate the mechanism by which RNF6 modulates PARP-1 activity. RNF6 

inhibitors could be a potential approach to modulating PARP-1 activity. 
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CHAPTER FOUR 

 
EXPLORING THE EFFECT OF A SYNTHETIC CDK INHIBITOR 

DINACICLIB COMBINED WITH A PARP-1 INHIBITOR 

VELIPARIB IN THE TREATMENT OF PROSTATE CANCER 

 
INTRODUCTION 

 

CDK inhibitor Dinaciclib 

 

Fig. 4-1. Structure of Dinaciclib (104) 

 

(Source: www.selleckchem.com) 

 

Dinaciclib is a pan CDK inhibitor with IC50s in the Nano molar range. It inhibits CDK2, 

CDK5, CDK1 and CDK9 with IC50s of 1, 1, 3 and 4 nM in cell free assay systems (104). 

Since CDKs share considerable homology in their structure, it is very difficult to identify 

specific CDK inhibitors. Moreover, since CDKs are required for normal cellular 

processes, the therapeutic window tends to be very narrow for CDK inhibitors. We chose 

to use Dinaciclib since it a very potent CDK inhibitor;  it inhibits both, CDK2 and CDK1 

http://www.selleckchem.com/
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(they have a high degree of redundancy in their physiological roles) at very low 

concentrations and it has a relatively wide therapeutic window (105). Dinaciclib has very 

less off-target kinase inhibition as compared to the first generation CDK inhibitor 

Flavopiridol (Table 2). In the human ovarian cancer cell line A2780, short term treatment 

with Dinaciclib at 250 nM/L for 2h led the arrest of the cells in the G1 phase whereas 500 

nM/L caused significant (20%) apoptosis (104). It also led to a decrease in 

phosphorylation of Rb and a decrease in the levels of an anti-apoptotic protein MCL-1. 

The decrease in Rb phosphorylation was attributed to inhibition of CDK2/CDK1 and that 

of MCL-1 to inhibition of CDK9 which is involved in transcription elongation. Myeloid 

cell leukemia 1(MCL-1) is an anti-apoptotic protein belonging to the BCL2 family of 

apoptosis-regulating proteins (106). It has a very short half-life and is highly regulated. 

Inhibition of CDK9 has been shown to lead to a decrease in the levels of MCL-1 protein. 

The anti-apoptotic effect of Dinaciclib has been largely attributed to this decrease in 

MCL-1 levels.  

Table 2: Dinaciclib off-target kinase activity  

 

(Table 2 continued to top of page 52) 

Kinase 

Dinaciclib Flavopiridol 

1µM 10µM 1µM 10µM 

Kinase activity remaining (%) 

AMPK 94 62 67 20 

Blk 69 100 73 26 

CDK6/cyclin D3 12 3 25 6 
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CDK7/cyclin H1/MAT1 7 4 16 6 

c-Src 117 111 3 4 

 Fes 87 91 44 13 

Lyn 108 110 73 18 

MSK1 94 97 74 37 

PKCα 96 94 65 20 

PKCβ II 110 113 75 26 

PKCε 93 88 45 9 

PKCθ 95 95 23 5 

RSK2 104 76 65 16 

Yes 92 98 68 40 

(Source: Parry et al., 2010, Mol Cancer Ther) 

CDK2 Inhibitors in Prostate Cancer 

Ablation of RNF6 in prostate cancer cells leads to an increase in p27 thereby leading to 

cell cycle arrest in G1 and a reduction in cell proliferation. Hence we hypothesized that a 

similar effect would be seen if we were to use a synthetic CDK2 inhibitor which could 

potentially be used as a therapeutic intervention in prostate cancer. CDK2 plays an 

important role in a number of important biological processes. Some of the well-known 

effects are on 1) cell cycle and DNA replication 2) DNA repair 

1. Role of CDK2 in cell cycle progression 

The role of CDK2 as a master regulator of S phase entry has been well 

documented. CDK2 is structurally and functionally similar to CDK1. During 
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G1/S progression of the cells, CDK2 forms an active complex with Cyclin E1 

which then phosphorylates p27 on Thr187; thereby targeting p27 to SKP2 

mediated proteasomal degradation (107). Both, CDK4-Cyclin D and CDK2-

Cyclin E then phosphorylate the Rb protein (108,109). A number of studies point 

out that phosphorylation of Rb occurs in a sequential manner with CDK4-Cyclin 

D phosphorylating Rb early in G1 thereby serving as the priming phosphorylation 

site (110). Once Rb is hyper phosphorylated, the E2F transcription factor proteins 

are activated and released and are now available for transcription of a number of 

genes essential for progression of the cell cycle through the S and G2/M phases 

(111). There is evidence that CDK1 can carry out some of the functions of CDK2 

in CDK2
-/-

 cells (112). Thus inhibitors targeting both CDK2 and CDK1 would be 

more useful as a therapeutic intervention in cancer.  

2. Role of CDK2/CDK1 in DNA repair 

The G1 cell cycle checkpoint is responsible for preventing damaged DNA from 

being replicated. DNA damage leads to activation of ATM (ataxia-telangiectasia-

mutated)/ATR (ATM and Rad3 related) mediated activation of p53. 
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Fig. 4-2. Maintenance of  G1/S DNA damage checkpoint by CDK2/CDK1 

(113) 

(Source: Satyanarayana et al., 2009, Cell Division) 

 p53 in turn activates its downstream target p21which binds to Cyclin E/CDK2 

complexes and prevents S-phase entry of the cells (114). In CDK2-/- cells it was 

observed that, CDK1 forms a complex with Cyclin E and drives G1/S 

progression. Moreover, p21 was also able to inhibit the CDK1/Cyclin E complex 

and prevent S-phase entry in the event of DNA damage. Thus, there is a high 

degree of redundancy between CDK1/CDK2 in their role as enablers of G1/S 

progression (115). Further, CDK1 phosphorylates BRCA1 at S1497 and 

S1189/S1191 (Fig. 3-2) subsequent to which BRCA1 is recruited to sites of DNA 

damage. This phosphorylation is important for recruitment of Rad51 to DNA 

damage sites and for homologous recombination (HR) repair. Thus inhibition of 

CDK1 not only compromises checkpoint signaling but also prevents HR repair. 
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Interestingly, cdk1 inhibition has been shown to sensitize cancer cells to PARP-1 

inhibition (116).  

 

Fig. 4-3. CDK1 phosphorylates BRCA1 (117) 

 

  (Source: Johnson et al., Expert Opin Ther Targets, 2010) 

S1497, S1189/S1191  
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3. Rationale for combining PARP-1 inhibitors with CDK2 inhibitors to treat   

     Prostate Cancer 

 

Fig. 4-4. PARP-1 in SSB repair and BER (118) 

      (Source: Helleday et al., 2011, Mol Oncol) 

 

PARP-1 has a high affinity for single strand breaks and is amongst the first proteins 

to bind to these lesions (Fig. 4-4). Once bound to the nicked ends of a DNA, it is 

activated and auto modified leading to addition of PAR polymers on itself and other 

proteins. It then recruits XRCC1-ligase3 complex and initiates single strand break 

repair (118). It plays an important role in base excision repair (BER) as well. DNA in 

the human is constantly subjected to oxidative damage, ionizing radiations or 

exogenous toxins. The average rate of DNA damage is estimated at 10
4
 per cell daily 

(119). BER plays an important role in repairing these damaged bases accomplishing it 

in two ways – short patch repair and long patch repair (Fig. 3-4). In short patch repair 

only one base is repaired and that’s usually due to methylation induced DNA damage. 

Long patch repair involves 2-15 bases and is used in case of oxidative DNA damage 

(120). When bases are damaged, DNA glycosylases remove these bases generating an 
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apurinic/apyrimidinic site which is cleaved by an apurinic/apyrimidinic endonuclease, 

3’-phosphodiesterase thus leaving a SSB (121). 

  

Fig. 4-5. Synthetic lethality with PARP-1 inhibition (117,122) 

       (Source: Plummer et al; 2007, Clin Cancer Res) 

PARP-1 then binds to these nicked ends of the DNA, poly (ADP) ribosylates itself 

thereby producing negatively charged polymer. Since DNA is negatively charged, the 

negatively charged polymers repel DNA thereby bending the DNA and providing 

access to DNA repair proteins at these sites (103). DNA polymerase β, DNA ligase I 

or III and X-ray repair cross-complementing 1 (XRCC1) are then recruited to these 

sites to replace the damaged base and re-ligate the DNA (94). Thus PARP-1 plays a 

very pivotal role in SSB repair. If PARP-1 is inhibited, these SSB will persist. These 

will then be converted to DSB at the replication fork during replication. During the S 
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and G2 phase, DSBs are repaired by homologous recombination (HR) which requires 

BRCA1/2 (123). Since CDK2 is involved in HR, simultaneous inhibition of CDK1 

and PARP-1 would recapitulate a ‘synthetic lethality’ phenotype, thereby triggering 

apoptosis (Fig. 4-5). The early PARPi were designed to block the catalytic activity of 

the enzyme and have structural resemblance to the by-product, nicotinamide. One of 

the earliest inhibitors was the nicotinamide analogue, 3-aminobenzamide (3-AB). 

Structure–activity relationships and crystal-based drug design reveal that PARPi 

potency is associated with the carboxamide group in the anti-configuration with 

respect to the benzamide ring (Fig. 4-6). Though the structures have become more 

bulky, the characteristic carboxamide group is apparent in all the structures (Fig. 4-6). 

 

Fig. 4-6. Structures of the different PARP-1 inhibitors(124) 

 

       (Source: Antolin et al., 2014, Oncotarget) 

 

PJ34 has off-target activity towards PIM1 and acts as an inhibitor of PIM1 in the 

micro molar range (IC50 = 3.7 µM) (125). PIM1 is therefore an important off-target 

effect of most PARP-1 inhibitors as all of them have evolved from the same basic 

structure of 3-AB (Fig.4-6)  (124). Veliparib too inhibits PIM1 kinase in the micro 

molar range (17µM) and also CDK9 (8.2µM). 
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MATERIALS AND METHODS 

Cell Lines, Cell Culture and Drug Treatments 

Cell lines were purchased from American Tissue Culture Collections (ATCC). CWR-R1 

cells were a kind gift from Drs. Gregory and Wilson of the University of North Carolina 

Chapel Hill (67). Cells were maintained in a 37 °C incubator at 5% CO2. LNCaP, DU145 

and CWR-R1 were cultured in RPMI 1640 medium (Cellgro™; Mediatech Inc.) with 

10% FBS and 1% penicillin/streptomycin. Cell proliferation was assayed using CCK-8 

(Dojindo Molecular Technologies, Inc). Dinaciclib and Veliparib were purchased from 

Selleckchem. Dinaciclib stock solution was prepared in DMSO at a concentration of 50 

mM and that of Veliparib at 10 mM in DMSO. Appropriate dilutions were prepared in 

culture media without serum. 

Cell Cycle Analysis 

Cell cycle analysis was done using the protocol by Riccardi et al. (70), with slight 

modification. Briefly, non-synchronous 1-2 x 10
6 

cells were harvested by trypsinization. 

The cells in suspension were pelleted by centrifugation. The supernatant was discarded 

and the cells were re-suspended in 1 ml of PBS. Cells were then centrifuged at 200g for 5 

min at 4°C. PBS was aspirated and the cells re-suspended in 0.3 mL of fresh PBS. 0.7 mL 

of absolute cold ethanol was added drop by drop with centrifugation to prevent cell 

clumping. The fixed cells were then stored at - 20°C at least overnight. Fixed cells were 

centrifuged at 400g for 5 min and the supernatant removed. Cells were washed in 1 ml of 

PBS and PBS removed by centrifugation at 400g for 5 min. Cells were then resuspended 

in 0.25mL of PBS. 5µL of 10 mg/mL of RNase A was added to the suspension and cells 
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incubated for 1 hour at room temperature. 10 µL of 1 mg/mL propidium iodide solution 

was then added and the cells stored in dark at 4°C until analysis.  

Western Blotting and Antibodies 

For western blots, cell lysates were prepared in RIPA buffer supplemented with protease 

inhibitors and the protein concentrations quantified using the Bradford method (71). 

Proteins were resolved on 8% -15% SDS-Polyacrylamide gels by electrophoresis, 

transferred to PVDF (Millipore) membrane, non-specific binding blocked with either 

2.5% BSA or 5% fat-free milk and the protein probed with an antibody.  The proteins 

were then detected by chemiluminescence using an HRP-linked species specific 

secondary antibody. Antibodies used for western blotting, immunoprecipitation and 

immunofluorescence included Cyclin D1 (sc-8396), p53 (sc-98), cyclin B1 (sc245) from 

Santa Cruz and MCL-1 (# 5453), PARP-1 (#5625), cyclin E1 (#4129), Rb (#9309), p-Rb 

(#8516), caspase-3 (#9662) from Cell Signaling. Alpha-tubulin (T9026) was from Sigma. 

The monoclonal antibody for RNF6 (anti-RNF6) was developed by immunizing mice 

with a purified fusion protein containing N-terminal residues of RNF6 (aa 1–246), and 

hybridoma clones were isolated and maintained in RPMI 1640 medium containing 25 

mM HEPES (Invitrogen). The conditioned medium was used in the study.  

Pharmacokinetic Modeling and Simulation 

Dinaciclib concentrations were obtained by digitizing the plasma concentration profile 

from a publication by Zhang et al (126). All the pharmacokinetic analyses were 

conducted using Phoenix WinNonLin 7.0 and Phoenix NLME 7.0. Using the digitized 

time-concentration profiles, a naïve-pooled PK model was developed. From these 
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clearance and volume estimates, AUCs were calculated by using non-compartmental 

analysis. These estimates were comparable to the published literature. Once the model 

was built, simulations were performed with 40% variability in the parameter estimates. 

Visual predictive checks (VPC) were used as diagnostic tool for model validation. 

Simulations were then made for different infusion rates with the total dose being 

constant. 

Statistical Analyses 

Experiments were performed a minimum of three replicates for statistical analysis. 

Statistical analyses were performed as a Student's t test or ANOVA followed by post-hoc 

multiple comparison Dunnett’s tests using GraphPad Prism software (Version 

7). p values of p < 0.05 were considered statistically significant. 
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RESULTS 

 

IC50 values of Dinaciclib in different prostate cancer cell lines 

 

Fig. 4-7. IC50 values of Dinaciclib in prostate cancer cell lines  

Prostate cancer cells were treated with either DMSO or Dinaciclib (0.01-10000 nM) for 

24h. After 24h, cell viability was assessed using the CCK8 assay. DMSO treated cells 

were considered 100% viable and viability of drug treated cells was calculated relative to 

these cells. 5 replicates were used per dose level.  

 

To study the effect of Dinaciclib on prostate cancer cells we conducted a viability assay. 

Prostate cancer cells were treated with Dinaciclib for 24h at log doses from 0-10000nM. 

The repertoire of cells consisted of LNCaP (AR dependent), CWR-R1 (AR independent) 

and DU145 (AR negative). From the IC50 values (Fig. 4-7), it was observed that the 

LNCaP and CWR-R1 cells were the most sensitive to Dinaciclib followed by DU145 
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cells. The reduced sensitivity of DU145 cells could be due to the fact that these cells are 

Rb and p53 mutant cells. The IC50 values ranged from 4nM – 20 nM. For further 

experiments, three dose levels were chose viz; 10, 20 and 30nM based on these IC50 

values. 

Simulation of Dinaciclib concentrations and comparing them to those in the 

literature. 

Dinaciclib has been administered as a 2h infusion in all the clinical studies (127). The 

half-life of Dinaciclib is very short (about 2-3h) making it difficult to achieve therapeutic 

concentrations over an extended period of time (105). The overall goal of the simulation 

exercise was to build a model for Dinaciclib pharmacokinetics using available literature 

and then simulate plasma concentrations at different infusion rates. We hypothesized that 

a longer infusion would lead to lower Dinaciclib concentrations over a longer period of 

time, thereby leading to a better therapeutic effect and less toxicity.  
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Fig. 4-8. Comparison of PK parameters from literature and after simulation 

b) Dinaciclib plasma concentration-time profile. B) Plasma concentrations were digitized 

from b) and re-plotted. C) Using the digitized concentrations, a pharmacokinetic model 

was built. PK parameters were simulated for 1000 subjects using this model and 

compared with published data.  

 

We first compared the parameter estimates from the literature to those obtained by 

simulation. The area under the curve (AUC), clearance (Cl), Cmax and apparent volume 

of distribution (Vd) estimates were comparable indicating that the model was a good fit 

for the data (Fig. 4-8). 

Simulation of plasma concentrations with different infusion rates 

After developing the pharmacokinetic model, we validated it using visual predictive 

check (VPC). The mean plasma concentration-time profile obtained from the naïve 

pooled method and that from the simulated method were consistent (Fig. 4-9C). This 
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further validates the appropriateness of the model. Next we simulated plasma 

concentrations using different infusion rates. Dose was the same as used in the literature 

29.6 mg/m
2
. Using an average body surface area of 1.8 m

2
, a dose of 53.8 mg was used 

for simulations. The infusion times were simulated for 2h and 8h. When dinaciclib was 

infused over a period of 2h, the mean plasma concentration at 8h was 8-12 ng/mL (Fig. 4-

9A&B).  

 

Fig. 4-9. Simulated concentrations of Dinaciclib for different infusion times 

A) Using the PK model Dinaciclib plasma concentrations were simulated for different 

infusion times. B) Plasma concentration-time plot of Dinaciclib for different infusion 

times. C) Visual Predictive Check (VPC) was used as a diagnostic test to validate the 

Dinaciclib PK model against observed plasma concentrations.  

These concentrations are too low to exert therapeutic effect in prostate cancer cell lines as 

per our observations. An 8h infusion of the same dose resulted in mean plasma 

concentrations of  46.6 ng/mL (~100nM) after 10h. A slightly higher dose could provide 

therapeutic exposures over a longer period of time.  
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Time dependent effects of Dinaciclib on CWR-R1 cell cycle 

Since, Dinaciclib has a very short half-life; we wanted to assess the effect of Dinaciclib 

treatment on CWR-R1 cell cycle. Concentrations of 10 or 30ng/mL were chosen to 

mirror plasma concentration levels and two time points for exposure were considered – 

6h time point based on a 2h infusion and 24h infusion based on longer infusion times.  

 

Fig. 4-10. Time dependent effect of Dinaciclib on CWR-R1 cell cycle 

Sub-confluent, asynchronous CWR-R1 cells were treated with either 30nM Dinaciclib for 

6h (A) or 10nM Dinaciclib for 24h (B), cells harvested, fixed and stained with PI and 

processed for flow cytometric analysis of DNA content. C)  DNA histograms obtained 

after flow cytometric analysis for different treatment conditions. The histograms are 

representative of at least two independent experiments. 

 

When CWR-R1 cells were treated for a short time – 6h at a higher concentration of 

30ng/mL, most of the non-synchronized cells had reduced S phase of the cell cycle (Fig. 

4-10A). When treatment was extended to 24h at a lower concentration of 10ng/mL, the 
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cells were arrested in the G2/M phase (Fig. 4-10B and C). These data indicate that, the 

effects of Dinaciclib treatment on CWR-R1 cells are time and concentration dependent. 

Lower concentrations for a longer time might provide better outcomes.  

Effects of Dinaciclib treatment on the cell cycle of prostate cancer cells.  

Dinaciclib treatment as a mono therapy in prostate cancer cells had different effects based 

on their Rb and p53 status. When LNCaP and CWR-R1 cells were treated with 

Dinaciclib at 0, 10, 20 and 30 ng/mL, we saw a dose-dependent increase in apoptosis in 

CWR-R1 cells (Fig. 4-11). In LNCaP cells, apoptosis was seen at 20 and 30 ng/mL 

concentrations; however it plateaued off at 20 ng/mL.  

 

Fig. 4-11. Dinaciclib treatment leads to a dose-dependent increase in apoptosis in 

CWR-R1 and LNCaP cells 

A) Sub-confluent, asynchronous CWR-R1 and LNCaP cells were treated with different  

concentrations of Dinaciclib for 12h, cells harvested, fixed and stained with PI and 
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processed for flow cytometric analysis of DNA content. B)  DNA histograms obtained 

after flow cytometric analysis for different treatment conditions. The histograms are 

representative of at least two independent experiments. 

 

There was a marginal increase in apoptosis in the other cell lines – PC3 and DU145. 

However, at all the concentrations tested, most of the cells were arrested in the G2/M 

phase (Fig. 4-12).  These data reveal that the reduced apoptosis seen in PC3 and DU145 

could be due to their p53 null and mutant Rb statuses, respectively.  

 

Fig. 4-12. Dinaciclib treatment leads to arrest of PC3 and DU145 cells in G2/M 

phase  A) Sub-confluent, asynchronous DU145 and PC3 cells were treated with different 

concentrations of Dinaciclib for 12h, cells harvested, fixed and stained with PI and 

processed for flow cytometric analysis of DNA content. B)  DNA histograms obtained 

after flow cytometric analysis for different treatment conditions. The histograms are 

representative of at least two independent experiments. 
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Treatment of prostate cancer cells with Dinaciclib alone or in combination with 

Veliparib leads to apoptosis. 

To confirm the effect of Dinaciclib and/or Veliparib treatment on prostate cancer cells, 

cells were treated at different doses either alone or in combination. Interestingly, in 

LNCaP and CWR-R1 cells, treatment with Dinaciclib led to a dose dependent decrease in 

RNF6 levels. This might be due to inhibition of CDK2 suggesting a feedback loop 

wherein RNF6 inhibits CDK2 through p27 and inhibition of CDK2 leads to a decrease in 

RNF6. In LNCaP cells, treatment with Dinaciclib alone led to a dose dependent increase 

in cleaved PARP-1 suggesting apoptosis. This was further confirmed by increase in 

cleaved caspase-3. These results are in line with the cell cycle analysis data where a sub-

G1 cell population was detected which is consistent with apoptosis. Veliparib treatment 

at 25 and 50 µM did not lead to apoptosis. Further, co-treatment with Dinaciclib at 10 nM 

and Veliparib at 50 µM led to a marginal increase in apoptosis (Fig. 4-13). A number of 

studies have suggested that apoptosis due to Dinaciclib treatment is a result of a decrease 

in the anti-apoptotic protein MCL-1 (105,128). Interestingly, in the entire cell lines 

tested, but in LNCaP & CWR-R1 cells in particular, treatment with Veliparib too led to a 

decrease in MCL-1 levels (Fig 4-13, 4-14). This could be due to the off-target activity of 

Veliparib on CDK9 (124). Though there was a decrease in MCL-1 protein levels, there 

was no concomitant apoptosis seen on Veliparib treatment. This clearly suggests that 

either the mechanism of apoptosis is different from MCL-1 or MCL-1 alone is not 

responsible for the apoptosis seen in these cells. When we probed for p53 expression, we 

observed that p53 expression was induced in LNCaP cells dose-dependently. 

Combination treatment with Veliparib, however, did not induce p53. LNCaP cells harbor 
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the wild-type p53 and apoptosis seen in LNCaP cells on Dinaciclib treatment could be 

attributed to induction of p53. However, apoptosis seen with combination treatment is via 

a different mechanism as there was no p53 induction seen in these cells. In order to 

further tease out the mechanism of apoptosis, we immunoblotted for p-S139 H2A.x 

(γH2Ax), a marker for DNA double strand breaks.  There was a dose dependent increase 

in γH2Ax in LNCaP cells when treated with Dinaciclib alone. Moreover, combination 

treatment led to a significant increase in γH2Ax when compared to single treatment, thus 

suggesting that the apoptosis is due to accumulation of double strand break foci. P53 

induction could be a downstream effect of accumulation of these foci. This is expected as 

Dinaciclib treatment prevents phosphorylation and recruitment of BRCA1 and RAD51to 

DNA damage foci thereby preventing the repair of DNA double strand breaks by HR. In 

CWR-R1 cells, a decrease I p53 levels was observed. This could be because CWR-R1 

cells harbor the mutant p53. Caspase-3 cleavage and PARP-1 cleavage correlated well 

with γH2Ax levels. Apart from these observations, reduction in Rb phosphorylation was 

seen at all dose levels in all the cell lines. A clear dose-response for reduction in Rb 

phosphorylation could not be established. There was also a decrease in Cyclins D1 and 

B1 levels in all cell lines when treated with Dinaciclib. This could be as a result of 

reduction in Rb phosphorylation and consequent suppression of transcription of E2F 

target proteins (Figs 4-13, 4-14). In DU145 cells, monotherapy alone with Dinaciclib lead 

to apoptosis only at 30 nM concentration. (Fig. 4-14). However, combination treatment 

with Dinaciclib at 10 nM and Veliparib at 25 and 50 µM in DU145 led to significant 

increase in apoptosis of the cells as seen by increase in PARP-1 cleavage. These data 
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show that Rb and p53 mutant cells are relatively resistant to apoptosis by Dinaciclib and 

combining a PARP-1 inhibitor like Veliparib could increase apoptosis.  

 

Fig. 4-13. Dinaciclib treatment in LNCaP and CWR-R1 cells leads to apoptosis 

LNCaP and CWR-R1 cells were treated with DMSO, Dinacilib, Veliparib or Dinaciclib 

and Veliparib for 24h. Lysates were prepared in RIPA buffer supplemented with protease 

inhibitors. Lysates were then subjected to western blot analysis. 
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Fig. 4-14. Dinaciclib and Veliparib combination treatment in DU145 cells leads to 

apoptosis.  DU145 cells were treated with DMSO, Dinacilib, Veliparib or Dinaciclib and 

Veliarib for 24h. Lysates were prepared in RIPA buffer supplemented with protease 

inhibitors. Lysates were then subjected to western blot analysis. 

 

DISCUSSION 

RNF6 modulates the levels of the CDK inhibitor p27 (Kip1). It targets p27 for 

proteasome-mediated degradation in the early G0/G1 phase. Ablation of RNF6 

expression in prostate cancer cells leads to cell cycle arrest in G1 and reduced cell 

proliferation. We hypothesized that a synthetic CDK2 inhibitor would lead to similar 

effects and that this treatment modality could be exploited for the treatment of prostate 

cancer. Of the second generation of CDK inhibitors, Dinaciclib is the most potent CDK 

inhibitor with IC50s in the Nano molar range. Besides, Dinaciclib has a better therapeutic 

index compared to its predecessor Flavopiridol (104). Hence Dinaciclib was chosen in 



72 
 

this study. It should be noted that Dinaciclib is a pan-CDK inhibitor with inhibitory 

activity against CDK2 (1nM), CDK5 (1nM), CDK1 (3nM) and CDK9 (4nM). The IC50s 

of Dinaciclib ranged from 11.4 nM in CWR-R1 cells to 76 in PC3 cells (Fig. 4-7. Thus 

CWR-R1 cells which represent the castrate resistant prostate cancer phenotype are the 

most sensitive to Dinaciclib treatment. The effect of Dinaciclib treatment on CWR-R1 

cell cycle was concentration and time dependent. Treatment with a high dose of 30 nM 

for a short time of 6h led to reduced number of cells in S phase whereas treatment with a 

low dose of 10 nM for a long time of 24h led to cell cycle arrest in the G2/M phase (Fig. 

4-10). Dinaciclib has a very short half-life of 2-3h and therapeutically relevant exposure 

of drug is for a very short time. It is administered as an intravenous infusion for 2h. We 

hypothesized that increasing the duration of infusion from 2h to 8h would lead to lower 

exposures over an extended period of time. To this end we performed Pharmacokinetic 

modeling using Phoenix WinNonLin and Phoenix NLME. We digitized data from a 

publication to get the plasma concentration-time profiles. Using the naïve pooled analysis 

approach; we developed a model for Dinaciclib. The parameter estimates obtained from 

this model were comparable to those in the literature thus validating our model (Fig. 4-8). 

We then used this model to simulate 1000 subjects to get plasma drug concentrations for 

a 2h infusion using the same dosing strategy as used in literature. Our simulated estimates 

were comparable to the observed estimates. Moreover, the diagnostic visual predictive 

check (VPC) graphs were comparable to observed estimates thereby further validating 

the adequacy of our model (Fig. 4-9). Once the model was developed, we simulated 

(1000 subjects) Dinaciclib infusions for 8h and the mean plasma levels obtained were 

46.6 ng/mL at 10h compared to 8-12 ng/mL at 10h with 2h infusions. These data support 
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our hypothesis that increasing the infusion times without increasing the dose would 

provide therapeutic exposures of Dinaciclib relevant for treatment of prostate cancer. 

When a panel of prostate cancer cell lines was treated with Dinaciclib for 12h at 

concentrations of 10, 20 and 30 nM, apoptosis was seen in LNCaP and CWR-R1 cells at 

the 20 and 30 nM doses. However, in the DU145 (Rb and p53 mutated) marginal 

apoptosis was observed at these doses. These data suggest that the Rb and p53 status of 

cells could be an important determinant of induction of apoptosis by Dinaciclib (Fig. 4-

11, 4-12). The treatment duration (12h) and the dose levels (10-30 nM) used in these 

studies were based on physiologically relevant concentrations of Dinaciclib from the 

simulation exercise. It has been studied that phosphorylation of BRCA1 by CDK1 plays 

an important role in recruiting BRCA1 to DNA double strand break foci and for the 

subsequent recruitment of Rad51 (113). Moreover, CDK2/CDK1 plays an important role 

in G1 checkpoint control in case of DNA damage. It is also well known that PARP-1 

plays a pivotal role in single strand break (SSB) repair including base excision repair 

(BER) (94,121). We hypothesized that inhibition of PARP-1 would lead to single strand 

breaks not being repaired thereby leading to double strand breaks during cell division. 

Since simultaneous CDK2/CDK1 inhibition leads to impaired recruitment of BRCA1 to 

DNA damage foci, it would lead to a ‘synthetic lethality’ type phenotype ultimately 

leading to apoptosis. Hence we tested a combination treatment of Dinaciclib along with a 

PARP inhibitor Veliparib. Treatment with Veliparib alone for 24h, in any of the cell lines 

did not lead to induction of apoptosis (Fig.4-13, 4-14). However when it was combined to 

a low dose of Dinaciclib (10nM), it induced apoptosis in DU145 cells at 25 and 50 µM 

concentrations (Fig. 4-14). In LNCaP and CWR-R1 cells, addition of Veliparib in 
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addition to Dinaciclib treatment had a marginal effect. Treatment with Dinaciclib led to a 

decrease in Cyclin E1, Cyclin D1 and Cyclin B1 levels. This could be due to reduced Rb 

phosphorylation at all doses in all cell lines as decrease in Rb phosphorylation is known 

to suppress the E2F transcription factors (129). The cause of apoptosis by Dinaciclib is 

not clear. Many studies have shown that the cause of apoptosis is the result of reduced 

MCL-1 levels, is an anti-apoptotic protein belonging to the BCL2 family. These 

observations have been driven by the fact that Dinaciclib inhibits CDK9 and since MCL-

1 has a very short half-life, its levels are immediately affected (104,128). However, our 

data reveal that MCL-1 levels do not always correlate with apoptosis (Fig. 4-13). 

Veliparib has an off-target activity towards CDK9 and treatment with Veliparib alone 

leads to decrease in MCL-1 levels(124). However, apoptosis is not observed in these 

samples of LNCaP and CWR-R1 cells (Fig. 4-13). Moreover, MCL-1 levels are robust at 

10 nM concentration in both LNCaP and CWR-R1 cells but one can observe induction of 

apoptosis at these levels as evidenced by PARP-1 cleavage. Significant inhibition of 

MCL-1 is seen is LNCaP and CWR-R1 cells treated with Veliparib without a consequent 

induction of apoptosis. These data clearly reveal that the apoptosis induction is not due to 

decreased MCL-1 levels and that; other factors could be at play. P53 levels too did not 

correlate with apoptosis. The marker for double strand break reapir, γH2Ax levels, 

correlated well with apoptosis suggesting that inability of the HR machinery to fix double 

strand breaks could be the cause of apoptosis. WT p53 induction observed in LNCaP 

cells is potentially downstream of γH2Ax. The Rb and/or p53 status of cells could be an 

important factor in deciding the susceptibility of prostate cancer cells to apoptosis by 

Dinaciclib. Overall, the data demonstrate that Dinaciclib monotherapy could be a viable 
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option in a subset of prostate cancer cells, that apoptosis induction by Dinaciclib is MCL-

1 independent and metastatic prostate cancer cells can be sensitized to Dinaciclib 

treatment by concomitant treatment with Veliparib. CWR-R1 and DU145 cells both 

harbor p53 mutations in the DNA binding domain leading to ‘gain of function’ 

phenotype. However, CWR-R1 cells are still sensitive to Dinaciclib monotherapy. This 

could be because DU145 cells additionally harbor a mutant Rb. In summary, Dinaciclib 

could be used as a monotherapy in a subset of prostate cancer patients and that the 

induction of apoptosis due to either monotherapy or combination therapy with Veliparib 

is due to accumulation of double strand breaks. 
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CHAPTER FIVE 

 

CONCLUSIONS 
 

The overall goal of this project was to understand the role of RNF6 in prostate 

carcinogenesis. Our laboratory has previously demonstrated that RNF6 is overexpressed 

in advanced human prostate tumors and it is required for castration resistant growth of 

prostate cancer (46). We have also shown that RNF6 ubiquitinates the androgen receptor 

(AR), and regulates its transcriptional activity in the absence of AR (46). The present 

study identified that p27 (Kip1) is another biological target of RNF6. Since RNF6 

dependent modulation of p27 was also observed in cells lacking AR expression, the data 

suggest that this effect of RNF6 on p27 is not AR dependent. Till date, at least three well 

known E3 ligases have been identified that target p27 for degradation. The most well-

known of them all is the SCF-Skp2 complex (130).  SCF-Skp2 complex targets p27 for 

proteasomal degradation in a phosphorylation dependent manner (130). The cyclin E-

CDK2 complex phosphorylates p27 on Thr187 at the G1-S boundary facilitating p27 

degradation thereby allowing cells to progress to the S-phase. Another well-known E3 

ligase is the KPC1-KPC2 E3 ligase complex (92). This E3 ligase complex degrades p27 

in the cytoplasm in early G1. Phosphorylation of p27 on S10 leads to its export to the 

cytoplasm where it is targeted by the KPC1-KPC2 E3 ligase complex for proteasomal 

degradation. Pirh2 promotes p27 degradation at the G1-S boundary in a phosphorylation 

independent manner (131). In this study, we have identified RNF6 as a novel regulator of 

p27 that operates within the nucleus in the early G0/G1 phase of the cell cycle. 

Preliminary data suggested that the regulation of p27 by RNF6 is at the post-translational 

level. We hypothesized that p27 could be a target of RNF6 thereby which RNF6 
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regulates cell cycle progression. From the available data the following conclusions can be 

made. 

a) shRNA mediated depletion of RNF6 in prostate cancer cells resulted in 

stabilization of p27. This phenomenon was observed irrespective of the AR status 

of the cells showing that this observation was independent of AR activity. 

Previously, we have shown that RNF6 stabilizes the AR in the absence of 

androgen and regulates its transcription (46). 

b) RNF6 interacts with p27 and the KIL domain was essential for its interaction. The 

KIL motif is present in a subset of RING-H2 E3 ligases(44). A function has not 

been ascribed to this motif. Our data suggest that the KIL motif could be involved 

in protein-protein interactions. It would be interesting to see if other RING-H2 E3 

ligases could similarly interact with p27. Since p27 levels are an important 

independent indicator of biochemical recurrence (58), it can be argued that RNF6 

levels could be used as a diagnostic marker for CRPC. 

c) RNF6 ablation led to the increase in stability of p27 within the nucleus. This 

could be because RNF6 is predominantly nuclear and that it targets nuclear p27 

for proteasomal degradation. Moreover, RNF6 targets p27 for degradation in the 

early G0/G1 phase of the cell cycle. So far, there are no reports of a nuclear E3 

ligase operating early on in the G1 phase of the cell cycle.  

d) RNF6 ubiquitinates p27 in a RING domain dependent manner. This 

ubiquitination is mediated by the E2 conjugating enzyme UBCH10. Okamoto et 

al., have shown that UbcH10 is highly up-regulated in various cancers and that 

overexpression of UbcH10 led to increase in BrdU incorporation in cells and 
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promoted colony formation in soft agar (132). One of the mechanisms, UbcH10 

could potentially promote cell proliferation is through regulation of p27 levels. 

e) Abrogation of RNF6 leads to cell cycle arrest in the G1 phase and to reduced cell 

proliferation. As a consequence of p27 stabilization, Rb phosphorylation levels 

decrease thereby potentially further reducing the transcription of genes required 

for S and G2/M phases. The reduced Rb phosphorylation could be due to reduced 

Cyclin E/CDK2 levels. Rb is known to bind to E2F proteins and inhibit their 

transcriptional activity (133). During G1/S progression, the Cyclin E/cdk2 and 

Cyclin D/CDK2/4 complexes phosphorylated Rb thereby inactivating Rb and E2F 

is free to transcribe genes essential for S-phase of the cell cycle (134). 

f) RNF6 modulates PARP-1 catalytic activity. Knocking down of RNF6 leads to a 

reduction in PARP-1 activity thereby leading to decrease in total PAR levels in 

the cells. DHT dependent PARP-1 activation required the presence of RNF6. The 

effect of RNF6 on PARP-1 activity was more pronounced in LNCaP cells 

compared to CWR-R1 cells. This could be due to the AR sensitivity of LNCaP 

cells and AR insensitivity of CWR-R1 cells. Previous studies have shown that 

progesterone induced PARP-1 activation in breast cancer cells was due to CDK2 

activity (99). PARP-1 was also shown to modulate AR activity in AR sensitive 

cells (100). These data point to the role of RNF6 in AR dependent activation of 

PARP-1. 

g) Since RNF6 modulates both CDK2 and PARP-1 activities we explored the effect 

of a synthetic CDK2 inhibitor, Dinaciclib and a PARP-1 inhibitor Veliparib on 

prostate cancer cells. Dinaciclib is being developed for treatment of various 
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hematological malignancies (104). Treatment with Dinaciclib led to induction of 

apoptosis in LNCaP and CWR-R1 cells. Its effect on the highly metastatic cell 

line DU145 was modest. Combination with the PARP-1/2 inhibitor Veliparib 

(ABT-888) potentiated the apoptotic effect of Dinaciclib in DU145 cells (Fig. 5-

1).  

h) It is widely believed that Dinaciclib induced apoptosis is due to reduced MCL-1 

levels (104). However, our data suggests that MCL-1 may not be the primary 

mechanism of apoptosis induction. Treatment of LNCaP cells with Dinaciclib led 

to the induction of p53 since LNCaP cells harbor WT p53. This could explain 

apoptosis in these cells. DU145 and CWR-R1 cells contain a mutant form of p53 

which exhibits gain of function (135). In these two cell lines, treatment with 

Dinaciclib led to a decrease in p53 expression. γH2Ax levels correlated well with 

PARP-1 and caspase-3 cleavage. This suggests that Dinaciclib alone or in 

combination with Veliparib impairs HR thereby leading to accumulation of 

double strand breaks and hence apoptosis. 

Dinaciclib monotherapy could be used in prostate cancer patients with localized 

or CRPC. Combination with PARP-1 inhibitor could be used for metastatic 

cancers.  
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Fig. 5-1. Proposed mechanism by which RNF6 modulates CDK2 and PARP-1 

activities and the combination treatment of Dinaciclib and Veliparib induce 

apoptosis 

RNF6 can modulate cell cycle progression via degrading the cell cycle inhibitor CDK2. 

On the other hand, RNF6 knockdown leads to reduced PARP-1 activity via an unknown 

mechanism. Combining a CDK inhibitor Dinaciclib with a PARP inhibitor Veliparib 

leads to enhanced apoptosis potentially due to accumulation of DNA double strand 

breaks. 
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FUTURE DIRECTIONS 

Chapter Two: 

1. Though we show that RNF6 ubiquitinates p27, it is not clear whether this 

observation is limited to prostate cancer cells. It would be interesting to 

see if this observation holds true for normal prostate cells and to other 

cancers. 

2. The KIL domain found to be essential for RNF6 and p27 interaction 

contains a KIL motif which is found in a subset of RING-H2 E3 

ligases(44). It would be interesting to see if these E3 ligases too interact 

with p27. Alternatively, this motif could be essential for protein-protein 

interactions, not limited to p27. 

3. Takahashi et al., have recently shown that RNF6 binds to p53 and could 

target it for proteasomal degradation(47). However, they haven’t studied 

this activity of RNF6 extensively. Besides p53, RNF6 could potentially be 

involved in regulating other checkpoint inhibitors and further studies 

could help understand its role as a checkpoint regulator. 

4. In vivo studies will further confirm our in vitro findings. 

Chapter Three: 

1. We have shown preliminary evidence of the role of RNF6 in modulating 

PARP-1 activity. However, there are a number of unanswered questions. 

The exact mechanism of PARP-1 activation by RNF6 is unknown. Wright 

et al., have shown that progesterone mediated PARP-1 activation is CDK2 

dependent (99). Moreover, PARP-1 was shown to modulate AR activity in 
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AR sensitive cell lines (100). Since p27 is a natural CDK2 inhibitor, it is 

possible that RNF6 modulates CDK2 activity via p27 ultimately activating 

PARP-1. Alternatively, PARP-1 activity could be regulated by the 

trapping of PARP-1 on DNA similar to several synthetic PARP-1 

inhibitors (136). It would be interesting to see if such a mechanism holds 

well in the case of RNF6 as well. Chromatin fractionation experiments to 

identify chromatin bound and unbound PARP-1 could help explain if 

RNF6 is involved in trapping of PARP-1 on DNA. 

2. The functional consequence of RNF6 modulated PARP-1 activity needs to 

be studied. Since PARP-1 is involved in gene transcription as well as 

DNA repair, the role of RNF6 in modulating PARP-1 activity can be 

studied in these scenarios (93). Since DHT induced PARP-1 activity was 

dependent on RNF6, at least some of the activity could be related to 

hormonal gene transcription.  

Chapter Four: 

1. RNF6 inhibits CDK2 activity by stabilizing p27. It also modulates PARP-

1 activity. Hence we explored the effect of a CDK2 inhibitor and a PARP-

1/2 inhibitor either alone or in combination in prostate cancer cells. 

LNCaP cells which are AR sensitive and represent lymph node 

metastasized prostate cancer and CWR-R1 cells which are AR 

independent and represent CRPC were both sensitive to Dinaciclib (pan-

CDK) treatment. Treatment with Dinaciclib led to dose dependent 

apoptosis in these cell lines. Addition of PARP-1 further sensitized 
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LNCaP cells to Dinaciclib. DU145 and PC3 cells showed very little 

apoptosis at the doses tested. The doses tested represent very low dose 

levels and there is scope for further dose escalation. Both, PC3 and DU145 

cells showed enhanced sensitivity to Dinaciclib in the presence of 

Veliparib since there was an increase in PARP-1 cleavage on combination 

treatment which is consistent with apoptosis.  

2. Reduction in the anti-apoptotic protein MCL-1 is suggested as the reason 

for cells undergoing apoptosis after Dinaciclib treatment (104). However, 

our data suggest that it is not the case in prostate cancer cells. Desai et al., 

attributed the anti-melanoma activity of Dinaciclib to be dependent on p53 

signaling (137). The same could be argued for LNCaP cells as they 

contain wild-type p53. However, both DU145 and CWR-R1 cells harbor 

mutations in the p53 genes in the DNA-binding domain that lead to a ‘gain 

of function’ phenotype (135). In both these cell lines, treatment with 

Dinaciclib led to a decrease in mutant p53. However, dose dependent 

apoptosis was seen only in CWR-R1 cells. These data suggest that p53 

levels alone cannot explain apoptosis in these cells. Since DU145 cells 

have a mutant Rb (138), these cells could be less sensitive to Dinaciclib 

treatment. However, co-treatment with a PARP-1 inhibitor sensitized 

DU145 cells to Dinaciclib treatment as PARP-1 cleavage was observed 

which is consistent with apoptosis.  

3. Treatment of LNCaP and CWR-R1 cells with Dinaciclib led to a decrease 

in RNF6 expression. Whether, this decrease led to apoptosis or apoptosis 
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led to RNF6 degradation is not clear. RNF6 has a caspase-3 cleavage site 

and it is possible that caspase-3 activation led to its cleavage(139). These 

data point to RNF6 as a protein essential for cell survival. Alternatively, 

decrease in RNF6 could be due to inhibition of CDK2 by Dinacilib. 
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