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ABSTRACT 

 

Title of Dissertation:  Bi-directional regulation between RNF6 and AKT: Potential 

mediators of prostate cancer progression 

Hermela Shimelis, Doctor of Philosophy, 2013 

 

Dissertation Directed by: Yun Qiu, Professor, Department of Pharmacology, School of 

Medicine 

 

Currently androgen deprivation therapy (ADT) is the initial treatment for men 

with metastatic prostate cancer.  Despite the initial response to ADT, nearly all men 

develop advanced castrate-resistant prostate cancer (CRPC).  Due to the lack of effective 

therapy for CRPC patients, the biology of such tumors has been under intense 

investigation.  Previously, our laboratory demonstrated that protein expression of ring 

finger protein 6 (RNF6) ubiquitin ligase is increased in advanced human prostate tumors 

and that RNF6 was required for the growth of CRPC.  The purpose of this study was to 

identify mechanisms by which RNF6 promote growth of CRPC cells.  

 Using mass spectrometry, several RNF6 associated proteins were identified, one 

of which was AKT kinase (also called protein kinase B). A growing body of data 

suggests that AKT kinase promotes development and progression of CRPC. This study 

identifies novel roles the RNF6 ubiquitin ligase and AKT kinase in the growth of CRPC 

through mechanisms involving cross-regulation between the two proteins.  We 

demonstrate that RNF6 is required for basal and growth factor mediated AKT kinase 



activity.  RNF6 induces AKT polyubiquitination at lysine 183 within the kinase domain 

and this ubiquitination is required for the kinase activity. Additionally AKT 

ubiquitination at lysine 183 is required for proper nuclear/cytosol distribution and 

disruption of association with PH domain and leucine rich repeat protein phosphatase 

(PHLPP), thereby maintaining AKT phosphorylation required for the kinase activity. 

Functional assays reveal that RNF6 induced AKT ubiquitination at lysine 183 is required 

for prostate cancer cells growth under androgen depleted conditions.  

 Mass spectrometry analysis also reveals that AKT phosphorylates RNF6 at serine 

219.  AKT induced RNF6 phosphorylation at serine 219 is required for RNF6 association 

with the androgen receptor (AR) and regulation of its activity.  This is a novel mechanism 

of AR regulation by AKT through an effector protein, RNF6.   

 In conclusion, RNF6 regulates AKT kinase activity through ubiquitination.  On 

the other hand, AKT mediated RNF6 phosphorylation is required for RNF6 induced 

upregulation of AR activity.  These are novel roles of AKT and RNF6 in driving castrate 

resistant growth of prostate cancer cells.  
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CHAPTER I 

I. PROSTATE CANCER: CONTRIBUTION OF RNF6 AND PI3K-A KT 

PATHWAY 
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A. INTRODUCTION 

 

The prostate gland and prostate cancer 

The prostate is an exocrine gland of the male reproductive system which primarily 

functions to secrete alkaline fluid found in the seminal fluid that carries sperm. The 

prostate gland surrounds the neck of the bladder and urethra. The functions of the 

prostate gland are regulated by male steroid hormones, androgens, which are responsible 

for male characteristics. The main male hormone, testosterone, is produced by testicles 

and in small amounts by the adrenal gland.  In the prostate gland, testosterone is reduced 

by the enzyme 5α-reductase and is converted to a more potent hormone, 

dihydrotestosterone (DHT). DHT regulates functions of the prostate by interacting with 

androgen receptor (AR). Upon ligand binding, AR translocates to the nucleus and binds 

to androgen response elements (AREs) resulting in regulation of the expression of target 

genes involved in cell proliferation, survival, and apoptosis. 

Prostate cells are composed of basal cells, luminal cells, and neuroendocrine cells 

as depicted in figure 1-1. The majority of the prostate cells are secretory luminal cells.  

They are differentiated and express AR as they depend on androgen. The second type of 

epithelial cells is basal cells found in between luminal cells and the basement membrane. 

Basal cells express low levels of androgen and CD44 suggesting these cells may have 

stem cells characteristics. 
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Figure 1-1: Schematic depiction of cells in human prostate 

Source: Abate-Shen, C. and Shen. Genes Dev, 14: 2410-2434, 2000 (1). 

 

The third type of prostate epithelial cells are neuroendocrine cells which are androgen 

independent and thought to provide paracrine signals that support luminal cell growth. 

Neuroendocrine cells are minor a population of prostate stem cells, but they are often 

enriched in more aggressive prostate cancers (1). 

Prostate cancer is the leading cause of cancer related death of men in the United 

States and Western Europe (2). According to the American Cancer Society, the risk of 

developing prostate cancer for an American man is 1 in 6 and the risk of dying from 

metastatic prostate cancer is 1 in 30 (2). The risk factors for prostate cancer include age, 

family history, race and lifestyle-related factors (2).  

In a clinical setting, prostate cancer screening is performed by digital rectal 

examination (DRE) and testing of serum prostate-specific antigen (PSA) level. PSA, also 

known as kallikerein-3 (KLK3), is a glycoprotein secreted by the epithelial cells of the 



 

4 

 

prostate and is present in small amounts in the serum of men with healthy prostates but is 

elevated in prostate cancer and other prostate pathologies. A prostate cancer diagnosis is 

made by using transrectal ultrasound-directed needle biopsy, which samples small 

amounts of prostate tissue. It has been suggested that development of prostate cancer is a 

multi-stage process. Prostate epithelial cells that do not fully differentiate into columnar 

secretory cells give rise to focal atrophy lesions and those lesions containing proliferating 

epithelial cells are called proliferative inflammatory atrophy (PIA) (2). PIA is often found 

adjacent to prostate intraepithelial neoplasia (PIN) lesions which are characterized by 

proliferating malignant epithelial cells. PIN is believed to be the main precursor of 

carcinoma of the prostate and prostate cancer (2-4).  

 

 

Figure 1-2: Model of prostate cancer progression. Adapted from  

Adapted from Gonzalgo, M. L. and Isaacs W. B.  J Urol, 170: 2444-2452, 2003 (4). 
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It has been suggested that PIA could progress directly to cancer or indirectly through 

developing PIN first (2, 5). In summary, the mechanism of prostate cancer development 

involves formation of PIA or PIN which progresses to a localized tumor, then metastatic 

cancer and then androgen independent or castration resistant prostate cancer  (CRPC) (2). 

The prostate is structurally separated into four different zones called the central 

zone, transitional zone, peripheral zone, and fibromuscular zone.  Different zones of the 

prostate gland are depicted on figure 1-3. The prostate can also be classified into lobes 

called the anterior lobe which roughly correspond to the transitional zone, posterior lobe 

which roughly correspond to the peripheral zone, lateral lobes which span all zones, and 

median lobe that roughly correspond to the central zone.  

 

 

 

Figure 1-3: Prostate zones.  

Adapted from De Marzo et al. Nat Rev Cancer, 7: 256-269, 2007 (3). 
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Greater than 90% of benign prostatic hyperplasia develops in the transitional zone and 

more than 70% of prostate cancer develops in the peripheral zone of the prostate (2, 3).  

Treatments for prostate cancer patients vary depending on staging of the disease. 

Treatment options for localized early stage tumors include active surveillance and radical 

prostatectomy (6). Localized advanced prostate cancer patients are treated with external 

beam radiation therapy (6). Treatment options for advanced or recurrent prostate cancer 

include androgen deprivation or  ablation therapy and chemotherapy (6). Androgen 

deprivation therapy can be achieved surgically with orchiectomy or chemically with 

luteinizing hormone-releasing hormone (LHRH) agonists (6).  

Circulating androgens are key players in driving the initiation and progression of 

prostate cancer through interaction with the androgen receptor (AR) (1) (7). Huggins and 

Hodges for the first time demonstrated that removal of testicular androgen by surgical or 

medical castration resulted in regression of prostate cancer (8). Prostate cancer is one of 

the most heterogeneous cancers in which different histological grade tumors cells are 

often present in a biopsy (1) (9). Such heterogeneity presents challenges in understanding 

disease progression mechanisms since different neoplastic foci may develop 

independently.  

Although androgen ablation therapy is initially successful in reducing tumor 

burden and PSA levels, patients later develop aggressive tumors that are castration 

resistant and highly metastatic (10). Currently we lack effective treatments for patients 

with castration resistant tumors (1, 2, 7). It is well documented that AR is essential for 

both hormone dependent and castration resistant prostate cancer cells (11-13). Disruption 

of AR signaling in hormone independent tumors results in cell death and decreased cell 
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proliferation, suggesting that AR is critical for tumor cell growth under androgen 

depleted conditions (11) . Currently the lack of effective treatment for hormone 

independent prostate cancer suggests that the mechanism of disease progression is not 

completely understood and we lack understanding of potential key therapeutic targets. 

Progression to hormone independent PCA is mediated by deregulation of AR signaling 

through mechanisms including activation of AR by protein kinases (12, 14), ligand 

independent AR activation (7, 15), AR gene amplification and protein expression (16),  

increased expression of AR splice variants (14, 15, 17) and polyubiquitination of AR 

(18). The ultimate biological consequences of these molecular pathways include 

increased growth and survival of prostate cancer cells.  

 

The androgen receptor pathway 

The androgen receptor (AR) is a member of the family of nuclear receptors, 

which are ligand activated transcription factors that regulate target gene expression. The 

androgen receptor is activated by its ligands which belong to the steroid hormone family 

called androgens which include testosterone and dihydrotestosterone (DHT). DHT has 10 

times higher binding affinity for AR than testosterone, and AR is primarily bound to and 

activated by DHT (16).  

 Androgens are produced primarily in the testes and the adrenal gland and also in 

the prostate and skin to a lesser extent. Androgens are important for the development, 

differentiation, and function of male reproductive organs including the prostate. Like 

other steroid hormones, testosterone is derived from cholesterol. Most testosterone 



 

8 

 

precursors are catalyzed by cytochrome P450 enzymes (CYP) in the testes and adrenal 

glands. Testosterone is converted to DHT in prostate epithelial cells by 5α-reductase type 

2.  The level of testosterone is regulated by the hypothalamic pituitary-gonadal axis. The 

hypothalamus within the brain produces gonadotropin-releasing hormone (GnRH) which 

signals the pituitary gland to produce luteinizing hormone (LH). Luteinizing hormone 

stimulates the testes to secrete testosterone. Testosterone levels are regulated in a 

negative feedback pathway, whereby testosterone reduces luteinizing hormone releasing 

hormone (LHRH) secretion from the hypothalamus, which inhibits the secretion of LH 

from the pituitary gland. 

 The functions of testosterone and DHT are mediated by the androgen receptor 

(AR) protein (19). AR is encoded by a single copy gene located on the X-chromosome at 

Xq11.2-12, containing eight exons (20). The androgen receptor is a member of the 

nuclear receptors superfamily with four major functional regions, namely the NH2-

terminal transactivation domain, the DNA-binding domain (DBD), hinge region, and 

ligand-binding domain (LBD) as depicted in figure 1-4 (20, 21).   

 

 

 

Figure 1-4: Schematic representation of the androgen receptor protein 
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NTD is the NH2-terminal domain, DBD is the DNA binding domain, LBD is the ligand 
binding domain, AF-1 is activation function 1 and AF-2 is activation function 2. Source: 
Lonergan, P. E. and Tindall, D. J. J Carcinog, 10: 20, 2011 (21). 
  
 

The NH2-terminal domain harbors a transcriptional activation function via the 

transactivation domain called activation function 1 (AF1). The NH2 terminal domain of 

AR is also involved in the intramolecular interaction with the COOH-terminal ligand 

binding domain.  The DBD domain is responsible for binding the androgen response 

element (ARE) DNA sequence recognized by AR located within target genes. The DBD 

domain is also responsible for receptor homodimer formation (21). The hinge region is a 

short sequence which separates the LBD from the DBD, harbor the nuclear localization 

signal (NLS). The LBD is responsible for ligand binding and contains activation function 

2 (AF2) which binds co-regulators harboring an LxxLL motif (21). 

The classical androgen receptor pathway involves binding of ligand (testosterone 

or DHT) to AR in the cytoplasm. Upon ligand binding, AR dissociates from heat shock 

proteins (HSP) and changes conformation, resulting in intramolecular and intermolecular 

association between the NH2-terminal and COOH-terminal domains and also 

dimerization of AR (21). Then AR associates with coactivators and enters the nucleus. 

Once in the nucleus, AR binds to DNA harboring the AR recognition sequence, androgen 

response element (ARE) within target genes. The AR transcriptional complex recruits 

coregulators which results in transcription of target genes (21). Classical androgen 

receptor pathway is depicted on figure 1-5. 
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Figure 1-5: Classical androgen receptor pathway  

T is testosterone, DHT is dihydrotestosterone, HSP is heat shock protein, and AR is the 
androgen receptor. Source: Lonergan, P. E. and Tindall, D. J. J Carcinog, 10: 20, 2011 
(21). 
 

The androgen receptor is required for transcription of genes responsible for 

normal prostate differentiation and growth. However under abnormal conditions it can 

contribute to abnormal cell growth and survival leading to prostate cancer development 

(22). 
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The ubiquitin pathway 

Ubiquitination is a type of post-translational protein modification consisting of 

attachment of an ubiquitin moiety on a substrate molecule. Ubiquitin (Ub) is a highly 

conserved small molecule with 76 amino acids that can be attached to substrate 

molecules. Ubiquitin is attached to lysine residues via an isopeptide bond between a C-

terminus glycine residue of Ub and the ε-NH2 group of lysine.  Ubiquitination is a step-

wise process involving three enzymes called ubiquitin activating (E1), ubiquitin 

conjugating (E2) and ubiquitin ligase (E3) (23, 24). E1 enzymes are involved in ubiquitin 

activation with the use of ATP. The E2 enzyme accepts ubiquitin from E1 and transfers it 

to E3 ligases. The process of ubiquitination is depicted in figure 1-6. Ubiquitination is a 

reversible process such that ubiquitin conjugates can be removed from proteins by 

deubiquitinating enzymes called deubiquitinases (DUBs). DUBs are cysteine proteases 

which specifically hydrolyze the amide bond immediately after the C-terminal residue 

glycine 76. E3 ligase mediates ubiquitin transfer from E2 enzyme to substrate molecule 

and determines specificity of substrate accepting ubiquitin molecules (25). E3 ligases can 

be distinguished by the presence of RING (Really interesting new gene), HECT 

(homologous to the E6-AP carboxyl terminus) or U-box domains. RING and U-box 

domains have similar structures and serve as a scaffold to bring catalytically active E2 

enzymes to substrate proteins. E3 ligases harboring HECT domains are catalytically 

active and transfer Ub molecules from E2 to their catalytic cysteine, charge it and transfer 

to substrate protein (26). 
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Figure 1-6: Schematic representation of the ubiquitination process  

Source: Woelk, T. et al. Cell Div, 2: 11, 2007 (27). 

 

Ubiquitin modification is versatile in that it can be a single ubiquitin attachment 

(monoubiquitination) or multiple ubiquitin attachment (polyubiquitination) by isopeptide 

conjugation of multiple Ub molecules using any of the seven lysine (Lys) residues on 

ubiquitin creating conjugation with different topology and function (28, 29). Ubiquitin 

linkage can also be formed through N-terminal methionine (met 1) (26). 

Polyubiquitination chains have been classified as homotypic when Ub linkage is formed 

by conjugation of a single lysine residue of ubiquitin, and mixed-linkage chains when 
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several distinct lysines of Ub monomers are mixed (30). Mixed-linkage Ub chains can 

form bifurcation, with mixture of two different  types of linkage such as Lys-6/11, Lys-

27/29, Lys-29/48 or Lys-29/33 (30). Polyubiquitination linked through lys-48 is 

considered typical while linkages via all other lysine residues of Ub are considered 

atypical ubiquitination. The different types of protein ubiquitination are shown in figure 

1-7.  

 

 

 

Figure 1-7: Different types of protein ubiquitination.  

Source: Gao, M. and Karin, M. Mol Cell, 19: 581-593, 2005 (25). 

 

It has been shown that under physiological conditions, lys-48, Lys-6, Lys-11, Lys-27 

linked chain adopt a closed conformation while Lys-63, Lys-29 and Lys-33 chain 

promote closed conformations as shown in figure 1-7 (26) . In an open conformation, Ub 

chains are linear and extended, while in closed conformation ubiquitin subunits pack 

Monoubiquitination Multiubiquitination

Extended conformation
Lys-29, Lys-33, Lys-63, Met1

Closed Conformation
Lys-6, Lys-11, Lys-27, Lys-48 Mixed linkage, Branched
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against each other (26). Topological diversity provided by polyubiquitin linkages likely 

determines specificity of polyubiquitin associating proteins. The ubiquitin system uses 

mutlivalency, “coordinated use of multiple protein-protein interaction surfaces” in order 

to achieve versatility and specificity (26). Protein ubiquitination can modulate cellular 

localization, activity, stability, and interacting partners, thereby controlling cellular 

events such as transcription, DNA replication and repair (23, 27) endocytosis, and kinase 

activation (23).  

Aberrant E3 ligase function contributes to tumorigenesis through regulation of 

cell cycle, DNA repair, transcription and apoptosis (31). Mechanisms by which E3 

ligases mediate cancer development or progression include downregulation of tumor 

suppressors such as PTEN, P53, P27 (32, 33), positive regulation of transcription factors 

(18), and down regulation of negative cell cycle regulators such as P27 (34). Several 

oncogenic ligases have been shown to play a role in breast cancer pathogenesis (31); 

however, very few studies have contributed to identification and understanding of 

abnormal E3 ubiquitin ligases in prostate cancer cells. Skp2, a subunit of SKP1–CUL1–

F-box protein (SCF) ubiquitin ligase complex, mediates P27 polyubiquitination and 

promotes proteasomal degradation resulting in increased tumor growth. It has been 

shown that increased expression of Skp2 correlates with a decreased level of P27 and 

aggressiveness of human prostate tumors (35). In another report of aberrant E3 ligase in 

prostate cancer, WW domain-containing protein 1 (WWP1) is amplified in human 

prostate cancer and promotes cell proliferation through negative regulation of TGFβ 

tumor suppressor function (36). A recent study from our laboratory has demonstrated that 

the E3 ubiquitin ligase RNF6 is upregulated in hormone independent prostate cancer and 
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promotes prostate cancer cell growth through positive regulation of androgen receptor 

(AR) transcriptional activity. The role of RNF6 will further be discussed below. Although 

it has been previously shown that aberrant E3 ubiquitin ligases play a role in pathogenesis 

of several different types of cancer, the role of E3 ligases in prostate cancer development 

or progression is poorly understood. 

 

Role of RNF6 in Prostate Cancer (PCA) 

RNF6 is an E3 ubiquitin ligase containing RING-H2 and coiled-coil domains at 

carboxy and amino-termini respectively and was cloned during a genetic study to 

understand a myeloproliferative disorders with chromosome 13q12 abnormalities (37). 

We have recently demonstrated for the first time that RNF6 plays an important role in 

hormone refractory prostate cancer progression. We have demonstrated that RNF6 is 

associated with the androgen receptor (AR) and induces ubiquitination promoting AR 

transcriptional activity towards a subset of AR target genes under androgen depleted 

condition.  Interestingly, RNF6 induced AR polyubiquitination does not lead to 

proteasomal degradation. Such s modification rather provides a platform for recruitment 

of cofactors, fine-tuning AR transcriptional activity towards its target genes (18). RNF6 

mediates lysine 6 (K6) and lysine 27 (K27) linked polyubiquitination of AR on K845 and 

K847. Furthermore, RNF6 polyubiquitinates AR at K845 and promotes its binding to 

specific AR target genes such as the enhancer region of prostatic specific antigen (PSA), 

Relaxin1 (RLN1), and BH3-only protein (BMF) promoter regions and promotes AR 

transcriptional activity (18). Using a xenograft mouse model, we have shown that RNF6 
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is required for tumor growth under androgen depleted condition. Moreover, RNF6 

expression is significantly increased in hormone refractory human prostate cancer as 

demonstrated in our immunohistochemisty analysis on tissue microarrays (18). These 

findings suggest that RNF6 plays a very important role in progression of hormone 

independent PCA through regulation of AR. 

 

Role of PI3K-AKT in prostate cancer 

AKT (also called protein kinase B) is a member of the serine/threonine AGC 

protein kinase family. AKT consists of an N-terminal pleckstrin homology (PH) domain, 

a hinge region connecting the PH and serine-threonine kinase domain, and a C-terminal 

regulatory domain (38). In mammals there are three closely related isoforms of AKT, 

AKT1 (also referred as AKT), AKT2 and AKT3 which are encoded by different genes. 

AKT1 is ubiquitously expressed at high levels in nearly all tissues except for kidney, 

liver and spleen (38). Activation of AKT by upstream growth factors and cytokine 

signaling occurs mainly as a result of activation of the second messenger phospholipid 

kinase phosphatidylinositol 3-kinase (PI3K) (38). 

PI3K contain an agonist activated lipid signaling enzyme which phosphorylates 

distinct lipids in the cell membrane producing phosphatidylinoitol-3-monophosphate 

(PIP), PIP2 and PIP3. These phosphorylated lipids recruit pleckstrin homology (PH) 

domain containing proteins such as AKT to the cell membrane. Interactions of PH 

domain of AKT with PIP3 allow a conformational change, phosphorylation by PDK1 

within the kinase domain activation loop of AKT at Threonine (Thr) 308 (39, 40). AKT 
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is also phosphorylated at serine (Ser) 473 in the C-terminus tail for complete activation of 

the kinase (40). For a long time, the kinase which phosphorylates AKT at serine 473 

remained elusive and was referred to as PDK2.  Recent literature suggest that mammalian 

target of rapamycin complex 2 (mTORC2) and DNA-dependent protein kinase (DNA-

PK) mainly phosphorylate Ser 473 and activate AKT (40). Consequently, activated AKT 

phosphorylates multiple proteins at serine and threonine residues regulating cellular 

functions such as glucose metabolism, proliferation and survival (39-41). The PI3K-AKT 

pathway plays a very important role in the growth and survival of normal and cancer 

cells. PTEN is a lipid phosphatase which dephosphorylates PI3K lipid products, 

negatively regulating AKT kinase activation.  

 

         

 

Figure 1-8: Schematic depiction of activation of the PI3K-AKT pathway  

Source: Liao, Y. and Hung, M. C. Am J Transl Res, 2: 19-42, 2010 (41). 
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PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a tumor 

suppressor gene localize on chromosome 10q23, a locus frequently lost or mutated in 

several human cancers including prostate, melanoma and endometrial cancer (42) (43). 

The role of PTEN in prostate cancer initiation and progression of metastatic cancer has 

been well demonstrated by different investigators showing that heterozygous deletion of 

PTEN (PTEN+/- ) mice develop prostate intraepithelial neoplasia (PIN) lesions;  mice 

with prostate specific PTEN deficiency develop PIN lesions, prostate cancer and progress 

to castration resistant metastatic cancer (44).  Heterozygous deletion of PTEN is found in 

70-80% of primary human prostate cancers (43, 45). A transgenic mouse model with 

selective prostate AKT activation acquires PIN lesions (46), suggesting that AKT 

activation is sufficient to induce neoplastic growth in mouse prostate.  A high frequency 

of PTEN loss of function accounts for over activation of AKT seen in many human 

prostate cancers. The tumor suppressor function of PTEN is due to inactivation of AKT 

through dephosphorylation of PIP2 and PIP3. Chen et al. demonstrated that AKT1 

deficiency in the PTEN+/- mouse inhibits high grade PIN formation and endometrial 

carcinoma (47), underscoring the fact that AKT activation plays pivotal role in tumor 

development due to PTEN loss.                                                                                                  

Recently, Yang et al. demonstrated that after growth factor treatment, TRAF6 (E3 

ubiquitin ligase) ubiquitinates AKT within the PH domain and promotes AKT membrane 

translocation and activation (48, 49). Mouse embryonic fibroblast (MEF) cells isolated 

from TRAF6 knockout mice have impaired AKT activation in response to growth factor 

treatment (48, 49). Furthermore, these authors have demonstrated that the PC3 human 
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prostate tumor cells treated with shRNA to knock down TRAF6 have an impaired ability 

to form tumors when injected into nude mice, suggesting that TRAF6 activity is 

important for tumor formation (49). Currently E3 ligase inhibitors have shown antitumor 

activity in preclinical models and some are advancing to clinical trial (48).   

Increased expression and activation of AKT contributes to development and 

progression of castration resistant human prostate cancer (12) (50). Understanding 

molecules modulating AKT kinase provides a platform for development of targeted 

therapy to attenuate the kinase activity for the treatment of PCA.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

20 

 

 

 

 

 

 

 

CHAPTER II 
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A. INTRODUCTION 

 

Virtually all cellular processes involve protein-protein interactions. Studies of 

biological processes including signal transduction, cell cycle regulation, DNA replication 

and protein translation all primarily entail understanding protein-protein interactions. 

Protein-protein interaction canbe constitutive, where protein complexes remain bound at 

basal conditions requiring no stimulus, or transient such that protein complexes form and 

remain for a limited time to carry out specific functions and then dissociate. Protein-

protein interactions can exert various effects. For example, they can alter binding of 

substrate, catalytic activity, and protein conformation (51).  Characterization of proteins 

of unknown function often begins with identification of conserved domains and 

interacting proteins.  

Several methods of characterization of protein interactions have been described 

and are widely used in different scientific disciplines including molecular genetics, cell 

biology and biochemistry. Protein-protein interactions can be studied using methods 

including co-immunoprecipitation, pull-down assays and protein affinity 

chromatography. 

A recent report from our laboratory has shown that RNF6 plays a role in 

progression of castration resistant prostate cancer. However, our understanding of 

biological functions and regulation of the protein is limited. Identification of interacting 

protein complexes is a powerful tool which often leads to understanding of regulation of 

and also biological function of a protein of interest. In an effort to understand the role of 

RNF6 in prostate cancer, we conducted RNF6 coimmunoprecipitation assays followed by 
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mass spectrometry analysis to identify RNF6 interacting proteins. Our analysis revealed 

several putative RNF6 interacting proteins, among which is AKT kinase (also called 

protein kinase B). AKT kinase has been implicated in many human cancers (52). A 

significant amount of literature has demonstrated that AKT kinase plays a very important 

role in prostate cancer (46, 53-56). These studies provided a rationale for us to focus on 

AKT as an important RNF6 interacting protein. In this Chapter we present data showing 

that RNF6 interacts with AKT in prostate cancer cells.  

Our mass spectrometry data showed that AKT3 could be a potential RNF6 

interacting protein. However, upon analysis of the literature, several studies have shown 

that AKT3 is not expressed in AR positive prostate cancer cell lines such as LNCaP cells 

(55, 56). Although AKT 3 is not expressed in AR positive prostate cancer cells, depletion 

of AKT3 inhibited AR negative prostate cancer cell growth (55, 56). The AKT1 isoform 

has been shown to promote tumor growth in castration resistant cell lines and mouse 

models (46, 56, 57). Therefore, to test effects of AKT on RNF6, we used AKT1 in our 

overexpression system. 
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B. MATERIALS AND METHODS 

 

Plasmid DNA constructs and antibodies 

Full-length GST-RNF6 was generated using PCR subcloning of HA-RNF6 into 

the pGEX-6P vector (Amersham Pharmacia biotech) by restriction digestion with EcoRI 

as described in Xu et al. (18). A GST tagged RING domain of RNF6 (amino acids 574-

685) was generated by subcloning HA-RNF6 (amino acids 574-685) into pGEX-6P. 

Mutation and production of the correct plasmid was confirmed by sequencing. RNF6 and 

Ring domain deletion RNF6 (RNF6 ∆Ring) constructs were previously described in Xu 

et al. (18). A mammalian expression vector HA-AKT was a kind gift from Dr. Philip 

Tsichlis. Antibodies used for immunoblot (IB) and immunoprecipitation (IP) include 

anti-HA.11 (COVNAC), anti-IgG, anti-GAPDH, (Santa Cruz) anti-RNF6 described in 

Xu et al. (18). 

 

Cell Culture 

C42B cells and 293T cells were purchased from the American Type Culture 

Collection. Cells were maintained in RPMI 1640 medium supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. The 293T cells were maintained in 

DMEM supplemented with 10% fetal bovine serum. Transfection was performed by 

using the calcium phosphate precipitation method (Biological Mimetics Inc.) following 
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the manufacturer’s instructions. The CWR-R1 cell line was kindly provided by C. 

Gregory and E. Wilson (University of North Carolina at Chapel Hill) (58).  

 

GST fusion protein induction and purification 

Glutathione S-transferase (GST) fusion proteins were expressed in Escherichia 

coli BL21 star (DE3) (Invitrogen) competent cells. BL21were transformed with vector 

DNA encoding GST fusion ring domain (GST-RNF6-Ring) or GST alone. Single 

colonies were inoculated in Luria broth (LB) media, supplemented with 100ug/ml 

ampicillin, and incubated at 37ºC which was then used as a starter culture. Twenty 

percent of the overnight starter culture was transferred into new LB media supplemented 

with 100ug/ml ampicillin and incubated at 37ºC until the optical density 600 (OD600) 

reached 0.6. Cells were cultured as follows to induce protein production. To induce GST-

RNF6 protein, 0.05mM IPTG was added and cells were induced for 2 hrs 37ºC. GST-

RNF6 N-terminal domain protein was induced by adding 0.01mM IPTG followed by 

incubation at 30ºC by 2 hrs. GST protein alone was induced by adding 0.2µM IPTG 

followed by 2 hrs incubation at 37ºC. After induction, cells were collected by 

centrifuging at 8000 RPM for 10minutes. Cell pellets were stored at -80ºC until protein 

purification was performed. For the following experiments, only GST protein and GST-

RNF6-Ring (GST tagged Ring domain of RNF6) were used since the induction level of 

N-Terminal domain of RNF6 did not yield good quantity of protein.  

To purify GST fusion protein cell pellets were resuspended with 1X cold PBS 

supplemented with protease inhibitors. Resuspended cells were sonicated using a Fisher 
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550 Sonic Dismembrator at the highest speed five times at 30 seconds interval, with 5 

minutes cooling time in ice. Sonicated cell lysates were solubilized by adding 20% Triton 

X-100 to a final concentration of 1% triton and incubated on end-to -end rotator for 30 

min at 4ºC. Solubilized cell lysates were spun at 12,000 rpm for 10 min at 4ºC.  GST-

fusion proteins were purified by incubating clear cell lysates with Glutathione Sepharose 

4B beads (GE Healthcare) for 4 hr at 4ºC.  Glutathione beads (GSH) were collected by 

centrifugation and washed 5 times with PBS. Glutathione conjugated GST-RNF6 fusion 

proteins (GSH-RING) and glutathione conjugated GST protein (GSH-GST) were then 

incubated with C42B cell lysates to identify proteins interacting with RNF6.  

 

GST pulldown assay (samples preparation for mass spectrometry analysis) 

GST fusion proteins immobilized onto glutathione sepharose beads (GSH) were 

used to pull down RNF6 interacting proteins. Immobilized GST fusion RING domain of 

RNF6 (GSH-RING) or GST protein immobilized on GSH (GSH-GST) were incubated 

with C42B cell lysates at 40C for 2 hours. C42B cell lysates from cells cultured in twelve 

150 mm dish was prepared by lysing  of cells with lysis buffer (50 mM Tris-HCl, pH 8, 

150 mM NaCl, 5 mM EDTA, 1% NP-40,0.1% SDS, 1% sodium deoxycholate, 1mM 

Na3VO4, 1mg/ml aprotinin, 10mM NaF, and 1mM PMSF). Insoluble cell debris was 

removed by centrifugation.  Equal amounts of cell lysates were incubated with GSH-GST 

or GSH-RING proteins.  After incubation with cell lysates GSH-GST and GSH-RING 

beads were washed 3X with lysis buffer (described below) and eluted with 2X SDS 

loading buffer. Samples were loaded onto 12% SDS-polyacrylamide gel electrophoresis 
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(PAGE) and stained with Commassie blue. Bands specifically present in eluates from 

GSH-RING beads but not in eluates from GSH-GST were excised and subjected to 

analysis for Mass spectrometry (MS).   

 

Protein Identification by Mass Spectrometry 

 Bands specifically present in GSH-RING pull down eluates were excised and 

subjected to trypsin digestion using an In-Gel Tryptic Digestion kit (Pierce) following the 

manufacturer’s protocol. Extracted peptides were analyzed by Matrix assisted laser 

desorption ionization (MALDI)- Time of flight (TOF) mass spectrometry with help from 

Dr. Bieberic lab at Core Facility in University of Maryland, Baltimore County.  The raw 

data of MALDI-TOF MS were searched using MASCOT (Matrix Science, LTD) against 

database of NCBInr. 

 

Transfection, Immunoprecipitation, Western Blots and Antibodies 

A calcium phosphate transfection kit (Biological Mimetics Inc.) was used to 

transfect 293T cells following the manufacturer’s protocol. Cells were lysed 40 hours 

post transfection using lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM 

EDTA, 1% NP-40,0.1% SDS, 1% sodium deoxycholate, 1mM Na3VO4, 1mg/ml 

aprotinin, 10mM NaF, and 1mM PMSF). Cell lysates were centrifuged to remove 

insoluble cell debris. For total cell lysates (TCL) analysis, 20% of lysates were aliquoted 

and mixed with equal volumes of 2X SDS loading buffer for western blot analysis. 
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Remaining lysates were subjected to immunoprecipitation (IP) by incubation with 

antibodies at 4ºC for 3-4 hours or overnight. The immunoprecipitates were collected by 

using Protein A or G sepharose beads, and beads were washed extensively three to five 

times with lysis buffer. Immunoblots (IB) was carried out as described previously (18). 

Briefly, blots were incubated with primary antibodies overnight at 4ºC. Antibodies were 

used at 1:3000 dilution of anti-HA (COVANCE), 1:10,000 dilution of anti-GAPDH 

(Santa Cruz), and 1:3000 dilution of anti-AKT-1 (Cell Signaling).  Horseradish 

peroxidase-conjugated secondary antibody was used for detection of bands.  

 

C. RESULTS 

 

Identification of RNF6 interacting proteins 

 To identify RNF6 interacting proteins in prostate cancer cells, we performed GST 

pulldown assays. The RING domain of RNF6 (amino acids, (aa) 574-685) was used to 

pull down RNF6 interacting proteins from C42B cells. We used only the ring domain of 

RNF6 for GST pull down assays, since the full length RNF6 GST fusion protein is large 

and difficult to purify. Our previous study demonstrated that RNF6 expression is 

increased in castration resistant human prostate cancer (18). For this reason we used 

C42B cells, a castration resistant subline of LNCaP cells, for identification of RNF6 

interacting proteins.  GST protein immobilized onto glutathione (GSH) beads (GSH-

GST) and GST-RING immobilized on GSH beads (GSH-RING) were incubated with 
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C42B cell lysates for 2 hours. Proteins bound to GSH-RING or GSH-GST proteins were 

eluted by using 2X SDS sample buffer.  Eluates were loaded onto SDS PAGE gels 

visualized by Commassie staining (figure 2-1). Eluates from GSH-GST and GSH-RING 

were loaded onto SDS-PAGE gels and visualized by Commassie blue staining (lanes 3 

and 5) shown in figure 2-1. Equal amounts of C42B cell lysates were incubated with 

GSH-GST or GSH-RINGI beads as shown by loading of equal amount of proteins in lane 

2 and lane 4 in figure 2-1. GSH-GST protein was incubated with cell lysates to exclude 

proteins interacting with GST for further mass spectrometry analysis. Proteins that were 

pulled down due to interaction with RNF6 would be present in GSH-RING but not in 

GSH-GST pulldown. Proteins that were specifically pulled down by GSH-RING are 

indicated by asterisks in lane 5 (eluates from GSH-RING) (figure 2-1). Bands shown by 

asterisks in lane 5 were excised and subjected to mass spectrometry analysis.   

 

                          

 
 Figure 2-1: SDS-PAGE analysis of protein sample for MS analysis 

**
**
*
**
**
*
*
*175

83

62

47

32

25

MW (Kda)

Lane:    1      2     3      4     5



 

29 

 

  
Commassie blue staining of C42B cell lysates incubated with GSH conjugated GST or 
RNF6 protein and eluates from conjugated beads loaded onto 12% SDS PAGE gels.  
 

C42B cell lysates incubated with either GSH-GST beads (lane 2) or GSH-RING (lane 4) 

proteins. After incubation, proteins bound to either GSH-GST protein or GST-RING 

protein were eluted with 2X SDS loading buffer and loaded onto 12% SDS PAGE gel as 

shown in lane 3 and lane 5 respectively. Bands indicated by asterisks were excised and 

subjected to trypsin digestion and analysis by mass spectrometry.  

 Analysis of mass spectrometry data revealed several putative RNF6 interacting 

proteins. Matrix-assisted laser desorption/ionization (MALDI) time of flight (TOF), mass 

spectrometry (MS) was used for our analysis. MALDI-TOF MS could be used to identify 

proteins isolated by gel electrophoresis. The mass of each peptide identified by MALDI-

TOF MS was entered in a database (MASCOT: Matrix Science, LTD) to compare masses 

of peptides of unknown protein to the theoretical peptide masses of the known proteins 

encoded in the genome. Our analysis revealed putative RNF6 interacting proteins which 

include androgen receptor (AR), a known RNF6 interacting protein in prostate cancer 

cells. In addition to AR putative RNF6 interacting proteins include AKT3, LIM domain-

containing protein 2, Zinc finger protein 718, Kruppel-like factor 9, Set domain 

containing protein 3 and more. A small list of RNF6 interacting proteins identified by MS 

is shown in table 2-1 below.   
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Table 2-1: Partial list of RNF6 interacting proteins identified by mass spectrometry 

 

List of putative RNF6 interacting proteins identified after MS data analysis using NCBInr 

database (described in methods). Column 1 (left to right) show protein names, Column 2 

represents number of peptide mass values matched to corresponding protein peptide mass 

out of 85 mass values searched. Column 3 indicates percentage of sequence of protein 

covered by the matched peptide sequence. Column 4 shows predicted molecular mass of 

protein listed. 

 

From our list of putative RNF6 interacting proteins, we were particularly 

interested in proteins known to contribute to prostate cancer pathogenesis. Among our list 

of proteins was AKT kinase. We focused on AKT, since it was known that it played a 

significant role in prostate cancer progression. Additionally, analysis of the RNF6 protein 
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sequence revealed several putative AKT phosphorylation sites, suggesting that AKT 

might modulate RNF6 through phosphorylation. The MS data and presence of AKT 

phosphorylation sites on RNF6 prompted us to test whether the two proteins indeed 

interacted in cells.  

 

AKT interacts with RNF6 in prostate cancer cells 

First we examined whether AKT associates with RNF6 in prostate cancer cells.  

CWR-R1 cells were subjected to immunoprecipitation (IP) with anti-IgG or anti-AKT 

antibody followed by immunoblots (IB) with RNF6 antibody as shown in figure 2-2A. 

Reciprocal IP is shown in figure 2-2B.      

 

  A.       B. 

 

 

Figure 2-2: RNF6 associates with AKT in prostate cancer cells. 
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A) CWR-R1 cells were lysed and subjected to IP with anti-IgG or anti-AKT antibody, 
followed by IB with antibodies shown. IB of immunoprecipitates and total cell lysates 
(TCL) are shown  
 

(B) CWR-R1 cells were lysed and subjected to IP with anti-IgG or anti-RNF6 antibody, 
followed by IB with antibodies shown. IB of immunoprecipitates and TCL are shown  
 
 

Our data showed that RNF6 specifically interacts with AKT in CWR-R1 prostate cancer 

cells. RNF6 is readily detectable in the CWR-R1 castration resistant cell line; therefore 

we used CWR-R1 cells for our endogenous immunoprecipitation assay. In order to 

confirm our observation in prostate cancer cells, we performed IP assays in 293T cells 

after overexpression of RNF6 and HA-AKT. Transfected and lysed 293T cells were 

subjected to IP with anti RNF6 antibody followed by IB with anti AKT (figure 2-3A). 

RNF6 immunoprecipitates were subjected to IB with anti-RNF6 to show specificity of 

the IP.  

 

A.           B.  

     

 

Figure 2-3: RNF6 interact with AKT 
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IB: HA

IB: GAPDH

IP: RNF6
IB: RNF6

IP: RNF6
IB: HA

TCL

RNF6 - +    - +    -
HA-AKT    - - +    + +     

RNF6∆Ring  - - - - +     

HA-AKT  - +      - +
RNF6    - - +       +

IP: AKT
IB: HA

IP: AKT
IB: RNF6

IB: RNF6

IB: GAPDH

IB: HA

TCL
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 (A) Transfected 293T cells were lysed and subjected to IP with anti-RNF6 antibody 
followed by IB with anti-HA antibody. 
 

 (B) Transfected 293T cells were lysed and subjected to IP with anti AKT antibody 
followed by IB with anti RNF6 antibody. 
 

 

AKT interacts with both full-length and the ring domain deletion mutant of RNF6 (RNF6 

∆ring). Reciprocal IP with anti- AKT antibody is shown in figure 2-3B. 

 Immunoprecipitation experiments both in CWR-R1 cells (Figure 2-2) and 293T 

cells (figure 2-3) showed that AKT and RNF6 proteins interacted with each other. 

Immunoblots of immunoprecipitated protein show that association between AKT and 

RNF6 is specific.  

 

D. DISCUSSION 

 

 Our laboratory has recently demonstrated that RNF6 plays an important role in 

androgen independent and castration resistant prostate cancer (CRPC) growth and 

progression through modulating androgen receptor (AR) function. Though AR is one of 

the substrates of RNF6, ubiquitin ligases have multiple substrates, and upstream 

regulators of RNF6 are not known. The goal of our research in this chapter was to 

identify proteins which interact with RNF6 in prostate cancer cells. We used the 

androgen independent prostate cancer cell line C42B cells. C42B cells are an androgen 

independent derivative of the LNCaP prostate cancer cell line. Our previous data showed 
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that knocking down of RNF6 inhibited the growth of tumors in castrated nude mice, 

suggesting that RNF6 was required for tumor formation under androgen depleted 

conditions (18). Since we have demonstrated that RNF6 is important for castration 

resistant growth of prostate cancer using two different cell lines, we used these two cell 

lines in our experiments above to further study RNF6. Our search for RNF6 associated 

proteins in PCA cells revealed AKT as one of the RNF6 interacting proteins. 

 Immunoprecipitation coupled with mass spectrometry provides very useful 

information necessary for identification of unknown interacting proteins. While mass 

spectrometry techniques allow identification of interacting proteins within a complex, 

results have to be confirmed by immunoprecipitation experiments using endogenous 

proteins and overexpression system. To confirm our MS data, we performed IP in CWR-

R1 cells with either anti-IgG or RNF6 antibody and also with anti-AKT antibody. Both 

anti-IgG and anti-AKT or RNF6 immunoprecipitates were subjected to immunoblot (IB) 

analysis with antibodies shown in figure 2-2. Immunoblotting of anti-IgG 

immunoprecipitates with both antibodies show that both AKT and RNF6 were 

specifically pulled down by the corresponding antibodies but not IgG. This control 

experiment showed that molecular interaction between endogenous AKT and RNF6 was 

specific.  

  We also performed IP experiments in 293T cells after overexpressing AKT 

alone, RNF6 alone or RNF6 and AKT as shown in Figure 2-3. These experiments also 

showed that AKT and RNF6 interact specifically as AKT is pulled down with RNF6 

immunoprecipitates only in RNF6 and AKT overexpressing cells, but not AKT alone 

transfected cells (figure 2-3). 
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 Taken together, experiments in this chapter show that immunoprecipitation 

coupled to mass spectrometry revealed that RNF6 forms a protein complex with AKT. 

Immunoprecipitation experiments in CWR-R1 prostate cancer cells show that 

endogenous RNF6 and AKT associate. This observation was also confirmed by using an 

overexpression system in 293T cells. A large body of literature suggests that AKT kinase 

plays a very important role in the progression of castration resistant prostate cancer.  

Therefore, protein complex formation between RNF6 and AKT likely has biological 

functions contributing to prostate tumor growth. The identification of AKT a novel RNF6 

interacting protein helped us explore possible cross-regulation between the two proteins.  

 

 

 

 

  

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 



 

36 

 

 

 

 

 

 

 

CHAPTER III 

III. THE ROLE OF RNF6 IN THE REGULATION OF AKT KINA SE 
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A. INTRODUCTION 

 

The role of E3 ubiquitin ligases in the regulation of protein kinase 

 Ubiquitination of proteins may result in either proteolytic degradation or non-

proteolytic regulation of function. Mostly, non-proteolytic functions of protein 

ubiquitination is mediated through polyubiquitin linkages formed via lysine residues 

other than lysine 48 (K48) of ubiquitin and referred to as atypical ubiquitination (30). 

Canonical ubiquitination via K48 linkage targets proteins to the 26S proteasome for 

degradation (25, 27). Polyubiquitination linkage could be mediated via any of the seven 

lysine residues (K6, K11, K27, K29, K33, K48, and K63) on the ubiquitin molecule. 

Ubiquitin linkage through different lysine forms diverse conformations and creates 

various signals in the cell (27, 30). While the biological function of K48 mediated 

polyubiquitination has been well characterized, the role of ubiquitin linkage of other 

lysines is not clearly understood.  Among the atypical linkages, the functions of lysine 63 

polyubiquitin chains in regulation of cell signaling, protein localization and DNA repair 

have been studied most (25, 27, 59).   

 Biological function of protein kinases could be regulated by ubiquitination 

through mechanisms including targeting for proteasomal degradation, ubiquitin 

dependent regulation of localization, autophosphorylation, oligomerization and a 

providing platform for interaction with regulatory proteins (60). Ubiquitin E3 ligases 

regulate protein kinase activity through modulating protein turnover.  The following are 

different examples of ubiquitination dependent regulation of kinases.  Tetratricopeptide 



 

38 

 

repeat domain 3 (TTC3) E3 ligase induces ubiquitination of phosphorylated AKT in the 

nucleus, thereby terminating the signal (61). The breast cancer susceptibility gene 1 

(BRCA1) protein also polyubiquitinates phosphorylated active AKT  in the nucleus and 

targets it for proteasomal degradation thereby negatively regulating the kinase (62). 

Insulin-like growth factor-1 receptor (IGF-1R) is ubiquitinated by MDM2 and targeted 

for a proteasomal degradation upon P53 inhibition, resulting in downregulation of IGF-1 

signaling (63). E3 ligases regulate protein kinases involved in important biological 

functions such as cell growth and survival. Ubiquitination of protein kinases can regulate 

membrane internalization or sorting to specific lipid compartments. Ubiquitination of 

tyrosine kinase receptors such as the epidermal growth factor receptor (EGFR) serves as 

a signal for internalization and endosomal sorting for lysosomal degradation (64). 

Internalized receptors are either recycled or degraded by lysosomes. These examples 

present various modes of regulation of protein kinases through ubiquitination.  

 
 

Ubiquitination dependent AKT kinase activation 

Recent studies have shown that AKT kinase activity is regulated by direct 

ubiquitination by multiple E3 ubiquitin ligases. TRAF6 induces AKT ubiquitination in 

the PH domain in response to IGF-1 stimulation (49). TRAF6-induced AKT 

ubiquitination is required for AKT membrane recruitment and activation (49). Skp2-SCF 

mediates AKT ubiquitination leading to membrane recruitment in response to EGF 

stimulation (65).  NEDD4 regulates IGF-1 induced AKT signaling through an adaptor 

protein Grb10 which in turn regulates the level of surface IGF-1 receptor (66). 
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Interestingly, AKT ubiquitination in response to specific growth factor uses a specific E3 

ligase. TRAF6 has been shown to induce AKT ubiquitination in response to IGF-1 and 

IL6 but not to EGF, while Skp2-SCF E3 ubiquitinates in response only to EGF but not to 

IGF-1 (49, 65). NEDD4-1 E3 ligase also regulates IGF-1, but not EGF, induced AKT 

activation (66) (67). To date, all the reported E3 ligases of AKT activate the kinase via 

membrane recruitment in response to a specific growth factor. The E3 ligases mentioned 

above regulate AKT via nonproteolytic ubiquitination. On the other hand, AKT kinase is 

regulated by ubiquitination leading to proteasomal degradation of active phosphorylated 

AKT by a set of other E3 ligases: BRCA1, TTC3 and NEDD4-1 (61, 62, 67).  

A recent study from our laboratory has demonstrated that Ring finger protein 6 

(RNF6) E3 ubiquitin ligase is overexpressed in advanced human prostate cancer (18). 

RNF6 ubiquitinates androgen receptor (AR) and enhances its transcriptional activity, 

contributing to prostate cancer tumor growth (18).  Our preliminary data showed that 

RNF6 interacts with AKT (chapter 2). Recent studies have shown that AKT kinase 

activation is regulated by ubiquitination (49, 65). Since both RNF6 and AKT kinase are 

known to promote growth of castration resistant prostate cancers, we studied possible 

cross-talk between the two proteins. In this chapter, we present data showing that RNF6 

modulates AKT kinase phosphorylation. Interestingly, RNF6 modulates basal and growth 

factor activated AKT kinase activity through ubiquitination dependent regulation of AKT 

nuclear/cytosol distribution and interaction with the PH domain and leucine rich repeat 

protein phosphatase (PHLPP) phosphatase. Importantly, we demonstrated that AKT 

lysine 183 is ubiquitinated by RNF6 and ubiquitination of this site is required for AKT 

kinase activity and nuclear export.  
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B. MATERIAL AND METHODS 

 

Plasmid DNA constructs and antibodies 

Full length human RNF6 cDNA was subcloned into pcDNA3 as described before 

(18). The RNF6 ring domain deletion mutant (RNF6∆ring) was generated by introducing 

a stop codon at proline 584. All mutations were generated using PCR-based methods 

using QuikChange kit (Stratagene) and confirmed by DNA sequencing. Mammalian 

expression vector HA-AKT was a kind gift from Dr. Philip Tsichlis. HA-AKT lysine 183 

replaced with arginine (HA-AKT K183R), HA-AKT K189R and GST-AKT K183R 

vectors were generated by introducing point mutations onto wild-type vectors. GST-AKT 

was constructed by inserting full-length AKT cDNA in to the pGEX3X vector. Flag-

TRAF6 was purchased from Addgene (Addgene plasmid 21624) and described by Zong 

et. al.  (68). Mammalian expression vectors expressing wild-type and lysine-free (Ub K0) 

His6-ubiquitin (His-Ub) were generous gifts from Dr. Wei Gu (Columbia University). 

Flag-CRM1 was a generous gift from Dr. Anil Jaiswal (University of Maryland, 

Baltimore). Ubiquitin mutants harboring a single lysine with all others mutated to 

arginine were generated by introducing point mutation (arginine to lysine) on the lysine-

free His-Ub vector.   We used two different RNF6 shRNA lentivirus vectors to knock 

down RNF6. Two of the shRNAs (ShRNF6-1 and ShRNF6-2) were purchased from 

SIGMA-ALDRICH, (TRCN0000033699 for shRNF6-1 and TRCN0000033702 for 

shRNF6-2). The target sequence of the human RNF6 is 5’ 

CCTCAGTGAATTTCAATGGTA 3’ for shRNF6-1 and 5’ 
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CCATAACAGTTCCTCTTCGTA 3’ for shRNF6-2. Both target sequences are located in 

exon 3. In CWR-R1 cells, shRNF6-2 was used if not specified in figures. 

Antibodies used for immunoblot (IB) and immunoprecipitation (IP) include anti-

HA.11 (COVNAC), anti-Flag M2 (Sigma), Anti-AKT1 (2H10), anti-AKT pan (AKT), 

anti-phospho AKT substrate (pAKT-sub), anti P-ser 473, anti P-Thr308, anti P-Ser9 

GSK-3β, (Cell Signaling), anti-Ub, anti-GAPDH, anti-ERK2 (Santa Cruz), anti- mouse 

RNF6 (Aviva Systems Biology). Anti- human RNF6 described by Xu et. al.(18).  6-His 

tag proteins were pulled-down with Ni-NTA His•Bind Resin (Novagen). 

 

 

Table 3-1: Summary of primers pair used for mutagenesis PCR 

 

Cell Culture and Transfections 

LNCaP and HEK 293T (293T) cells were purchased from the American Type 

Culture Collection (ATCC).  CWR-R1 was kindly provided by C. Gregory and E. Wilson 

(University of North Carolina at Chapel Hill) (58). 293T cells were maintained in 

PRIMER 

NUMBER PRIMER SEQUENCES   NOTES 

Primer-1 ATCCTCAAGAGGGAGGTCATC Sense Mutation of AKT-1 

lysine 183 to arginine Primer-2 GATGACCTCCCTCTTGAGGAT Antisense 

Primer-3 ATCGTCGCCAGGGATGAGGTT Sense Mutation of AKT-1 

lysine 189 to arginine Primer-4 AACCTCATCCCTGGCGACGAT  Antisense 
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DMEM. Wild-type mouse embryonic fibroblast (MEF) cells were isolated from C57 

mice and RNF6 KD MEF were isolated from RNF6 knocking down mice. The MEF 

isolation protocol is described below. DNp53 MEFs were kind gifts from Dr. Nissim Hay 

(university of Illinois, Chicago).  AKT-1 WT DNp53 and AKT-1 KO DNP53MEFs were 

described previously (69). Briefly, MEFs isolated from wild type and AKT1-1-/- mice 

were transformed using dominant negative P53 (DNp53) in order to immortalize cells 

(69).  All MEFs were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 1% penicillin/streptomycin (P/S), 10% Fetal Bovine Serum (FBS) and 

1% Glutamine. 

Prostate cancer cells LNCaP, CWR-R1 and DU145 cells were maintained with 

RPMI 1640.  Media for HEK 293T and prostate cancer cells were supplemented with 

10% FBS and 1% P/S, except CWR-R1 cells which were grown in RPMI 1640 with 10% 

heat-inactivated FBS. The RPMI 1640 medium, DMEM and Penicillin-Streptomycin 

(P/S) were purchased from Gibco-BRL (Grand Island, NY), FBS and charcoal-stripped 

steroid free FBS were obtained from Biofluids Inc (Rockville, MD). Transfection of 

293T cells was performed using the calcium phosphate precipitation method (Biological 

Mimetics Inc.) according to the manufacturer’s instructions.  COS-1 cells were 

transfected with FuGENE HD (Roche) transfection reagent following the manufacturer’s 

protocol. 
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Isolation and propagation of MEFs  

Mouse embryonic fibroblast (MEF) cell cultures were prepared from 13.5 day old 

embryos (E13.5) of WT (C57) and RNF6 knock down (RNF6 KD) mouse.  RNF6 KD 

mouse was generated from embryonic stem cells with insertional mutation of RNF6 gene, 

using conventional gene-trapping process (Baygenomics). RNF6 is partially inactivated 

in RNF6 KD mice.  Embryos from C57 mouse and RNF6 KD mice were dissected from 

the womb under sterile conditions and washed with PBS. Embryonic tissue was minced 

and digested with 0.25% cold trypsin at 4°C for 5 hours. Excess trypsin was removed and 

embryo incubated at 37°C for 20 minutes. Trypsinization was stopped by adding warm 

DMEM media supplemented with 10% FBS, 1% penicillin/streptomycin and 1% 

glutamine. Cell suspensions were plated in DMEM media described above.  

 

Cell lysis for total cell lysate, (TCL) and Immunoblot (IB) analysis   

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM 

EDTA, 1% NP-40,0.1% SDS, 1% sodium deoxycholate, 1mM Na3VO4, 1mg/ml 

aprotinin, 10mM NaF, and 1mM PMSF). Insoluble cell debris was removed by 

centrifugation, and soluble cell lysates were subjected to immunoblot analysis with 

antibodies shown. Immunoblotting was performed as described previously (70). For 

immunoblot analysis, primary antibody used include 1:3000 dilution for anti-HA, 1:3000 

dilution of anti-Flag M2, 1:3000 dilution of anti AKT1 and anti- pan AKT, 1:1000 

dilution of anti- P-ser 473, anti P-Thr308, 1:3000 dilution of anti P-Ser9 GSK-3β, 1: 500 

dilution of anti-Ub 1: 10,000 dilution of anti GAPDH and anti-ERK2. Conditioned media 
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from hybridoma cells, producing RNF6 antibody, was used for anti-RNF6 immunoblot as 

described by Xu et. al.(18).  Incubation of blots with primary antibody at 4ºC overnight 

was followed by detection with horseradish peroxidase-conjugated secondary antibody. 

Nuclear and cytosol fractionation was carried out using a NE-PER (Pierce) kit.  

 

Endogenous protein ubiquitination assay 

For the denaturing ubiquitination assay of endogenous proteins, cells were lysed 

with lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM EDTA, 1% NP-40,0.1% 

SDS, 1% sodium deoxycholate, 1mM Na3VO4, 1mg/ml aprotinin, 10mM NaF, and 1mM 

PMSF and 10mM N-ethylmaleimide [NEM - Sigma] ), and insoluble cell debris were 

removed by centrifugation. For immunoprecipitation of ubiquitinated proteins under 

denaturing condition, 20% SDS was added into the cell lysates to a final concentration of 

1% and boiled in 95ºC for 8 minutes then diluted to 0.2% SDS with lysis buffer and 

incubated on ice for 30min. Antibodies were added to lysates followed by incubation at 

4ºC for 3-4 hours or overnight. The immunocomplexes were collected by using Protein A 

or G sepharose beads, and beads were washed extensively three times with lysis buffer. 

Immunoblotting was carried out as described previously (71). Briefly blots were 

incubated with primary antibody overnight and followed by detection with horseradish 

peroxidase-conjugated secondary antibody. 



 

45 

 

Denaturing ubiquitination assay using Ni-NTA pull-down 

Analysis of ubiquitination in His-Ub overexpressing cells was performed 

following the protocol described previously (72). Transfected cells were collected 40 

hours after transfection. Cells were collected in phosphate-buffered saline and lysed 

separately with 20% of cells lysed in lysis buffer described above for total cell lysates 

(TCL) analysis and remaining cells lysed with 6 M guanidine HCl in100 mM sodium 

phosphate buffer, pH 8.0 with 10 mM imidazole and10 mM NEM for ubiquitination 

assays. The lysis buffer was supplemented with protease inhibitors. Lysates were briefly 

sonicated and centrifuged to remove insoluble cell debris. Ubiquitinated proteins were 

pulled down with Ni-NTA resin (Novagen) for 2-4 hrs. Ni-NTA beads were washed 

successively, to slowly remove  guanidine, with 6M guanidine HCl in100 mM sodium 

phosphate buffer, pH 8.0 without imidazole except for the last wash, 6 M 

guanidine.HCl/100 mM sodium phosphate buffer, pH 6.3, 6M guanidine HCl/100 mM 

sodium phosphate buffer , pH 8.0, 1:1 mix of 6M guanidine.HCl/100 mM sodium 

phosphate buffer pH 8 and protein buffer, 1:3 mix of 6M guanidine.HCl/100 mM sodium 

phosphate buffer, pH 8.0 and protein buffer and finally with protein buffer with 10 mM 

imidazole. Protein buffer is composed of 50 mM sodium phosphate buffer, pH 8.0, 100 

mM KCl, 20% (v/v) glycerol, 0.2% (v/v) NP-40. Proteins bound to NI-NTA beads were 

eluted by adding 2X SDS loading buffer and analyzed by immunoblotting.  
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Enrichment of ubiquitinated AKT for MS analysis  

AKT ubiquitination was induced by overexpression of wild type AKT, Ni-NTA-

ubiquitin and RNF6 in HEK 293T cells. Transfected cells were lysed 48h post 

transfection and subjected to denaturing ubiquitination assay using Ni-NTA pull down to 

enrich total ubiquitinated proteins as described above. Cell lysates were collected from 

twelve 150 mm dishes. All experiments were carried out at 4ºC. Immunoprecipitates 

were eluted using elution buffer (50mM sodium phosphate pH 8, 300 mM NaCl, 0.1% 

Triton X-100, 250 mM imidazole. Eluates were diluted with 1X dilution buffer (50mM 

sodium phosphate pH 8, 300mN NaCl, 0.1% triton X-100). In order to enrich 

ubiquitinated AKT, diluted eluates were subjected to IP with anti-AKT antibody 

crosslinked to Protein A beads.  AKT antibody was crosslinked to Protein A beads using 

Disuccinimidyl suberate (DSS) crosslinker (Pierce) following the manufacturer’s 

protocol. AKT antibody was immobilized onto protein A beads using the DSS 

crosslinker. Antibody was immobilized in order to prevent the IgG from being eluted 

along with samples for mass spectrometry analysis.  Ubiquitinated AKT protein was 

eluted using 2X SDS loading buffer and run on SDS-PAGE gels. Bands corresponding to 

the molecular weight of AKT (55KD) and above were cut out for tryptic digestion for 

sample preparation for mass spectrometry analysis. Mass spectrometry analysis was 

carried out at The Laboratory of Proteomics and Analytical Technologies (LPAT), NCI 

directed by Dr. Timothy Veenstra. 
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In vitro ubiquitination assay 

The In vitro ubiquitination assay was carried out as described previously (18). 

Briefly 6 ng of purified full length GST-AKT was incubated with 300ng of active GST-

RNF6 (harboring RING domain:  amino acids, aa 246-685) or inactive GST-RNF6 (with 

RING domain deletion: aa 1-585) in 10 ul reaction volume containing 50 mM HEPES 

(pH 7.9), 4 mM ATP, 5 mM MgCl2, 15 mM ZnCl2, 150 mM ubiquitin (Boston Biochem, 

cat. #U-100H), 30 nM rabbit E1 (Boston Biochem, cat. #E302), and 200 nM UbcH5a 

(Boston Biochem, cat. #E2-616). The reaction was incubated at 37ºC for 4 hr and the 

reaction was stopped by adding equal volume of 2X SDS loading buffer. Samples were 

resolved by SDS-PAGE and immunoblotted with anti-AKT antibody.  

 

In vitro kinase assay 

The in vitro kinase was carried out as described previously with minor 

modifications (73). Transfected cells were lysed with lysis buffer (50 mM Tris-HCl, pH 

7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40, 1 mM 

Na3VO4, 2 mM NaF, 1 mg/ml aprotinin, 1 mM PMSF and 1 mM β-glycerphosphate) and 

cleared lysates were incubated with anti-HA antibody for 2 hr to pull down AKT.  The 

immunocomplexes were collected using Protein G sepharose beads. Immunoprecipitates 

were washed three times with lysis buffer, once with kinase buffer (25mM Tris HCl 

pH7.5, 5 mM EGTA, 15 mM MgCl2, 1 mM DTT, 5 mM β-glycerphosphate, 0.1 mM 

Na3VO4), once with 0.5M LiCl, and twice with kinase buffer. Washed beads were 
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incubated in a 20 µL reaction containing kinase buffer, 200 µM ATP (Roche), 1 µg GST-

GSK-3B fusion peptide (substrate) for 30 min at 30ºC. The reaction was terminated by 

adding 2X SDS loading buffer. Samples were resolved SDS-PAGE and immunoblotted 

with anti-phospho ser 9 GSK3β antibody. 

 

Cell growth measurement  

CWR-R1 and DU145 cells were seeded in a 96 well plate at 1000 cells/well and 

infected with desired lentivirus vectors 24 hours after seeding. Twenty-four hours later, 

medium was changed to phenol red free RPMI media supplemented with 5% charcoal 

stripped FBS and 1% glutamine. Viable cells were determined 4 hours after seeding, as a 

reference of starting cell number, and at 9-days after seeding. Cell culture media was 

changed every 72 hours. Viable cells were determined using Cell Counting Kit-8 (CCK8: 

Dojindo Molecular Technologies). CCK8 reagent is tetrazolium salt which is reduced by 

dehydrogenase activity in cells to give a yellow color formazan dye. The intensity of 

formazan dye is measured using a spectrophotometer. Absorbance at 450 nm of 

metabolized CCK-8 product was determined using TECAN M1000 Plate Reader. Briefly, 

10µl of CCK-8 reagent was added into each well then, incubated for 2hrs. Each 

experimental condition was done in triplicate samples and experiments were repeated at 

least three times. Relative viable cells are shown in a bar graph.  Results are shown as 

mean relative units ± standard deviation (SD) of triplicates samples. Error bars are shown 

as ± S.D. WT-MEF and RNF6 KD MEFs were seeded in 96 well plates at 1000 cells/well 

and infected with desired lentivirus vectors 24 hrs after seeding. Cell viability was 
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determined at 4 hrs after seeding and 5-days after cells were allowed to grow. Viable 

cells were determined using CCK-8 kit just as described above. 

 

C. RESULTS 

 

RNF6 depletion reduces AKT phosphorylation 

Our preliminary studies had shown that AKT kinase interacts with RNF6 (chapter 

2), and it is known that AKT kinase activity is regulated by ubiquitination (49, 65). Since 

we have previously demonstrated that RNF6 played a role in prostate cancer (PCA) 

progression (18) and AKT is also known to promote PCA progression, we examined 

whether RNF6 regulates AKT kinase activity. In order to test if RNF6 modulates AKT 

kinase, we first examined levels of phosphorylated AKT after knocking down RNF6 in 

PCA cells. We used castration resistant prostate cancer (CRPC) cells, the CWR-R1 cell 

line, in most of our studies since RNF6 is endogenously overexpressed and is involved in 

the growth of human CRPC (18).  We used the DU145 cell line as a representative of 

androgen receptor (AR) negative prostate cancer cells.  Both in CWR-R1 and DU145 

prostate cancer cell lines, RNF6 depletion using two independent shRNAs  (ShRNF6-1 

and shRNF6-2) resulted in significant reduction of basal AKT phosphorylation at serine 

473 and threonine 308 (figure 3-1). CWR-R1 and DU145 cells were infected with 

lentivirus vectors encoding control shRNA (ShCntrl) or RNF6 shRNA (ShRNF6-1 or 

shRNF6-2), 72 hrs later cells were lysed and subjected to immunoblot (IB) analysis with 
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antibody shown below. Efficiency of the RNF6 knock down is shown by IB with anti-

RNF6 antibody. 

 

A.               B. 

              

 

Figure 3-1: Knocking down RNF6 reduced basal AKT activity in CWR-R1 and 
DU145 cells 

 (A) CWR-R1 cells cultured in complete media were infected with lentivirus encoding 
control shRNA (shCntrl) or independent RNF6 shRNA (shRNF6-1 or shRNF6-2). 72 
hour (hr) post-infection cells were lysed and subjected to IB analysis with antibodies 
shown. 
 
(B) DU145 cells cultured in complete media were infected with shCntrl or shRNF6-1/2. 
72h post infections cells were lysed and subjected to IB analysis with antibodies shown. 
 
 

Loss of AKT phosphorylation at these two regulatory residues indicated that the kinase 

activity was significantly reduced upon RNF6 depletion. RNF6 knock down also affects 

AKT kinase activity towards some AKT kinase substrates. Phosphorylation of the AKT 

substrate known as AKT1 substrate 1 (proline-rich) (PRAS40) at Serine 246 (pPRAS40) 

was significantly reduced in RNF6 knock down cells (figure 3-1). ShRNA mediated 

IB: pSer 473 AKT

IB: pThr 308 AKT

IB: RNF6

ShCntrl +       - -

IB: pPRAS40

ShRNF6-1 - +     -
ShRNF6-2 - - +    

IB: AKT

IB: GAPDH

IB: PRAS40

IB: pPRAS40

IB: pSer 473 AKT

IB: pThr 308 AKT

IB: AKT

IB: RNF6

IB: PRAS40

IB: GAPDH

ShCntrl   +    - -
ShRNF6-1  - +       -
ShRNF6-2  - - +    
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RNF6 depletion did not affect levels of total AKT, suggesting that RNF6 did not affect 

expression level or protein turnover of total AKT.  

Although RNF6 depletion reduced AKT phosphorylation, levels of 

phosphorylated GSK3β, a classical AKT substrate, were not reduced upon RNF6 

depletion in cells (data not shown). To confirm that AKT kinase activity was affected by 

RNF6, we examined the phosphorylation status of AKT substrates in CWR-R1 and 

LNCaP cells infected with lentiviruses encoding shCntrl and ShRNF6. Phosphorylated 

AKT substrate antibody was used for western blot analysis to detect phosphorylation of 

AKT substrates. Phosphorylated AKT substrate antibody recognizes proteins with 

Ser/Thr phosphorylated within AKT substrate motif (RXRXXS/T). AKT substrate 

antibody denoted by pAKT-sub above recognize proteins harboring RXRXXS/T (AKT 

substrate motif) with either serine (S) or threonine (T) phosphorylated. Arginine is 

represented by “R” and “X” is any amino acid. Hence, proteins cross-react with pAKT-

sub antibody are presumably AKT substrates, levels of which correlate with the kinase 

activity.CWR-R1 and LNCaP cells were infected with shCntrl or shRNF6 for 72 hrs, 

cells were lysed and total cell lysates (TCL) were subjected to immunoblot analysis with 

anti phosphorylated AKT substrate (pAKT-sub) antibody (figure 3-2).   
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A.                                                             B. 

                            

 

Figure 3-2: Knocking down RNF6 reduce levels of AKT substrates phosphorylation 
in PCA cells. 

(A) shCntrl or shRNF6 infected LNCaP cells lysed 72hrs post infection and subjected to 
IB analysis. Red boxes highlight specific AKT substrate proteins of which 
phosphorylation detected by pAKT-sub antibody is significantly reduced in shRNF6 
infected cells. 
 

(B) CWR-R1 cells treated as described in figure 3-2A 

 

Knocking down RNF6 resulted in reduced levels of phosphorylated AKT substrates both 

in CWR-R1 and LNCaP prostate cancer cells. Our data may have suggested that only a 

subset of AKT substrates phosphorylation levels were reduced (highlighted in red box) 

rather that loss of all AKT substrate phosphorylation. Alternatively, the AKT substrate 

IB: AKT

IB: RNF6

IB: GAPDH

LNCaP
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ShCntrl   +         -
ShRNF6  - +
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CWR-R1

175-

80-

58-

46-

30-

MW (kda)

IB: pAKT- sub



 

53 

 

antibody may have cross reacted with non-AKT substrates and levels of those nonspecific 

proteins were not changed.  Our data shown above suggested that RNF6 may have 

regulated AKT kinase activity in prostate cancer cells.  

RNF6 depletion resulted in significant reduction of basal AKT kinase activity 

(Figure 3-1, 3-2), and this observation prompted us to test whether RNF6 was required 

for growth factor activated AKT kinase activity. Depletion of RNF6 in CWR-R1 cells 

resulted in significant reduction of both IGF-1 and EGF induced AKT kinase activity 

(Figure 3-3A).  

 

A.      B. 

 

 

Figure 3-3: RNF6 depletion reduced IGF-1 and EGF induced AKT kinase activity 

 

 (A) CWR-R1 cells were infected with shCntrl or shRNF6-2. Twenty four hrs post serum 
starvation cells were treated with 50ng/ml IGF-1 for 20min or 50ngm/ml EGF for 15min. 
Cells were lysed to examine AKT kinase activity. Immunoblot analysis of TCL is shown. 
 

(B)  CWR-R1 cells were infected with shCntrl, shRNF6-1 or shRNF6-2. Twenty four hrs 
post serum starvation cells were treated with 50ng/ml IGF-1 as shown.  Cells were lysed 
and subjected to IB analysis as shown.  
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Treatment of shCntrl or shRNF6 infected CWR-R1 cells with IGF-1 for both short and 

long time periods resulted in reduced levels of AKT activity in RNF6 knock down cells 

compared to control shRNA treated cells (figure 3-3B). These observations suggested 

that RNF6 is required for AKT kinase activation upon growth factor treatment. In support 

of our observations in CWR-R1 and DU145 prostate cancer cells, RNF6 knock down 

mouse embryonic fibroblast (RNF6 KD MEF) cells had lower levels of IGF-1 induced 

AKT activity when compared to wild type MEFs (WT MEF). WT MEFs were isolated 

from C57 mouse and RNF6 KD MEFs were from RNF6 knock down mouse. 

 

 

 

Figure 3-4: IGF-1 induced AKT activity is reduced in RNF6 KD MEFs 

Wild type (WT) and RNF6 KD (knock down) Mouse embryonic fibroblast (MEF) cells 
were treated with 100ng/ml IGF-1 for 20min after 24hrs of serum starvation in 0.5% 
FBS. Immunoblot analysis of lysed cells is shown above 
 

WT MEFs and RNF6 KD MEFs were treated with 100ng/ml IGF-1 24hrs post serum 

starvation in 0.5% FBS. Immunoblot analysis of total cell lysates showed that RNF6-KD 

MEFs have significantly lower levels of IGF-1 induced AKT phosphorylation at Ser 473 

IB: pSer 473 AKT
IB: pThr 308 AKT

IB: AKT

IB:ERK 2

IGF-1   - +      - +
WT MEF RNF6 KD MEF
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and Thr 308 when compared to WT-MEFs (figure 3-4).  It is known that AKT 

phosphorylation at serine 473 and threonine 308 are required for full activation of the 

kinase (40, 74). Our data presented above (figure 3-1 to 3-4) indicated that RNF6 is 

required for basal and growth factor activated AKT kinase phosphorylation as it was 

evidenced by significant reduction of phosphorylation at regulatory residues of AKT in 

RNF6 depleted cells.  

 

RNF6 ubiquitinates AKT 

Our data showed that RNF6 is important for AKT phosphorylation and kinase 

activity. Since AKT kinase activity is regulated through direct ubiquitination by various 

E3 ligases (49, 65, 67, 75), we examined whether RNF6 ubiquitinates AKT in order to 

modulate kinase activity. RNF6 knock down in LNCaP prostate cancer cells resulted in 

significant reduction of basal AKT ubiquitination. LNCaP prostate cancer cells were 

infected with lentivirus vectors encoding control shRNA (shCntrl) or shRNA targeting 

RNF6 (shRNF6) for 72 hours (hrs). Following shRNA treatment, cells were lysed and 

subjected to denaturing ubiquitination assay described in the methods. Immunoblots of 

total cell lysates show that RNF6 was efficiently knocked down by RNF6 shRNA (figure 

3-1A). IB analysis of AKT immunoprecipitates with anti-AKT antibody showed that 

equal amounts of AKT protein were pulled down in both shCntrl and shRNF6 treated 

cells. Immunoblot analyses of AKT immunoprecipitates with anti-ubiquitin (Ub) 

antibody showed that ubiquitin conjugated AKT (poly-Ub AKT) levels were significantly 

reduced in shRNF6 treated cells (Figure 3-5A). 
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  A.                                                                   B. 

                       

 

Figure 3-5: RNF6 is required for basal and growth factor activated AKT 
ubiquitination in prostate cancer cells 

 (A) LNCaP cells were infected with lentivirus encoding either shCntrl or shRNF6 and 72 
hrs post infection, cells were lysed and subjected to denaturing ubiquitination assays 
followed by IB analysis as shown above 
 

(B) CWR-R1 cells were infected with lentivirus encoding shCntrl or shRNF6. Cells were 
serum starved in 0% FBS for 24 hrs and treated with 100ng/ml IGF-1 for 20 min. IB 
analysis of cells lysed for ubiquitination assay is shown above.  
 

Since RNF6 affected the level of IGF-1 induced AKT phosphorylation, we examined 

whether RNF6 ubiquitinates AKT in response to IGF-1 treatment. CWR-R1 cells were 

infected with either shCntrl or shRNF6 for 48 hrs and serum starved for 24hrs before 

IGF-1 treatment. Both shCntrl and shRNF6 infected cells were treated with 100ng/ml 

IGF-1 for 20 min and then lysed for denaturing ubiquitination assays (figure 3-5A). AKT 

polyubiquitination (indicated by poly-Ub) was significantly reduced or lost in cells with 

RNF6 protein knock down. This result showed that RNF6 is required for IGF-1 induced 

AKT poly ubiquitination in CWR-R1 cells.  
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 In order to test whether loss of AKT ubiquitination in the RNF6 knock down 

prostate cancer cell line could be reproduced in different cells, we examined levels of 

AKT ubiquitination in WT-MEF and RNF6 KD MEFs. We performed denaturing 

ubiquitination assays in WT and RNF6 KD MEFs (passage 2) after IGF-1 treatment. 

MEFs were serum starved in 0.5% FBS for 24hrs then stimulated with 100ng/ml IGF-1 

for 20 min (Figure 3-6).  

 

                         

Figure 3-6: RNF6 is required for IGF-1 induced AKT ubiquitination is MEFs  

Figure 3-6: IB of lysed MEFs treated with 100ng/ml IGF-1 for 20 min, 24 hrs post serum 
starvation with 0.5% FBS media. MEF cell lysates were subjected to denaturing 
ubiquitination assay and IB analysis of immunoprecipitates is shown above 
 

As shown in figure 3-6, IGF-1 induced AKT ubiquitination was significantly reduced in 

RNF6 KD MEFs. Immunoblots of total lysates show equal amount of AKT both in WT 

and RNF6 KD MEFs. ERK was used as a loading control. Although the level of IGF-1 

induced AKT ubiquitination was significantly lower in RNF6-KD cells when compared 

to WT-MEFs, it is not completely lost. This is likely due to the fact that RNF6 is not 

completely depleted in RNF6-KD MEFs as it was shown by RNF6 immunoblots (figure 
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3-6). Detection of IGF-1 induced AKT ubiquitination in RNF6-KD MEFs could also be 

due to AKT ubiquitination by other E3 ubiquitin ligases.  Our analysis of AKT 

ubiquitination in LNCaP, CWR-R1 and MEFs showed that depletion of RNF6 

significantly diminishes levels of AKT ubiquitination. 

Since our data indicated that RNF6 modulated levels of endogenous AKT 

ubiquitination, we tested whether RNF6 overexpression could enhance AKT 

ubiquitination. HEK 293T cells were transfected with AKT along with 6-Histidines 

tagged ubiquitin (His-Ub), wild-type (WT)-RNF6 or Ring domain deletion mutant RNF6 

(RNF6∆ring) constructs and subjected to denaturing ubiquitination assay. Cells were 

lysed in 6M guanidine buffer and subjected to pull down with NI-nitrioltriacetic acid (NI-

NTA) nickel bead. Nickel bead precipitates were subjected to IB with anti-AKT antibody 

(figure 3-7).  AKT ubiquitination assays in transfected 293T cells showed that 

overexpression of wt-RNF6 but not RNF6 ∆Ring induced AKT ubiquitination (figure 3-

7). AKT ubiquitination induced by RNF6 was dependent on the E3 ligase activity since 

the Ring domain deletion mutant of RNF6 did not induce AKT ubiquitination. We used 

TRAF6 as a positive control for our ubiquitination assay since TRAF6 had been 

previously shown to induce AKT ubiquitination. 
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Figure 3-7: RNF6 overexpression enhances AKT ubiquitination  

Immunoblot analysis of lysed 293T cells transfected with AKT along with His-ubiquitin 
(His-Ub), RNF6 or Ring domain deletion mutant RNF6 (RNF6∆ring) constructs is 
shown.  NI-nitrioltriacetic acids (NI-NTA), nickel bead precipitates subjected to 
ubiquitination assay were immunoblotted with anti AKT antibody.    
 

Ubiquitin conjugated AKT was pulled down specifically by Ni-NTA beads since high 

molecular weight AKT was detected only in His-Ub overexpressing samples. RNF6 

induced ubiquitination of AKT was detected without the use of proteasome inhibitors and 

total levels of AKT were not reduced in RNF6 overexpressing cells, suggesting that AKT 

ubiquitination shown was likely involved in cell signaling rather than targeting the 

protein to proteasomal degradation.  

To examine whether RNF6 directly ubiquitinates AKT, we performed in vitro 

ubiquitination assays. Glutathione-S-transferase (GST)-tagged AKT1 is incubated with 

ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) and Ub with RNF6 

protein harboring ring domain (active RNF6) or N-terminal RNF6 without ring domain 

HA-AKT  +  +   +   + +     
His-Ub - +   +   +  +   
RNF6 - - +   - -

RNF6 ∆Ring  - - - +    -
Flag-TRAF6  - - - - +   

IP: Ni-NTA
IB: AKT

IB: HA

IB: Flag
IB: RNF6

IB: GAPDH
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(inactive RNF6) in an in vitro ubiquitination reaction buffer as described in the Methods 

(figure 3-8).  

  

                          

 

Figure 3-8: RNF6 induces AKT ubiquitination in vitr o 

Figure 3-4: GST-AKT-1 was incubated with adenosine triphosphate (ATP), E1, E2, and 
Ub in presence of active GST-RNF6 (RNF6 protein harboring ring domain) or inactive 
GST-RNF6 (N-terminal RNF6 without ring domain) proteins in an in vitro reaction. 
Reactions were stopped and were subjected to IB with anti-AKT antibody. Commassie 
blue staining (CBS) of blot is shown as a loading control of active an inactive RNF6 
proteins. Ubn indicate number of ubiquitin conjugates   
 

Immunoblots of in vitro reactions with anti-AKT antibody is shown in figure 3-8. 

Polyubiquitinated AKT was present only in reactions with active RNF6 but not without 

RNF6 or in reactions containing inactive RNF6 mutant protein. This result shows that 

RNF6 induces AKT ubiquitination in vitro. Our data showed that RNF6 was required for 

basal and IGF-1 induced AKT ubiquitination. RNF6 directly polyubiquitinates AKT in 

cells and in vitro, and that RNF6 requires its E3 ligase activity to ubiquitinate AKT.   
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RNF6 ubiquitinates AKT at lysine 183 

 Our data suggest that RNF6 is required for AKT phosphorylation at regulatory 

residues, serine 473 and threonine 308, and it is known that phosphorylation at these 

residues are required for full activity of the kinase (40, 74). Hence, RNF6 is involved in 

the positive regulation of AKT kinase activity. In order to begin studying the mechanism 

by which RNF6 modulate AKT, we performed mass spectrometry analysis to map the 

AKT ubiquitination site. To enrich ubiquitinated AKT, we co-transfected 293T cells with 

AKT along with His-Ub, and RNF6 constructs.  Total ubiquitinated proteins were first 

enriched by pull down with nickel beads (NI-NTA) and were eluted with elution buffer. 

Nickel beads eluates (total ubiquitinated proteins) were further subjected to a second 

round of IP with anti AKT antibody.  AKT immunoprecipitates were subjected to mass 

spectrometry analysis as described in the methods. Our mass spectrometry analysis 

revealed that two lysine residues, lysine 183 and 189 are ubiquitinated.  
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B 

                            

 

Figure 3-9: Schematic depiction and sequence alignment of AKT.  Lysines 183/189 
in human AKT 1 and equivalent residue in other species shown in bold 

(A) Schematic depiction of human AKT1  
 
(B) Sequence alignment of AKT. Lysine 183/189 in human AKT1 and respective 
residues in other species are shown in bold 
 
 

1               107        149                                          408                           480
Thr 308 Ser 473
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PH Domain Catalytic Domain C-terminal tail
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Lysines 183 and 189 are both located within the catalytic domain of AKT as depicted in 

figure 3-9B. Sequence alignment of AKT1 homologues show that both lysines 183 and 

189 are well conserved; however lysine 189 is only conserved in vertebrates but not in 

invertebrates as it is not conserved in C-elegans (figure 3-9B). Both lysine residues are 

evolutionarily conserved, suggesting that they are functionally important. 

 We performed ubiquitination assays to examine whether AKT lysine residues 

identified by mass spectrometry were indeed ubiquitin acceptor sites. HEK 293T cells 

were transfected with WT and mutant AKT along with His-Ub, wild-type RNF6 or Ring 

domain deletion mutant RNF6 (RNF6∆ring) constructs. Cells were lysed for denaturing 

ubiquitination assay with Ni-NTA beads pull down followed by analysis of Ni-NTA 

pulled down proteins with anti-AKT antibody to detect AKT ubiquitination (figure 3-10).  

 

                          

 

Figure 3-10: AKT lysine 183 to arginine mutation abolished RNF6 induced 
ubiquitination 

Figure 3-10: IB of lysed 293T cells transfected with wild type and mutant (with 
replacement of lysine 183 or 189 to arginine; K183R and K189R respectively) HA-AKT 

IP: NI-NTA
IB: AKT

IB: HA
IB: RNF6

IB: GAPDH

His-UB  - + + + +  + 

RNF6 - - +     - + +
RNF6 ∆ring  - - - + - -

HA-AKT K183R   - - - - + -
HA-AKT    - +     +    +      - -

HA-AKT K189R  - - - - - +     

Poly-Ub
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along with His-ubiquitin (His-Ub), wild-type (WT)-RNF6 or Ring domain deletion 
mutant RNF6 (RNF6∆ring) constructs. IB of Ni-nitrilotriacetic acid (NI-NTA), nickel 
bead precipitate subjected to ubiquitination assay is also shown 
 

Interestingly, replacement of lysine 183 but not 189 to arginine abolished RNF6 induced 

AKT ubiquitination. We replaced lysine residues with arginine to preserve the charge and 

prevent false negative results due to disruption of protein structure. Immunoblot analysis 

of total cell lysates showed that equivalent amount of wild type and mutant AKT along 

with RNF6 were expressed and loss of ubiquitination was not due to reduced levels of 

mutant proteins. Our data suggested that lysine 183 was required for RNF6 induced AKT 

ubiquitination. Detection of AKT lysine 189 ubiquitination by mass spectrometry 

strongly suggested that AKT is ubiquitinated at this residue; however, our ubiquitination 

assay showed that mutation of the site did not affect AKT ubiquitination by RNF6. This 

observation suggested that AKT is ubiquitinated at lysine 189 in cells by E3 ligases other 

than RNF6 since mutation of the site did not abolish AKT ubiquitination upon RNF6 

overexpression.  

 TRAF6 has been shown to induce AKT ubiquitination (49); therefore, to test 

whether AKT lysine183 is specifically a RNF6 ubiquitination site, we cotransfected 293T 

cells with wild type and mutated AKT along with TRAF6 and performed ubiquitination 

assay (Figure 3-11A). 
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A.      B. 

           

 

Figure 3-11: RNF6 ubiquitinates AKT at lysine 183 

 (A) IB of lysed 293T cells transfected with AKT along with His-ubiquitin (His-Ub), 
wild-type (WT)-RNF6 or Ring domain deletion mutant RNF6 (RNF6∆ring) and TRAF6 
constructs. IB of NI-nitrilotriacetic acid (NI-NTA), nickel bead precipitate subjected to 
ubiquitination assay is also shown.  
 
(B) GST-AKT-1 was incubated with adenosine triphosphate (ATP), E1, E2, His-Ub 
along with GST-RNF6 active (RNF6 protein harboring ring domain) or GST-RNF6 
inactive (N-terminal RNF6 without ring domain) proteins for in vitro ubiquitination of 
AKT. In vitro reactions were subjected to IB with anti-AKT antibody. Commassie blue 
staining (CBS) of blot is shown as a loading control of active or inactive RNF6 proteins. 
Ubn indicate number of ubiquitin conjugates 
 
 

As shown in figure 3-11A, lysine 183 to arginine replacement abolished AKT 

ubiquitination induced by RNF6 but not TRAF6, suggesting that lysine 183 

ubiquitination is specifically induced by RNF6. These data also suggested that mutation 

of lysine 183 does not disrupt protein integrity and abolish ubiquitination of the protein 

by other E3 ligases. We also performed in vitro ubiquitination assays using the GST-
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AKT K183R mutant to examine whether RNF6 induc

shown in figure 3-11B, RNF6 did not induce GST

spectrometry data (figure 3

3-11) indicated that RNF6 induces AKT ubiquitination at

 

Lack of RNF6 induced AKT ubiquitination 

of phosphorylation at regulatory residues 

We next examined effects of AKT ubiquitination at lysine 183 by using the AKT 

K183R mutant lacking ubiquitination at 

of wild type and K183R mutant AKT in COS

either HA-AKT or HA-AKT K183R and 40 hrs post transfection, cells were subjected to 

Immunofluoresence (IF) analysis with

 

 

 

Figure 3-12: The AKT K183R mutant

Immunofluoresence (IF) microscopy analysis of COS
or HA-AKT1 K183R mutant with anti
nuclear counterstain  
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AKT K183R mutant to examine whether RNF6 induced ubiquitination was lost. As 

11B, RNF6 did not induce GST-AKT K183R ubiquitination. Mass 

spectrometry data (figure 3-8); in vivo and in vitro ubiquitination assays (figure 3

11) indicated that RNF6 induces AKT ubiquitination at lysine 183. 

induced AKT ubiquitination results in AKT nuclear retention and loss 

of phosphorylation at regulatory residues  

We next examined effects of AKT ubiquitination at lysine 183 by using the AKT 

ubiquitination at such site.  First we examined cellular localization 

of wild type and K183R mutant AKT in COS-1 cells. COS-1 cells were transfected with 

AKT K183R and 40 hrs post transfection, cells were subjected to 

Immunofluoresence (IF) analysis with anti-HA antibody (Figure 3-12). 

The AKT K183R mutant accumulates in the nucleus 

Immunofluoresence (IF) microscopy analysis of COS-1 cells transfected with HA
AKT1 K183R mutant with anti-HA antibody (Green) and DAPI (Blue) as a

ed ubiquitination was lost. As 

AKT K183R ubiquitination. Mass 

ubiquitination assays (figure 3-10 and 

in AKT nuclear retention and loss 

We next examined effects of AKT ubiquitination at lysine 183 by using the AKT 

such site.  First we examined cellular localization 

1 cells were transfected with 

AKT K183R and 40 hrs post transfection, cells were subjected to 

 

1 cells transfected with HA-AKT1 
HA antibody (Green) and DAPI (Blue) as a 
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Replacement of lysine 183 to arginine resulted in nuclear enrichment of AKT (Figure 3-

12). This observation was particularly interesting since our study showed that RNF6 

mediated ubiquitination might play a role in the regulation of nuclear/cytosol distribution 

of AKT kinase while previous studies showed that AKT ubiquitination by other E3 

ligases regulate membrane localization. Interestingly, AKT was primarily enriched in the 

nucleus of CWR-R1 cells infected with lentivirus encoding shRNF6 but not shCntrl 

(Figure 3-13).  

 

A. 

 

B.  

 

 

Figure 3-13: RNF6 depletion resulted in nuclear accumulation of AKT 
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 (A) CWR-R1 cells were subjected to IF analyses with anti-AKT-1 (green) and anti-
RNF6 (red) antibody 72 hrs post infection with lentivirus encoding shCntrl or shRNF6. 
Nuclei were counterstained with DAPI  
 

(B) CWR-R1 cells infected with shCntrl, shRNF6-1 or shRNF6-2 and 72 hrs post 
infection, cells were lysed for nuclear-cytosol fractionation followed by IB analysis as 
shown above. The ratio of Nuclear AKT relative to PARP is shown  
 

To confirm our observation in CWR-R1 cells showing that RNF6 depletion resulted in 

AKT nuclear accumulation, we performed nuclear/cytosol fractionation experiments in 

cells infected with shCntrl and shRNF6. Consistent with the IF data, knocking down 

RNF6 resulted in enrichment of nuclear AKT in CWR-R1 cells (figure 3-13B). 

In agreement, AKT was enriched in the nucleus of RNF6 KD MEFs when compared to 

WT MEFs (figure 3-14).   

 

 

 

Figure 3-14: AKT accumulates in the nucleus of RNF6 KD MEFs  

WT-MEF and RNF6 KD MEFs were subjected to IF analysis using anti-AKT1 antibody 
(Green). Nucleus were counterstained with DAPI 
 

 

WT-MEF

RNF6-KD MEF

AKT1 DAPI Merged
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Immunoflluorescence analysis in CWR-R1 cells and MEFs indicated that RNF6 

depletion resulted in nuclear accumulation of AKT (figure 3-13 and 3-14). Additionally, 

the AKT K183R mutant, defective for RNF6 induced ubiquitination, accumulated in the 

nucleus (Figure 3-12). These data strongly suggest that RNF6 induced AKT 

ubiquitination at lysine 183 is involved in the regulation of proper cytosol/nuclear 

distribution of AKT1.  

 We further studied mechanisms contributing to the nuclear accumulation of the 

AKT ubiquitination defective mutant. It had been shown that AKT export out of the 

nucleus was mediated through exportin 1 (CRM1) (76). The authors showed that an AKT 

mutant, with three leucines within the leucine-rich regions replaced by alanine, did not 

interact with CRM1 (76). Data from this study suggested that AKT interaction with 

CRM1 was necessary for AKT nuclear export. We therefore reasoned that the AKT 

K183R mutant accumulated in the nucleus due to the inability to associate with CRM1. 

To test our hypothesis, we performed coimmunoprecipitation assays in COS-1 cells. 

COS-1 cells were transfected with either HA-AKT, HA-AKT K183R, alone or in 

combination with Flag-CRM1. Cells were lysed and subjected to IP with anti HA 

antibody followed by IB with anti-FLAG (Figure 3-15).   
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Figure 3-15: AKT 183 ubiquitination is required for association with CRM1 

COS-1 cells were transfected with plasmids encoding HA-AKT or HA-AKT K183R 
along with Flag-CRM1. Cell lysates were subjected to IP with anti-HA antibody. HA-
immunoprecipitates and TCL were subjected to IB analysis as shown above  
 

Total cell lysates were subjected to IB analysis as shown above. Our data showed that 

AKT K183R mutant did not interact with CRM1 (figure 3-15). This data strongly suggest 

that RNF6 induced AKT ubiquitination at lysine 183 is required for AKT interaction with 

CRM1 which facilitates AKT shuttling out of the nucleus.  

Our data presented above showed that RNF6 was required for AKT 

phosphorylation at regulatory residues; therefore, we examined whether AKT 

ubiquitination at lysine 183 is involved in the regulation of phosphorylation and kinase 

activity. We examined levels of AKT phosphorylation of wild type and mutant AKT. 

Mutation of AKT at lysine 183 resulted in loss of basal phosphorylation at Ser 473 and 

Thr 308 (figure 3-16A). 
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A.       B. 

       

 

Figure 3-16: AKT ubiquitination at lysine 183 is required for phosphorylation at 
regulatory residues 

A)  293T cells were transfected with HA-AKT or HA-AKT K183R and 48hr post 
transfection, cells were lysed and subjected to IB analysis as shown  
 

(B) COS-1 cells were transfected with  HA-AKT or HA-AKT K183R and 24hr post 
transfection, cells were serum starved for 24hr. Cells were treated with 50ng/ml IGF-1 
and subjected to IP with anti-HA antibody followed by IB analysis of immunoprecipitates 
and TCL as shown  
 

 

AKT ubiquitination at lysine 183 was required for AKT phosphorylation at serine 473 

and threonine 308.  Wild type and K183R mutant AKT overexpressing COS-1 cells were 

treated with IGF-1 for the indicated times (figure 3-16B). The levels of IGF-1 induced 

AKT phosphorylation both at Ser 473 and Thr 308 were significantly lower in AKT 

K183R overexpressing cells (figure 3-16B). We performed in vitro kinase assay to 

confirm that the AKT ubiquitination defective mutant lost intrinsic kinase activity.  The 

AKT K183R mutant had significantly lower kinase activity in an in vitro kinase assay, as 

judged by reduced levels of GSK3 peptide phosphorylation levels when compared to the 

wild type AKT (figure 3-17).  
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Figure 3-17: AKT K183R mutant has reduced kinase activity in an in vitro kinase 
assay  

Transfected 293T cells were lysed and subjected to immunoprecipitation with anti-HA 
antibody and anti-HA immunoprecipitates were subjected to in vitro kinase assay. In 
vitro kinase reactions were stopped and subjected to IB analysis with P-Ser 9 GSK3B 
antibody and HA antibody. Blots were subjected to commassie blue staining (CBS) 
analysis to show equal amount of substrate (GST-GSK3B peptide) were used in all 
reactions. 
 

A level of phosphorylation of GST-GSK3β peptide, used as a substrate in the kinase 

reaction, is shown by immunoblotting of kinase reaction with phospho Ser 9 GSK3β 

antibody (figure 3-17). Equal amounts of GST-GSK3β peptide were used in kinase 

reaction of wild type and mutant AKT as shown by Commassie blue staining (CBS) of 

the membrane used for western blotting of kinase reactions. Immunoblots (IB) of kinase 

reactions with anti-HA antibody showed that equal amount of wild type and mutant AKT 

pulled down from transfected cells were used in the kinase reaction. Hence the reduced 

levels of phosphorylated GSK3 beta peptide were not due to the presence of smaller 

amount of mutated AKT. Our data showed that RNF6-mediated AKT ubiquitination at 

lysine 183 modulates nuclear/cytosol distribution of AKT. Our data strongly suggest that 

RNF6 induced AKT ubiquitination at lysine 183 is required for AKT kinase activation 

HA-AKT - +  -
HA-AKT K183R     - - +

IB: P-Ser9 GSK3β

IP: HA
IB: HA

GST-GSK-3B peptide CBS 
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since the AKT K183R mutation significantly diminishes basal and IGF-1 induced AKT 

phosphorylation at regulatory residues. 

 

RNF6 induced AKT ubiquitination may disrupt PHLPP association with AKT 

We further examined the mechanism by which RNF6 induced AKT ubiquitination 

at lysine 183 modulated its phosphorylation and kinase activity. Recently, it has been 

demonstrated that PH domain and leucine rich repeat protein phosphatase (PHLPP) 

dephosphorylates AKT at serine 473 (77) and also indirectly affects levels of 

phosphorylated threonine 308 (78). We tested whether RNF6 might modulate AKT 

dephosphorylation by PHLPP.  Depletion of RNF6 in CWR-R1 cells resulted in 

association of PHLPP1 with AKT under basal conditions (figure 3-18A).  

 

A.      B. 

   

 

Figure 3-18: RNF6 depletion results in AKT association with PHLPP1 and PHLPP2 
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 (A) CWR-R1 cells were lysed 72 hrs post infection with lentivirus vector encoding either 
shCntrl or ShRNF6. IB analysis of anti- PhLPP1 immunoprecipitates and TCL is shown 
 
(B) LNCaP cells were lysed 72 hrs post infection with lentivirus vector encoding either 
shCntrl or ShRNF6 and subjected to IP with anti AKT antibody followed by IB analysis 
of immunoprecipitates with anti- PHLPP1, PHLPP2 and AKT antibody. TCL were 
subjected to IB analysis as shown above 
 

Examination of PHLPP1 and PHLPP2 association with AKT in LNCaP cells also 

revealed that knocking down RNF6 resulted in enhanced association of endogenous AKT 

with both PHLPP1 and PHLPP2 (figure 3-18B). Since these data indicated that RNF6 

might disrupt association of AKT with PHLPP1 and PHLPP2 phosphatases, we tested 

whether the AKT K183R mutant could interact with PHLPP more strongly than wild type 

AKT.  

 

A.       B. 

              

 

Figure 3-19: Lysine 183 ubiquitination disrupts AKT association with PHLPP 
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 (A) 293T cells were transfected with HA-AKT or HA-AKT K183R along with His-
ubiquitin (His-Ub). Cells were lysed and subjected to IP with anti PHLPP1 antibody 
followed by IB analysis as shown above. IB analysis of TCL is also shown 
 
(B) 293T cells were transfected with HA-AKT, HA-AKT K183R along with His-Ub and 
RNF6. Cells were lysed and subjected to IP with anti PHLPP2 antibody followed by IB 
analysis as shown above. IB analysis of TCL is also shown  
 

As predicted, the AKT K183R mutant interaction with both PHLPP1 (figure 3-19A) and 

PHLPP2 (figure 3-19B) was much stronger than that of wild type AKT. Taken together, 

these observations strongly suggest that RNF6 induced AKT ubiquitination at lysine 183 

might prevent AKT association with the PHLPP phosphatase, thereby maintaining levels 

of AKT phosphorylation at regulatory residues. 

 

RNF6 induced AKT ubiquitination is required for AKT kinase function  

The lack of AKT phosphorylation at regulatory residues and AKT substrates 

phosphorylation upon RNF6 depletion and mutation of AKT at the RNF6 ubiquitination 

site strongly suggested that RNF6 is required for optimal AKT kinase activity. To further 

support our observations, we examined whether the AKT K183R mutation abolished 

AKT kinase function.  We used a human AKT1 shRNA which specifically target human 

AKT expressed endogenously in CWR-R1 and DU145 cells, and does not target 

exogenously expressed mouse AKT. We tested whether exogenously expressed mouse 

AKT K183R mutant can substitute the endogenous AKT function of maintaining cell 

growth. Cells were co-infected with lentivirus vectors encoding human AKT shRNA (sh 

hAKT1) and Wt or K183R mouse AKT1 (Wt-mAKT1 or mAKT1 K183R) and then cell 

growth was assessed using colorimetric assays.   
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A.       B. 

   

             

 

Figure 3-20: RNF6 induced AKT ubiquitination is required for AKT function 

 (A) CWR-R1 cells were infected with lentivirus encoding control vector shRNA 
(shCntrl) or human AKT1 shRNA (sh hAKT1) along with either wild type mouse AKT1 
(WT-mAKT1) or mouse AKT1 K183R mutant (mAKT1 K183R) expression lentivirus 
vectors. Cells were allowed to grow in RPMI supplemented with 5% charcoal stripped 
FBS media (CS-FBS).Viable cells were determined with colorimetric assay, cell counting 
kit 8 (CCK8) 9-days after lentivirus infection. Relative viable cells are shown in a bar 
graph.  Results are shown as mean relative units ± standard deviation (S.D) of triplicates 
samples. * P< 0.01, ** P< 0.001.  Efficiency of lentivirus vectors on AKT expression 
was determined by western blot analysis of lysed cells infected with lentivirus vectors 
shown. 
 

(B) DU145 cells were infected with lentivirus vectors as described in panel A. Cells were 
allowed to grow in RPMI supplemented with 5% charcoal stripped FBS media (CS-FBS). 
Viable cells were determined with colorimetric assay, 9-days after lentivirus infection. 
Relative viable cells are shown in a bar graph.  Results are shown as mean relative units ± 
standard deviation (SD) of triplicates samples. * P< 0.01, ** P< 0.001. Efficiency of 
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lentivirus vectors on AKT expression was determined by western blot analysis of lysed 
cells infected with lentivirus vectors shown.  
 

As we predicted, wt-mAKT1 but not mAKT K183R rescued cell growth inhibition 

induced by endogenous AKT 1 knocking down using sh hAKT1 in CWR-R1 cells (p < 

0.01) (figure 3-20A).  Results are shown as mean relative units ± standard deviation 

(S.D) of triplicates samples. The error bars represent the standard deviation (S.D). Cells 

were allowed to grow in RPMI 1640 supplemented with 5% charcoal stripped FBS media 

(CS-FBS) in the absence of androgens.  The serum was treated with charcoal to remove  

lipophilic compounds (hormones, certain growth factors and cytokines). 

Western blot analysis of lysed cells after lentivirus infection of CWR-R1 cells with 

vectors shown above indicated efficiency of lentivirus knock down of hAKT and 

overexpression of mAKT (Figure 3-10A bottom). Knock down of endogenous human 

AKT1 (hAKT1) was shown by the immunoblot with anti-AKT1 antibody and 

overexpression of HA tagged mouse AKT (mAKT) was shown by immunoblots with 

anti-HA antibody.  Similarly in DU145 prostate cancer cells, wt mAKT1 rescued cell 

growth inhibition induced by knocking down endogenous AKT, while mAKT1 K183R 

failed to do so (figure 3-20B). Western blot analysis shows efficiency of virus infections 

in cells used for growth assay (Figure 3-20B bottom). To verify our observations in 

CWR-R1 and DU145 prostate cancer cells, we performed growth assays in MEFs lacking 

endogenous AKT 1 to confirm that the AKT K183R mutant had lost its biological 

function.  
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Figure 3-21: Induced AKT ubiquitination is required for AKT function 

DNp53 AKT-1 WT and DNp53 AKT-1 KO MEFs were infected with lentivirus encoding 
control vectors (Vector), wt-mAKT1 or mAKT1 K183R. Viable cells were determined 
with colorimetric assay 5-days after lentivirus infection. Relative viable cells are shown 
in a bar graph.  Results are shown as mean relative units ± standard deviation (SD) of 
triplicates samples. * P< 0.01, ** P< 0.001. Efficiency of lentivirus vector expression 
was determined by western blot analysis of lysed cells infected with lentivirus vectors as 
shown.  
 

DNp53 MEFs were described previously (69). Briefly, MEFs isolated from AKT1-1-/- 

mice were transformed using dominant negative P53 (DNp53) in order to immortalize 

cells (69).  AKT-1 KO DNP53 MEFs have reduced cell growth compared to WT-AKT1 

DNP53 MEFs (69). We overexpressed lentiviruses encoding empty vector, mouse wild 

type AKT-1 (WT- mAKT-1) or mouse AKT 1 K-183R mutant (mAKT-1 K183R) to 

examine cell growth rescue of the AKT-1 KO DNP53 MEF cell. After lentivirus 

infection, cells were allowed to grow for five days and viable cells were determined using 

colorimetric assay.  Overexpression of WT-mAKT1 but not mAKT1 K183R DNp53 

AKT-1 KO cells rescued cell growth to the same level as DNp53 AKT-1 Wt MEF (figure 
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3-21). We infer that the losses of phosphorylation at Ser 473 and Thr 308 in 

overexpressed mAKT K183R mutant (figure 3-16) results in loss of kinase function and 

the mutant failed to rescue function of endogenous AKT. These data clearly show that 

AKT ubiquitination at lysine 183 is required for its kinase activity and biological 

function.  

 

D. DISCUSSION 

 

 Increased expression and activation of AKT contributes to development and 

progression of castration resistant human prostate cancer (12) (50). Previously, we have 

shown that RNF6 is a novel E3 ligase involved in progression of advanced prostate 

cancer growth via ubiquitination dependent upregulation of androgen receptor activity 

(18). RNF6 is overexpressed in advanced human prostate cancer (18), but its function is 

not fully characterized. Our search for RNF6 interacting proteins revealed AKT as one of 

the RNF6 interacting proteins in prostate cancer cells. Since AKT kinase activity has 

been shown to be regulated by ubiquitination and RNF6 is an E3 ubiquitin ligase, we 

reasoned that RNF6 could be another E3 ligase which may modulate AKT kinase activity 

in prostate cancer cells. Our studies in prostate cancer cells (CWR-R1 and DU145) 

revealed that depletion of RNF6 resulted in reduced levels of basal AKT kinase activity 

(figure 3-1).  RNF6 depleted cells have reduced levels of AKT kinase activity as 

phosphorylation of AKT substrate PRAS40 (Proline-rich AKT substrate of 40 KDa) is 

also reduced concurrent with loses of phospho AKT. As described earlier, AKT kinase is 
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activated after being recruited to the plasma membrane and phosphorylated first at 

threonine 308 (Thr 308) in the activation loop of the kinase domain and then at serine 473 

(Ser 473) in the C-terminal tail. Since phosphorylation of AKT at Thr 308 and Ser 473 

contribute to the kinase activation leading to substrate phosphorylation, loss of 

phosphorylation of AKT at these two residues significantly attenuates AKT kinase 

activity. As shown in figure 3-2, knocking down RNF6 reduced phosphorylation of some 

AKT substrates, suggesting that knocking down RNF6 reduced AKT kinase activity. 

Immunoblots of total cell lysates showed that levels of total AKT were not changed by 

RNF6 knock down indicating that RNF6 modulate the kinase activity of AKT but not 

AKT protein turnover.  

Knocking down RNF6 also reduced levels of AKT phosphorylation at Ser 473 

and Thr 308 induced by EGF and IGF-1 treatment in CWR-R1 cells (figure 3-3). RNF6 

knock down MEFs (RNF6 KD MEF) also have reduced levels of IGF-1 induced AKT 

phosphorylation at serine 473 and threonine 308 (figure 3-4). TRAF6 has been shown to 

ubiquitinate AKT after IGF-1 and IL6, but not EGF treatment (49, 65). The NEDD4-1 E3 

ligase also regulates IGF-1 but not EGF induced AKT activation (66) (67). On the other 

hand, the Skp2-SCF E3 ligase ubiquitinates and activates AKT in response to EGF, but 

not IGF-1 treatment (65). Both TRAF6 and Skp2-SCF E3 ligases activate AKT in 

response to growth factors through AKT membrane recruitment (49, 65) . NEDD4 

regulates IGF-1 induced AKT signaling through an adaptor protein Grb10 which in turn 

regulates the level of surface IGF-1 receptor (66). While the previously reported E3 

ligases increased membrane recruitment and phosphorylation, RNF6-induced AKT 

ubiquitination did not directly affect membrane recruitment as the AKT K183R mutant 
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can localize to the membrane. Immunofluoresence staining show that small amounts of 

AKT K183R mutant can be detected on the membrane at basal condition (figure 3-12). 

Since RNF6 modulates both IGF-1 and EGF-1 induced AKT phosphorylation and 

activation, it is likely that the mode of RNF6 induced AKT regulation is different from 

that of the previously reports. Our studies in multiple independent prostate cancer cells 

(CWR-R1, LNCaP, and DU145) and MEFs reproducibly showed that RNF6 was 

involved in AKT kinase activity regulation. Reduced levels of phosphorylated AKT after 

RNF6 depletion both in androgen receptor (AR) positive CWR-R1 and AR negative 

DU145 prostate cancer cells indicate that RNF6 modulates AKT activity in an AR-

independent manner. Our data in figure 3-2 showed that RNF6 knock down reduced 

phosphorylation of more AKT substrates in CWR-R1 cells than in LNCaP cells. This 

may be due to the absence of PTEN expression in LNCaP cells contributing to 

constitutively active AKT in these cells. Taken together, our data showed that RNF6 is a 

novel E3 ubiquitin ligase which plays a role in AKT kinase regulation. Since AKT kinase 

play very important role in human prostate cancer progression, our data provide a 

substantial platform to target RNF6 in order to able prostate cancer progression.   

Since AKT kinase activation is known to be regulated by ubiquitination, we 

suspected that RNF6 modulated AKT kinase activity through ubiquitination. It is known 

that a single protein can be regulated by independent E3 ligases, resulting in diverse 

biological outcomes.  Depletion of RNF6 using shRNA resulted in significant reduction 

of both basal and growth factor activated AKT ubiquitination (figure 3-5). We did not 

have to use proteasome inhibitors to enrich ubiquitinated AKT, suggesting that the 

detected ubiquitination signal is not associated with targeting the protein from 
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proteasomal degradation. LNCaP prostate cancer cells have non-functional PTEN and 

AKT kinase is constitutively active; likely rendering ubiquitination associated with the 

activation of the kinase readily detectable. Addition of growth factors was not necessary 

to detect AKT ubiquitination. CWR-R1 cells have intact PTEN and AKT kinase activity 

is relatively low. As a result, basal AKT ubiquitination was not readily detectable without 

stimulation with growth factor. We assayed AKT ubiquitination in CWR-R1 cells 

infected with either ShCntrl or ShRNF6 with or without IGF-1 stimulation. IGF-1 

induced AKT ubiquitination was significantly reduced in RNF6 knocking down mouse 

embryonic fibroblast (MEF) relative to wild type MEFs as shown in figure 3-6 

suggesting that RNF6 is essential for growth factor induced AKT ubiquitination. We 

assayed endogenous AKT ubiquitination under denaturing condition (with addition of 1% 

SDS and boiling of cell lysate). Hence the ubiquitination signal detected is that of AKT 

rather than other proteins that co-immunoprecipitated with it.  In support of our 

endogenous AKT ubiquitination analysis, overexpression of RNF6 enhances basal AKT 

ubiquitination as shown in figure 3-7. Co-expression of AKT with wild type RNF6 but 

not the ring domain deletion mutant (RNF6∆ ring) resulted in AKT ubiquitination, 

indicating that the required E3 ligase activity of RNF6 was required (figure 3-7). We 

used a known E3 ligase for AKT, TRAF6 (49), as a positive control in our ubiquitination 

assay in 293T cells to confirm that the AKT smear induced by RNF6 is indeed a 

ubiquitination signal. RNF6 induce AKT ubiquitination in vitro using purified GST-

AKT, RNF6 and ubiquitin, E1, E2 enzymes (figure 3-4). These data clearly suggest that 

RNF6 can directly ubiquitinate AKT. Our data provided substantial evidence that RNF6 

is a novel E3 ligase of AKT. RNF6 is known to regulate the androgen receptor 
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(previously published) and identification of AKT as another RNF6 effector molecule will 

further our understanding of RNF6 mediated growth of castration resistant prostate 

cancer cells.  

Generally the topology of polyubiquitin chains formed with different lysines have 

distinct functional roles. Therefore, we tested which lysine residue of ubiquitin is 

responsible for formation of RNF6 induced AKT ubiquitination. We transfected 293T 

cells with AKT, RNF6 and WT or mutated histidine (His) tagged ubiquitin, and then 

performed ubiquitination assays. We used His-Ub mutants harboring a single lysine 

residue with all six mutated to arginine (His-Ub K6, K11, K27 etc). Our results did not 

reproducibly reveal a single lysine residue of ubiquitin that can form AKT polyubiquitin 

linkage (data not shown). This result may be due to the possibility that RNF6 could 

mediate mixed linkage polyubiquitination of AKT and use of ubiquitin mutants with six 

of the seven lysine residues replaced by arginine could not efficiently generate RNF6 

induced AKT ubiquitination. Use of a mutant with a single K replaced by R instead of all 

lysines mutated except for one lysine, could reveal AKT ubiquitin linkage formed by 

RNF6. 

Mass spectrometry analysis of ubiquitinated AKT revealed that lysines 183 and 

189 are ubiquitinated (figure 3-8).  Ubiquitinated AKT is enriched in 293T cells 

overexpressing AKT along with RNF6 and His-ubiquitin. Both lysine 183 and 189 are 

located within the kinase catalytic domain of AKT (figure 3-9B). Examination of AKT 

protein sequence conservation in different species revealed that both lysines 183 and 189 

are well conserved. Lysine 183 is conserved both in vertebrates and in invertebrates while 

lysine 189 is conserved only in vertebrate (from human to zebrafish) as shown in figure 
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3-9B. Ubiquitination assays revealed that RNF6 ubiquitinates lysine 183 but not lysine 

189. Replacement of AKT lysine 183 to arginine abolished RNF6 induced AKT 

ubiquitination (figure 3-10). Replacement of lysine 189 by arginine did not affect AKT 

ubiquitination, suggesting that RNF6 does not induce lysine 189 ubiquitination as shown 

in figure 3-10. The AKT lysine 189 mutant (AKT K189R) was ubiquitinated by RNF6 

just as well as wild type AKT (figure 3-10). Although our ubiquitination assay showed 

that RNF6 does not ubiquitinate AKT at lysine189, it is possible that AKT is 

ubiquitinated at that site by another E3 ubiquitin ligase which may have been the reason 

for detection of AKT K189 ubiquitination by mass spectrometry. As Lysine 183 is 

located within the kinase catalytic domain of AKT, RNF6 induced ubiquitination may 

modulate its kinase activity.  Although it has been recently demonstrated that AKT is 

ubiquitinated, ubiquitin acceptor lysine residues have not been mapped by mass 

spectrometry before.  Our study for the first time mapped AKT ubiquitination sites. 

Identification of AKT ubiquitination site greatly helped our investigation biological 

functions of AKT ubiquitination.    

We generated lysine to arginine mutations to study functions of the AKT 

ubiquitination site to conserve the positive charge and prevent potential disruption of the 

protein structure. Our AKT K183R mutant protein structure is likely intact and losses of 

RNF6 induced ubiquitination is not due to loss of function of the protein since the mutant 

protein can be ubiquitinated by TRAF6 (known E3 ligase of AKT) as shown in figure 3-

11A. In support of our studies in cells, the AKT K183R mutant cannot be ubiquitinated 

by RNF6 in an in vitro ubiquitination assay.  
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The role of ubiquitination within the kinase domain is understudied since only a 

few studies of ubiquitination within kinase domains have been reported. For instance, the 

RICK kinase (receptor-interacting serine-threonine kinase 2) is ubiquitinated at lysine 

209 within the kinase domain in response to Nod1 and Nod2 (nucleotide-binding 

oligomerization domain containing 1 or 2) activation due to microbial stimulation (79) . 

RICK ubiquitination is required for NF-kβ (Nuclear factor-kβ) activation which is 

responsible for transcription of proinflammatory genes (79) .  Another example of 

ubiquitination within a kinase domain is shown for TAK1 kinase (Transforming growth 

factor-β-activated kinase 1). TAK1 is ubiquitinated at lysine 158 in the kinase domain in 

response to TNFα and interelukin-1 induced Ikβ (IKK/nuclear factor-β) and AP-1 (c-Jun 

N-terminal kinase (JNK)/activator protein 1) activation (75) . In another study, a TAK1 

lysine 158 ubiquitination defective mutant (with lysine replaced to arginine) lost kinase 

activity similar to the kinase dead K63R TAK1 mutant (a kinase ATP binding site 

mutant) (75) . The authors in that study have shown that mutation of adjacent non-

ubiquitin acceptor lysine 150 did not abolish TAK1 kinase activity, suggesting that loss 

of kinase activity seen after lysine 158 mutation is specifically related to loss of 

ubiquitination at that site (75).  Similarly, in our study, the ubiquitination defective 

mutant (AKT K183R) has lost kinase activity similar to the AKT K179M (Kinase dead) 

mutant. Recently, it has been reported that PDK1 is mono-ubiquitinated in the kinase 

domain though the function is not known (80).  The authors used reverse mutation where 

they mutated all lysine residue in the kinase domain to arginine and replaced back 

arginine by lysine singly to identify ubiquitinated lysine (80). Though this approach did 

not reveal a unique ubiquitin acceptor residue, the authors argued that loss of 
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ubiquitination of the PDK1 mutant (with all lysines in the kinase domain replaced to 

arginine) suggested that PDK1 was ubiquitinated in the kinase domain (80). In our study, 

the loss of basal and IGF-1 induced AKT ubiquitination in RNF6 knock down prostate 

cancer cells and RNF6 KD MEFs clearly suggests that RNF6 is involved in AKT 

ubiquitination. In addition, our mass spectrometry data supported by in vivo and in vitro 

studies clearly suggested that RNF6 specifically ubiquitinate AKT at lysine 183 as 

TRAF6 is able to ubiquitinate the AKT K183R mutant (figure 3-11).  

Since it had been shown that TRAF6-induced ubiquitination was required for 

AKT membrane localization (49), we examined whether RNF6 induced AKT 

ubiquitination might modulate AKT localization. Immunofluorescence analysis in COS-1 

cells revealed that the HA-AKT K183R mutant was enriched in the nucleus when 

compared to wild type HA-AKT (figure 3-12). Interestingly, immunofluoresence and 

fractionation experiments revealed that RNF6 depleted CWR-R1 cells (figure 3-13A) and 

RNF6 KD MEFs (figure 3-14) have significant amounts of nuclear AKT accumulation. 

Though our immunofluoresence analysis in CWR-R1 cells showed significant 

accumulation of nuclear AKT in RNF6 knock down cells, this pronounced difference was 

not shown in the nuclear/cytosol fractionated lysates. This might be due to some proteins 

leaking from nuclear to cytosol due to the fractionation procedure.  Mislocalization of 

AKT in RNF6 knocking down cells could result in inefficient AKT activation and or 

failure to associate with substrates.  The previously reported E3 ligases ubiquitinate AKT 

at the PH-domain and regulate membrane targeting, while RNF6 ubiquitinates in the 

kinase domain and regulates nuclear/cytosol distribution likely due to different 

mechanism of regulation. Interestingly, analysis of human prostate tumors revealed that 
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nuclear AKT-1 was significantly associated with a lower risk of PSA recurrence and 

desirable outcomes such as absence of lymph node and perineural invasion (81). Hence, 

accumulation of AKT in the nucleus upon RNF6 depletion could be a favorable 

biological outcome.   

It has been shown that AKT nuclear export is mediated via CRM1 (76) . 

Leptomycin B treatment results in accumulation of nuclear AKT and AKT-NES (mutant 

with three leucines within the leucine-rich regions replaced to alanine) accumulate in the 

nucleus (76). Additionally AKT-NES failed to associate with CRM1 (76). This study 

suggests that AKT nuclear export is mediated via association with CRM1. This report 

prompted us to assess whether the ubiquitination defective AKT K183R mutant failed to 

interact with CRM1 which may explain nuclear retention.  Indeed, examination of wild 

type and mutant AKT revealed that AKT K183R association with CRM1 is lost (figure 3-

15), suggesting that AKT ubiquitination at lysine 183 is required for nuclear export. It 

could be argued that accumulation of nuclear AKT in RNF6 depleted cells resulted from 

reduced levels of nuclear AKT degradation. However, levels of total AKT are not 

increased in RNF6 knocking down cells. Therefore, we do not believe that AKT 

accumulation is the result of nuclear AKT stabilization.   

AKT ubiquitination-defective mutants have reduced levels of basal and IGF-1 

induced Ser 473 and Thr 308 phosphorylation (figure 3-12A), suggesting that RNF6 

induced AKT ubiquitination regulates phosphorylation associated with kinase activity. 

Mutant AKT K183R has significantly reduced kinase activity relative to wild type AKT 

as the level of phosphorylated GSK3B peptide is lower in an in vitro kinase assay. In 

summary, our data show that RNF6 modulates AKT kinase activity through a mechanism 
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involving ubiquitination as depletion of RNF6 affects AKT phosphorylation, 

ubiquitination, and kinase activity. Our data provided mechanistic insight into how AKT 

is regulated by RNF6 induced ubiquitination within the kinase domain.  

Molecular and structural studies of AKT kinase revealed that lysine 183 in the 

kinase domain is one of the residues that associate with the C-terminal region of AKT 

(82, 83). Intramolecular linkages between residues in the kinase domain and C-terminal 

region of AKT have been observed in non-phosphorylated and phosphorylated states only 

when ATP and substrate are bound (82) . It is also possible that AKT ubiquitination 

within the kinase domain at lysine 183 modulates AKT interacting proteins which 

associate with the C-terminal region of AKT.  It has been suggested that the C-terminal 

proline region is required for proper targeting of AKT after recruitment to the membrane 

in T-cell activation (84).  The C-terminal proline rich region is also required for EGF 

induced AKT kinase activation via Src induced phosphorylation and mutation of the 

proline rich region in the C-terminal regulatory region reduced AKT kinase activity (73). 

These studies indicate the importance of intramolecular association of kinase domain 

with the C-terminal region for proper AKT kinase function. Hence, ubiquitination of 

AKT at lysine 183 may modulate functions related to formation of proper protein 

conformation (including via intramolecular interaction) necessary for optimal kinase 

activity.  

 ATP occupancy of the nucleotide binding domain of AKT enables intramolecular 

interactions that prevent access to phosphatase resulting in sustained activation of the 

kinase (85). According to structural studies of Calleja et.al, an association between lysine 

183 and the C-terminal residues of AKT in ATP/substrate bound state could form. AKT 
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ubiquitination at lysine 183 may contribute to association of the C-terminal and kinase 

domains and stability of a conformation which prevents access to phosphatase.  

AKT is mainly dephosphorylated at threonine 308 by PP2a (86), (87, 88), and at 

serine 473 by PHLPP (77, 89) (88, 90) phosphatases.  Interestingly, in the mouse 

prostate, depletion of PHLPP1 increases not only Ser 473 but also Thr 308 

phosphorylated AKT levels through indirect mechanisms (78).  Our examination of AKT 

association with PHLPP revealed an increased AKT-PHLPP1/2 interaction in RNF6 

knock down CWR-R1 and LNCaP prostate cancer cells (figure 3-18A, B). The AKT 

K183R mutant association with both PHLPP1 and PHLPP2 (figure 3-19A, B) is 

significantly stronger than that of the wild type AKT, strongly suggesting that RNF6 

induced AKT ubiquitination may disrupt complex formation between PHLPP and AKT, 

hence preventing AKT dephosphorylation.  

The AKT ubiquitination defective mutant lacks intrinsic kinase activity as shown 

by loss of AKT phosphorylation in vivo (figure 3-16) and in vitro (figure 3-17). These 

observations are supported by functional experiments showing that AKT K183R mutant 

failed to rescue functions of wild type AKT. In CWR-R1 and DU145 prostate cancer 

cells, overexpression of wild type mouse AKT but not AKT K183R in hAKT1 shRNA 

treated cells rescued cell growth (Figure 3-20). We also showed loss of function of the 

AKT K183R mutant using an independent model system, DNp53 AKT-1 WT and 

DNp53 AKT-1 KO MEFs. Overexpression of wild type AKT fully rescued cell growth of 

DNp53 AKT-1 KO MEFs to levels of DNp53 AKT-1 WT cells; however overexpression 

of HA-mAKT K183R failed to do so. These experiments clearly show that RNF6-

mediated AKT ubiquitination at lysine 183 is required for AKT kinase function.   
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In our study, we demonstrated using independent prostate cancer cell lines and 

MEFs that depletion of endogenous RNF6 results in reduced levels of AKT 

phosphorylation at Ser 473 and Thr 308. A reduced level of phosphorylated AKT is 

accompanied by reduction of phosphorylation of the AKT substrate PRAS40. Failure to 

reduce phospho GSK3β could be due to activation of other kinases involved in GSK3β 

phosphorylation upon reduction of AKT kinase activity. As shown by IB of shCntrl and 

shRNF6 treated CWR-R1 and LNCaP cells,  phosphorylation of only a subset of AKT 

substrates is reduced upon RNF6 knock down (figure 3-2).  The overexpression study 

showed that RNF6 mediated ubiquitination defective mutant AKT lacks kinase activity 

and this observation emphasizes the importance of ubiquitination of lysine 183 within the 

kinase domain.  Since K183 in AKT is conserved among several AGC kinases, 

ubiquitination of the site could be a yet uncharacterized mode of regulation of several 

other AGC kinases.  
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A. INTRODUCTION 

 

Phosphorylation dependent regulation of E3 ubiquitin ligases  

 The phosphorylation of E3 ubiquitin ligases is known to regulate E3 ligase 

activity, stability, substrate specificity, affinity and recognition (23, 25, 91). Regulation 

of the ubiquitination process can be achieved through mechanisms including 

phosphorylation of substrates of the E3 ligase or the E3 ligase itself. Phosphorylation of 

substrates can promote recognition by an E3 ligase by creating a phosphodegron. A 

phosphodegron is a phosphorylated short motif in proteins that is recognized by E3 

ubiquitin ligases. Phosphorylation can also affect E3 ligase/substrate interaction through 

recruitment to the same subcellular compartment (91). Ubiquitination is regulated by 

extracellular stimuli, as it is modulated by phosphorylation mediated by kinases that are 

often activated by upstream signals. Phosphorylation of E3 ligases can either positively 

or negatively affect E3 ligase activity towards specific substrates. In this chapter, we 

focused on regulation of ubiquitination through phosphorylation of an E3 ubiquitin 

ligase. 

We have shown that RNF6 interacts with AKT kinase (chapter 2), and RNF6 

regulates AKT kinase activity through ubiquitination (chapter 3). The mechanism of 

RNF6 regulation is not known. While our study provided substantial evidence that RNF6 

plays important role in the regulation of AKT kinase, potential regulation of RNF6 by 

phosphorylation has not been studied before. Since E3 ligases are commonly regulated by 

phosphorylation and RNF6 harbors several putative AKT phosphorylation sites we 
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investigated whether RNF6 is phosphorylated by AKT.   In this chapter, we present data 

showing that AKT phosphorylates RNF6 and RNF6 phosphorylation modulates its 

interaction with a known substrate, androgen receptor (AR). We present data showing 

that AKT induced RNF6 phosphorylation is necessary for regulation of AR by RNF6. 

 

B. MATERIAL AND METHODS 

 

Plasmid DNA constructs and antibodies 

Full length human RNF6 and HA-AKT constructs were described in the Material 

and Methods section of chapter 3. The RNF6 S219A mutant was generated using PCR-

based method using QuikChange kit (Stratagene) and confirmed by DNA sequencing. 

Primer sequence used for mutation of RNF6 S219A is  

5’-GACTAGGCTTGCTGCAAGGGGGCAAAATC- 3’ and  

5’- GATTTTGCCCCCTTGCAGCAAGCCTAGTC- 3’.   

The Flag-AR construct was described by Xu et. al.(18). The Probasin luciferase reporter 

construct ARR2-Luc, kindly provided by Dr. R Matusik, was generated by insertion of 

the minimal probasin promoter ARR2 into the polylinker region of pGL3-enhancer 

vector (Promega) also described by Xu et al. (18). Antibodies used for immunoblotting 

(IB) and immunoprecipitation (IP) include anti-HA.11 (COVNAC), Anti-AKT1 (2H10), 

anti-AKT pan (AKT), anti-phospho AKT substrate (pAKT-sub), anti-GSK 3β, anti P-
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Ser9 GSK-3β, (Cell Signaling), anti-Ub, anti-AR (N20) anti-GAPDH, (Santa Cruz). 6-

His tag proteins were pulled-down with Ni-NTA His•Bind Resin (Novagen). 

 

 

PRIMER 
NUMBER PRIMER SEQUENCES   NOTES 

Primer-1 
GGACTAGGCTTGCTGCAAGGGGGCAAA
ATCC Sense 

Mutation of 
RNF6 
serine 219 
to alanine  Primer-2 

GGATTTTGCCCCCTTGCAGCAAGCCTAG
TCC Antisense 

 

Table 4-1: Summary of primers pair used mutagenesis PCR 

 

Cell Culture and Transfections 

COS-1 and HEK 293T (293T) cells were purchased from the American Type 

Culture Collection (ATCC).  CWR-R1 was kindly provided by C. Gregory and E. Wilson 

(University of North Carolina at Chapel Hill) (58). COS-1 and 293T cells were 

maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% 

Penicillin-Streptomycin (P/S). CWR-R1cells were maintained in RPMI 1640 with 10% 

heat-inactivated FBS and P/S. The RPMI 1640 medium, DMEM and P/S were purchased 

from Gibco-BRL (Grand Island, NY), FBS and charcoal-stripped steroid free FBS were 

obtained from Biofluids Inc (Rockville, MD). Transfections of 293T cells were 

performed using the Calcium Phosphate precipitation method (Biological Mimetics Inc.) 
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according to the manufacturer’s instructions. COS-1 cells were transfected with FuGENE 

HD (Roche) according to manufacturer’s protocol. 

 

Immunoprecipitation and immunoblot analysis 

Cells were lysed with lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM 

EDTA, 1% NP-40,0.1% SDS, 1% sodium deoxycholate, 1mM Na3VO4, 1mg/ml 

aprotinin, 10mM NaF, and 1mM PMSF). Insoluble cell debris was removed by 

centrifugation, and then antibodies were added to lysates followed by incubation at 4ºC 

for 4 hours or overnight. For immunoprecipitation analysis of phosphorylation, cell 

lysates were briefly sonicated prior to centrifugation to disrupt protein complexes when 

immunoprecipitating phosphorylated proteins. The immunocomplexes were collected by 

using Protein A sepharose beads, and bead were washed extensively for three times with 

lysis buffer. Immunoblotting was carried out as described previously (71). Briefly, blots 

were incubated with primary antibodies including: 1:3000 dilution for anti-HA, 1:3000 

dilution of anti AKT1 and anti- pan AKT, 1:3000 dilution of anti-GSK3β, 1:1000 dilution 

of anti P-Ser9 GSK-3β, 1: 500 dilution of anti-Ub 1: 10,000 dilution of anti GAPDH, 

1:4000 dilution of anti-AR (N20). Incubation of blots with primary antibody at 4ºC 

overnight was followed by detection with horseradish peroxidase-conjugated secondary 

antibody. 
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Immunofluoresence staining 

COS-1 cells were seeded on coverslips and transfected.  Thirty six hr post-

transfection, cells were fixed in 3.7% formaldehyde solution (Sigma) for 15 min. 

Coverslips were washed with PBS and blocked in blocking solution ( 0.3% Triton X-100 

[Sigma], 1% normal donkey serum, 1% bovine serum albumin in PBS) for 1 hr. 

Immunostaining was performed by incubating the slides with a 1:100 dilution of anti-

RNF6 monoclonal antibody for 2 hours at room temperature, followed by incubation with 

a 1:300 dilution Alexa 488-conjugated anti-mouse antibody  for 1 hour at room 

temperature. Slides were washed and counterstained with a 1:5000 diluted DAPI for 5 

min. The slides were then washed and mounted with Vectashield (Vector Laboratories). 

The stained slides were examined by fluorescent microscope.  

 

Denaturing ubiquitination assay using Ni-NTA pull-down 

Analysis of ubiquitination in His-Ub overexpressing cells was performed 

following the protocol described previously (72). Cells were collected 40 hours after 

transfection. Cells were collected in phosphate-buffered saline and lysed separately with 

20% of cells lysed in lysis buffer described above for total cell lysates (TCL) analysis and 

remaining cells lysed with 6 M guanidine  HCl in100 mM sodium phosphate buffer, pH 

8.0 with 10 mM imidazole and10 mM NEM for ubiquitination assays. The lysis buffer 

was supplemented with protease inhibitors. Lysates were briefly sonicated and 

centrifuged to remove insoluble cell debris. Ubiquitinated proteins were pulled down 
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with Ni-NTA resin (Novagen) for 2-4 hrs. Ni-NTA beads were washed successively to 

slowly remove  guanidine, with 6M guanidine HCl in100 mM sodium phosphate buffer, 

pH 8.0 without imidazole except for the last wash, 6 M guanidine.HCl/100 mM sodium 

phosphate buffer, pH 6.3, 6M guanidine HCl/100 mM sodium phosphate buffer , pH 8.0, 

1:1 mix of 6M guanidine.HCl/100 mM sodium phosphate buffer pH 8 and protein buffer, 

1:3 mix of 6M guanidine.HCl/100 mM sodium phosphate buffer, pH 8.0 and protein 

buffer and finally with protein buffer with 10 mM imidazole. Protein buffer is composed 

of 50 mM sodium phosphate buffer, pH 8.0, 100 mM KCl, 20% (v/v) glycerol, 0.2% 

(v/v) NP-40. Proteins bound to NI-NTA beads were eluted by adding 2X SDS loading 

buffer and analyzed by immunoblotting.  

 

MS analysis (phospho protein enrichment) 

RNF6 phosphorylation was induced by overexpression of wild type RNF6 and 

HA-AKT in HEK 293T cells. Transfected cells, from fifteen 150mm tissue culture dishes 

were lysed in lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM EDTA, 1% NP-

40, 0.1% SDS, 1% sodium deoxycholate, 1mM Na3VO4, 1mg/ml aprotinin, 10mM NaF, 

and 1mM PMSF). Cell lysates were subjected to immunoprecipitation using anti-RNF6 

antibody immobilized onto Protein A sepharose beads. Anti-RNF6 antibody was 

crosslinked to protein A beads using Disuccinimidyl suberate (DSS) crosslinker (Pierce) 

following the manufacturer’s protocol. Antibody was immobilized onto Protein A beads, 

in order to prevent the IgG from being eluted along with samples for mass spectrometry 

analysis.  Anti-RNF6 antibody immunoprecipitates were eluted using 2X SDS loading 
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buffer and run on SDS-PAGE gels. Bands corresponding to the molecular weight of 

RNF6 and above (60 KDa and above) were cut out for tryptic digestion for sample 

preparation for mass spectrometry analysis.  

 

Luciferase assay 

Luciferase assays were carried out as described previously by Xu et al. (18). Briefly, 

COS-1 cells were seeded in 24-well plates and transfected with ARR2-Luc and plasmid 

constructs as indicated in figure legends by using FuGENE HD (Roche) following the 

manufacturer’s instructions. At 36 hr post transfection, the Dual-Luciferase assays were 

carried out according to the protocol from the manufacturer (Promega). The transfection 

efficiency was normalized by a promoter-less renilla internal control. The results were 

presented as the mean relative light units (RLU) ± SD of the triplicate samples. The 

experiment was repeated at least three times. 

 

C. RESULTS 

 

AKT phosphorylates RNF6 

 Our preliminary studies have demonstrated that RNF6 interacts with AKT in 

prostate cancer cells (chapter 2).  Bioinformatic analysis of the human RNF6 protein 

sequence using PhosphoMotif Finder database (92) revealed that RNF6 contains several 
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putative AKT phosphorylation residues as shown in figure 4-1. Therefore we examined 

whether RNF6 could be phosphorylated by AKT in prostate cancer cells.  

 

 

Figure 4-1: Schematic structure and putative AKT phosphorylation sites of human 
RNF6 

 

 We performed endogenous phosphorylation assays in prostate cancer CWR-R1 

cells in the presence or absence of an AKT kinase inhibitor. We used a small molecule 

AKT inhibitor called API-2 (also called triciribine: SIGMA ALDRICh). API-2 inhibits 

AKT kinase phosphorylation, activation and AKT substrate phosphorylation (93, 94). 

API-2 is a selective AKT kinase inhibitor it since does not inhibit the upstream AKT 

activator phosphatidylinositol 3-kinase (PI3K) and is highly selective for AKT over other 

AGC kinases such as protein kinase C (PKC), Protein kinase A (PKA), serum and 

T201 ARRTRSQ T

T347 SVRRRGR T

T362 RERERRG T

T607 NNRIRGL T

Consensus         RxRxx S /T

T201 ARRTRSQ T

T347 SVRRRGR T

T362 RERERRG T

T607 NNRIRGL T

Consensus         RxRxx S /T

Predicted AKT - preferred phosphorylation sites in RNF6 

1 685

69 86 672630

coiled - coil domain RING - H2

dimerization Ubiquitin E3 ligase activity

Schematic Structure of Human RNF6

S219      IPRTRLA   S



 

100 

 

glucocorticoid inducible kinase (SGK) (93). API-2 does not affect signal transducer and 

activator of transcription (STAT) signaling pathway (93).  CWR-R1 cells were treated 

either with DMSO or API-2 for 16hrs (figure 4-2). Cells were lysed and subjected to 

immunoprecipitation (IP) either with rabbit IgG or phospho AKT substrate (pAKT-sub) 

antibody. Immunoprecipitates were subjected to immunoblotting (IB) with anti-RNF6 

antibody and total cell lysates (TCL) were immunoblotted as shown in figure 4-2A.  

 

A.  B. 

         

 

Figure 4-2: AKT phosphorylates RNF6 

A) CWR-R1 cells were treated with DMSO or 10µM API-2 for 16 hrs. Cells were lysed 
and subjected to IP with IgG or pAKT-sub antibody. IB of total cell lysates and IP are 
shown above 
 
B) Transfected 293T cells were lysed 36 hours post transfection with plasmids as shown 
and subjected to IP with phosphorylated AKT substrate (pAKT-sub) antibody followed 
by IB as shown. Cell lysates were sonicated to disrupt protein complex 
 

Immunoblots of total cell lysates showed equal amounts of loading of AKT and RNF6 in 

DMSO and API-2 treated lysates (figure 4-2A). IB of TCL treated with API-2 with 
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phospho serine 9 GSK3β antibodies shows that API2 treatment reduced phosphorylation 

of AKT substrate; hence AKT kinase activity is efficiently inhibited by API-2 as shown 

in figure 4-2A. To confirm our data showing that AKT may phosphorylate RNF6 in 

prostate cancer cells, we assayed RNF6 phosphorylation in an overexpression system 

using HEK 293T cells.  Plasmids encoding RNF6 and the kinase-active AKT or the 

kinase-inactive mutant (AKT-KM) were co-transfected into 293T cells. At 36 hr post-

transfection, cells were lysed and subjected to IP with phospho-AKT substrate (pAkt-sub) 

antibody immobilized on protein A-agarose beads. Immunoprecipitates and total cell 

lysates (TCL) were analyzed by western blotting with antibodies as indicated in figure 4-

2B.  As shown above, RNF6 phosphorylation was greatly enhanced by coexpression with 

wild type AKT (figure 4-2B). RNF6 phosphorylation was shown by immunoblotting of 

anti-pAKT-sub precipitates with RNF6 antibody. The pAKT-sub antibody recognizes 

proteins with Ser/Thr phosphorylated within AKT substrate motif (RXRXXS/T).  

Phosphorylated RNF6 was dramatically increased in RNF6 transfected cells coexpressing 

wild type AKT but not AKT-KM. It is possible that RNF6 might associate with other 

phosphorylated AKT substrate proteins which might lead to coprecipitation of RNF6 in 

pAKT-sub precipitates although it was not phosphorylated. In order to reduce this 

possibility, cell lysates were briefly sonicated, in order to disrupt protein complexes prior 

to immunoprecipitation of phosphorylated AKT substrates with anti-pAKT-sub antibody. 

Our results showed that AKT phosphorylates endogenous RNF6. These data were 

supported by coimmunoprecipitation experiments showing that AKT coexpression 

increases RNF6 phosphorylation 
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IGF-1 enhances RNF6- AKT complex formation and RNF6 phosphorylation 

AKT kinase is activated in response to growth factor stimulation of receptor 

tyrosine kinases. After membrane recruitment, AKT is first phosphorylated at threonine 

308 by Phosphoinositide-dependent kinase 1 (PDK1) and then at serine 473 by 

mammalian target of rapamycin complex 2 (mTORC2) which leads to full activation of 

the kinases (40). After being activated, AKT phosphorylates downstream target proteins 

which then regulate cellular functions such as proliferation, survival and apoptosis. 

Hence we tested whether IGF-1 treatment modulates molecular interactions between 

AKT and RNF6, and subsequently AKT induced RNF6 phosphorylation. CWR-R1 cells 

were serum starved for 24hrs and treated with 100ng/ml IGF-1 for different times. 

Following IGF-1 treatment cells were lysed and subject to IP with anti-AKT antibody 

followed by western blot with RNF6 antibody as shown in figure 4-3A.  Cell lysates were 

also subjected to IB with anti p-AKT-sub antibody to demonstrate that IGF-1 treatment 

indeed activated AKT kinase as judged by phosphorylation of AKT substrates (figure 4-

3B).  
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A.        B. 

              

 

Figure 4-3: IGF-1 enhances dynamic association between RNF6 and AKT 

 (A) CWR-R1 cells were treated with 100ng/ml IGF-1 for the times indicated 24 hr post 
serum starvation. Cells were lysed and subject to IP with anti-AKT antibody followed by 
IB with RNF6 antibody. IB of total cell lysates is also shown  
 
(B) Total cell lysates of CWR-R1 cells described in panel A are subjected to IB with anti-
pAKT-sub and anti-AKT antibodies  
 

Interestingly, IGF-1 treatment significantly enhanced RNF6 association with AKT as 

early as 2 minutes after treatment (figure 4-3A). This observation suggested that protein 

complex formation between AKT and RNF6 is a regulated process, since protein 

interaction between the two proteins was significantly enhanced by IGF-1 treatment. 

Since IGF-1 elicits mitogenic signals, enhanced association between RNF6 and AKT in 

response to IGF-1 suggests that association of the RNF6 and AKT could be involved in 

cell growth and survival.  

As shown in figure 4-3, RNF6 and AKT association was greatly enhanced by 

IGF-1 treatment.  Therefore, we examined whether IGF-1 induced activation of AKT 
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kinase could also lead to induction of RNF6 phosphorylation. Our examination revealed 

that IGF-1 induced AKT kinase activation leads to increased RNF6 phosphorylation. 

CWR-R1 cells were serum starved for 24 hrs and then treated with 100ng/ml IGF-1 for 

different times. Cells were lysed and subjected to IP with p-AKT-sub antibody followed 

by IB analysis with RNF6 antibody (figure 4-4).  

 

    

 

Figure 4-4: IGF-1 enhances AKT induced RNF6 phosphorylation in CWR-R1 cells 

Figure 4: CWR-R1 cells were treated with IGF-1 for different times 24 hrs post serum 
starvation. Cells were lysed, briefly sonicated and subjected to IP with anti pAKT-sub 
antibody followed by IB analysis as shown above. 

 

As shown in figure 4-3, IGF-1 treatment enhanced AKT induced RNF6 phosphorylation 

as early as 2 minutes post treatment. IGF-1 induced RNF6 phosphorylation can be 

detected at 5 minutes after IGF-1 treatment (figure 4-4) which is consistent with RNF6-

AKT complex formation just few minutes after IGF-1 treatment (figure 4-3). We 

performed short time course IGF-1 treatments in our RNF6 phosphorylation analysis 

since AKT kinase activation begins only minutes after IGF-1 treatment. In addition 

analysis of RNF6 and AKT association and RNF6 phosphorylation during early AKT 

kinase activation allowed us to examine whether RNF6 was involved in the AKT kinase 
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activation process or RNF6 phosphorylation was a downstream effect of activated AKT 

kinase.  

 

AKT phosphorylates RNF6 at serine 219 

 Our data presented above clearly suggested that AKT phosphorylates RNF6. We 

performed mass spectrometry (MS) analysis to identify RNF6 phosphorylation sites in 

order to help us study functions of AKT induced RNF6 phosphorylation. To enrich 

phosphorylated RNF6 proteins, we overexpressed wild-type AKT and RNF6 in 293T 

cells and 36 h post-transfection cells were lysed and subjected to IP with anti-RNF6 

antibody and immunocomplex were immobilized onto protein A beads as described in the 

Methods. RNF6 immunoprecipitates were subjected to SDS-PAGE analysis and bands 

were excised for trypsin digestion followed by MS analysis. Mass spectrometry analysis 

revealed that RNF6 was phosphorylated at serine 219 which is a putative AKT 

phosphorylation site. Serine 219 is conserved in mammals only (figure 4-5).  
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Figure 4-5: Sequence alignment of human RNF6 and equivalent residues in other 
species 

Sequence alignment of human RNF6 serine 219 and respective residues in other species 
is shown in bold 
 
 

To confirm our MS data, we generated a vector encoding RNF6 with serine (S) 219 

replaced by alanine (A) which can serve as phosphorylation defective mutant.  HEK 

293T cells were transfected with plasmids encoding wild-type RNF6, RNF6 with serine 

219 replaced by alanine (RNF6 S219A) alone or in combination with AKT.  Cells were 

lysed 40 hrs post-transfection and lysates were briefly sonicated and then subjected to IP 

with anti pAKT-sub antibody followed by IB with anti RNF6 antibody to examine levels 

of RNF6 phosphorylation (figure 4-6A). Cell lysates were briefly sonicated to disrupt 

protein complexes; thereby preventing RNF6 being immunoprecipitated due to 

association with other phosphorylated AKT substrates. AKT induced RNF6 

phosphorylation is significantly reduced when serine 219 was replaced with a non-

phosphorylatable alanine residue (figure 4-6A).  
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A.             B. 

       

 

Figure 4-6: AKT phosphorylates RNF6 at serine 219 

 
(B) HEK 293T cells were lysed 36 h post transfection and subjected to brief sonication 
then IP with anti-RNF6 antibody followed by IB analysis with antibodies shown above 
 
 
(A) HEK 293T cells were lysed 40 hrs post transfection and subjected to IP after brief 
sonication as in figure 6A. Cell lysates were subjected to IP with anti p-AKT sub 
antibody followed by IB analysis as shown above. 
 
 

All of the phosphorylation assays were performed under denaturing conditions, with brief 

sonication of cell lysates prior to immunoprecipitation of either target protein (RNF6) or 

total phosphorylated AKT substrates using pAKT-sub antibody.  Analysis of RNF6 

phosphorylation after IP with p-AKT sub (figure 6A) or anti-RNF6 (figure 6B) antibodies 

shows that mutation of the RNF6 phosphorylation site reduced levels of phosphorylated 

RNF6. Our data showed that the RNF6 phosphorylation mutant did not completely lose 

phosphorylation, very likely due to the presence other phosphorylated residues detected 

by the pAKT-sub antibody. But it was also possible that RNF6 has multiple 
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phosphorylation sites and mutation of serine 219 increases phosphorylation at other 

residues.   

 

RNF6 phosphorylation defective mutant failed to associate and modulate androgen 

receptor (AR) 

Previous, our laboratory has shown that RNF6 interacts with the androgen 

receptor (AR) and induces AR ubiquitination (18). RNF6 induced AR ubiquitination 

leads to enhancement of AR transcriptional activity towards a subset of genes which 

contributes to prostate cancer progression (18). We examined whether RNF6 

phosphorylation at serine 219 could modulate its effect on AR. We first performed 

immunoprecipitation assays to examine whether RNF6 phosphorylation at serine 219 is 

required for interaction with AR.  HEK 293T cells were transfected with AR along with 

either wild type RNF6 or the RNF6 S219A mutant. Transfected cells were lysed and 

subjected to IP with anti-AR followed by IB with anti RNF6-antibody. Our data revealed 

that the wild type RNF6 associated with AR, while RNF6 S219A did not (figure 7A). 
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A.      B. 

              

 

Figure 4-7: The RNF6 phosphorylation site mutant failed to associate with and 
mono-ubiquitinate AR 

 

 (A) Transfected 293T cells were lysed and subjected to IP with anti-AR antibody. IB of 
AR immunoprecipitates and TCL is shown 
 
(B) Transfected 293T cells were lysed and subjected to a denaturing ubiquitination assay 
followed by IB analysis of anti-Ub immunoprecipitates and TCL with antibodies shown 
above 
 

 

Our result suggests that phosphorylation of RNF6 at serine 219 could be important for its 

association with AR. We next examined whether the RNF6 phosphorylation defective 

mutant RNF6 S219A retains its E3 ligase activity. Since AR had been shown to be 

ubiquitinated by RNF6 (18), we examined whether RNF6 S219A mutant can ubiquitinate 

AR. We performed denaturing ubiquitination assays in 293T cells transfected with AR 

and either wild-type or mutated RNF6. Cells were lysed and subjected to IP with an anti-

Ub antibody, followed by IB analysis with an anti-AR antibody as shown in figure 4-7B. 

Mutation of RNF6 S219 abolished ubiquitination of AR, suggesting that RNF6 S219 
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phosphorylation is required for RNF6 induced AR ubiquitination. Our previous 

publication has demonstrated that the biological function of AR ubiquitination by RNF6 

is to upregulate AR transcriptional activity. Therefore, we tested whether RNF6 S219 

phosphorylation was also required to enhance AR transcriptional activity. COS-1 cells 

were transfected with an AR reporter gene along with AR alone, or with wild-type or 

mutated RNF6 as shown in figure 4-8. We used the ARR2-LUC construct as AR activity 

readout. ARR2-LUC construct has a mouse probasin gene promoter upstream of 

luciferase gene. As we predicted, the RNF6 S219A mutant failed to enhance AR 

transcriptional activity as shown in figure 4-8. 

 

 

 

Figure 4-8: RNF6 S219A mutant failed to enhance AR transcriptional activity 

COS-1 cells were transfected with the ARR2-LUC reporter, AR and wild-type or RNF6 
S219A mutant. Cells were lysed and subjected to luciferase assay. Results are presented 
as mean relative LUC units ± SD of triplicate samples. * P<0.05 
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Our data shown above suggest that AKT mediated RNF6 phosphorylation at serine 219 is 

required for RNF6 mediated regulation of the androgen receptor.  

 We examined whether mutation of RNF6 S219 would result in changes in the 

sub-cellular localization of the protein. COS-1 cells were transfected with plasmids 

encoding either RNF6 or the RNF6 S19A mutant. Forty hours post transfection, cells 

were fixed and subjected to Immunofluorescence staining with anti-RNF6 antibody 

(figure 4-9).  

 

       

 

Figure 4-9: RNF6S219 phosphorylation may not regulate RNF6 subcellular 
localization. 

Immunofluoresence (IF) analysis of COS-1 cells transfected with WT-RNF6 or 
RNF6S219A mutant using anti-RNF6 antibody (Green) and DAPI as a counterstaining of 
the nucleus 
 
 
Immunofluoresence staining showed that RNF6 phosphorylation at serine 219 did not 

regulate localization, since both wild type and RNF6 S219A mutant proteins were found 

in the nucleus (figure 4-9). This result showed that lack of AR regulation by RNF6 
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phosphorylation mutant was not due to loss of proper localization of the protein as both 

wild-type and mutated RNF6 were localized in the nucleus. 

 

The RNF6 phosphorylation defective mutants ubiquitinates AKT 

Although the RNF6 S219A mutant failed to ubiquitinate AR, we had to test 

RNF6’s activity towards another substrate to determine whether the mutation completely 

abolished the E3 ligase activity. Since our studies had shown that RNF6 ubiquitinates 

AKT (another substrate of RNF6) (Chapter 3), we assessed whether the RNF6 S219A 

mutant could ubiquitinate AKT. 

 

 

 

Figure 4-10: RNF6 phosphorylation defective mutant ubiquitinates AKT 

HEK 293T cells were lysed and subjected to a denaturing ubiquitination assay 36 hr post 
transfection with plasmids encoding 6 histidine tagged ubiquitin (His-Ub), HA-AKT and 
either wild type RNF6 or the RNF6 S219A mutant. IB analysis of NI-nitrioltriacetic acid 
(Ni-NTA) precipitates and TCL are shown above.  
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HEK 293T cells were co-transfected with plasmids encoding His-Ub, HA-AKT, and 

wild-type or the RNF6 S219A mutant. Cells were lysed and subjected to a denaturing 

ubiquitination assay 36 hrs post transfection (figure 4-10). Our data showed that the 

RNF6 S219A mutant induced AKT ubiquitination as well as the wild-type RNF6 (figure 

4-10). The data suggested that RNF6 phosphorylation at serine 219 modulates association 

with and ubiquitination of AR, but not ubiquitination of AKT. This result indicates that 

RN6 phosphorylation at serine 219 was not required for its E3 ligase activity. It was 

likely that lack of AR ubiquitination by the RNF6 S219A mutant was due to the inability 

of the two proteins to interact, rather than loss of E3 ligase activity. Taken together, the 

failure of the RNF6 S219A mutant to associate with AR, and induce AR ubiquitination 

and enhance transcriptional activity indicate that RNF6 phosphorylation by AKT is 

important for RNF6 mediated AR regulation.  These results suggest that AKT may 

regulate RNF6 mediated regulation of AR. 

 

D. DISCUSSION 

 

 Biological functions of E3 ubiquitin ligases are commonly regulated by 

phosphorylation. Phosphorylation of E3 ligases have been shown to modulate E3 ligase 

activity, substrate recognition and localization (91). Our data have shown that RNF6 

associates with AKT (Chapter 2) and that RNF6 also ubiquitinates AKT thereby 

regulating its kinase activity (Chapter 3).  In the current chapter, we examined RNF6 

phosphorylation by AKT and biological effects of the phosphorylation. Analysis of the 
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RNF6 protein sequence revealed the presence of multiple AKT phosphorylation sites 

leading us to test whether AKT phosphorylates RNF6 in prostate cancer cells. Use of 

phospho-motif antibodies, which are antibodies that recognize short motif sequences 

when the specific sequence is phosphorylated in proteins, has successfully helped identify 

many kinase substrates (95). We used the phosphorylated AKT substrate (pAKT-sub) 

antibody to immunoprecipitate endogenous AKT substrate proteins harboring AKT 

consensus sequence RXRXXS/T with serine or threonine phosphorylated. In the 

RXRXXS/T motif X is any amino acid, “R” is argenine, “S” is serine and “T” is 

threonine (38, 95). We first examined whether RNF6 could be phosphorylated by using 

phosphorylated AKT substrate (pAKT-sub) antibody to pull down phosphorylated AKT 

substrates. Immunoblot analysis of pAKT-sub antibody precipitates with an anti-RNF6 

antibody showed that RNF6 was potentially phosphorylated by AKT (figure 4-2A). 

Treatment of cells with the AKT kinase inhibitor API-2 significantly reduced the amount 

of RNF6 pulled-down by the anti pAKT-sub antibody. This observation strongly 

suggested that RNF6 phosphorylation was specifically mediated by AKT kinase. 

Examination of RNF6 phosphorylation by AKT in overexpression systems also revealed 

that only kinase active but not AKT kinase mutant (AKT-KM) could phosphorylate 

RNF6 in 293T cells (figure 4-2B). In our analysis of RNF6 phosphorylation using 

phospho AKT substrate antibody (pAKT-sub), we used denaturing condition to 

immunoprecipitate phosphorylated AKT substrate proteins to avoid the possibility that 

RNF6 was pulled down along with other AKT substrates without being phosphorylated 

itself. To mildly disrupt protein complexes, we sonicated cell lysates prior to 

immunoprecipitation with pAKT-sub antibody.  
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IGF-1 treatment of CWR-R1 cells enhanced the association between RNF6 and 

AKT (figure 4-3A) and consequently RNF6 phosphorylation by AKT (figure 4-4). These 

results suggested that protein complex formation between the two proteins is enhanced 

upon AKT activation and the association is dynamic. Ubiquitination is a highly regulated 

process. Phosphorylation of E3 ubiquitin ligases in response to extracellular stimuli is 

one of the mechanisms by which the ubiquitination process is regulated (25). The fact 

that IGF-1 stimulation enhanced protein complex formation between RNF6 and AKT 

strongly suggested that, RNF6 was regulated by IGF-1. In addition, it was likely that the 

molecular association between RNF6 and AKT was dynamic and regulated, rather than 

constitutive.  IGF-1 treatment of cells generally leads to activation of AKT signaling 

resulting in cell growth and survival. Therefore IGF-1 induced association between the 

two proteins may contribute to pathways leading to these biological effects.  Immunoblot 

analysis of cell lysates used for IP with anti pAKT-sub antibody showed that IGF-1 

stimulation led to phosphorylation of AKT substrates as early as 5 minutes with 

significant increase in levels of AKT substrate phosphorylation at 20 minutes after IGF-1 

treatment (figure 4-3B). Consistently, RNF6 and AKT association could be detected as 

early as 2 minutes after IGF-1 stimulation (figure 4-3A). These data strongly suggested 

that IGF-1 promoted interaction between AKT and RNF6 prior to AKT kinase full 

activation. This observation was consistent with our data showing that RNF6 was 

involved in AKT kinase ubiquitination and activation (discussed in Chapter 3) 

IGF-1 treatment induced RNF6 phosphorylation (figure 4-4). Our data strongly 

suggest that AKT phosphorylate RNF6 as treatment with specific AKT kinase inhibitor 

abolished RNF6 phosphorylation (figure 4-2A), and IGF-1 induced AKT activation 
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enhance RNF6 phosphorylation (figure 4-4).   Induction of IGF-1 induced RNF6 

phosphorylation was detected as early as 5 minutes after stimulation, and increased 

further with longer IGF-1 stimulation (figure 4-4).   

 Mass spectrometry (MS) analysis of RNF6 immunoprecipitates revealed that 

AKT was phosphorylated at serine 219. Interestingly serine 219 is located within the 

AKT substrate phosphorylation consensus sequence as shown in figure 4-1. While RNF6 

harbored several putative AKT phosphorylation sites, only serine 219 was identified by 

MS. This could potentially be due to limitation of MS, lack of enrichment of 

phosphorylated RNF6 at other sites or other sites were phosphorylated upon growth 

factor stimulation. We examined the phosphorylation status of RNF6 S219 by generating 

a phosphorylation defective mutant where serine 219 is mutated to alanine (RNF6 

S219A). The RNF6 S219A mutant was phosphorylated less wild-type RNF6 as shown in 

figure 4-6. Although mutation of serine 219 to alanine reduced levels of phosphorylated 

RNF6, the phosphorylation signal was not completely lost. This observation suggested 

that there were likely multiple AKT phosphorylation sites on RNF6.   

 Our examination of biological functions of AKT-induced RNF6 serine 219 

phosphorylation revealed that mutation of S219 inhibited association with the androgen 

receptor as shown in figure 4-7A. E3 ubiquitin ligase phosphorylation can modulate 

substrate recognition or binding. For instance, phosphorylation of Nedd4 E3 ligase by  

 SGK decreases binding to its substrate, epithelial Na+ channel (ENaC) (96). Our data 

suggested that RNF6 phosphorylation was required for its substrate (AR) recognition or 

association (figure 4-7A) and that this loss of association was accompanied by loss of 

RNF6 induced AR ubiquitination upon S219A mutation (figure 4-7B). RNF6 induced AR 
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ubiquitination enhanced AR transcriptional activity and the RNF6 S219A mutant failed 

to enhance AR activity in a reporter assay as shown in figure 4-8. These data indicated 

that RNF6 induced AR regulation is modulated by AKT-induced S219 phosphorylation. 

Immunofluoresence analysis of the RNF6 S219A mutant revealed that S219 

phosphorylation did not affect subcellular localization (figure 4-9). Taken together, RNF6 

phosphorylation at serine 219 regulated its recognition of AR. Regulation of RNF6 and 

AR association has not been investigated before. Our study provided mechanistic insight 

into how AKT play a role in the regulation of recognition of AR by RNF6.  

 The RNF6 S219A mutant did not lose E3 ligase activity towards another 

substrate, AKT as shown in figure 4-10. These data suggested that AKT induced RNF6 

phosphorylation did not completely abolish its ubiquitin ligase activity and that S219 

phosphorylation was not required for RNF6 induced AKT ubiquitination. E3 ubiquitin 

ligases and protein kinases can cross-regulate each other in a feedback loop. However our 

data indicated that at least RNF6 S219 phosphorylation by AKT did not regulate AKT 

ubiquitination.  

AKT plays a role in the growth and survival of prostate cancer through 

mechanisms including positive regulation of the androgen receptor transcriptional 

activity under androgen deprived condition (97). Evidence suggests that AKT modulates 

AR activity, although the mechanism is not well understood. It has been shown that AKT 

can directly phosphorylate and either negatively (98) or positively (99) regulate AR 

transcriptional activity depending on androgen levels and cellular conditions. However, 

analysis of the literature suggests that AKT induced phosphorylation may not be required 

and that AKT regulation of AR could be indirect through other AKT substrates (12, 100). 
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Our recent publication has demonstrated that RNF6 regulates AR transcriptional activity 

under androgen depleted conditions (18) and that AKT regulation of AR activity can be 

mediated indirectly via RNF6. It is possible that AKT phosphorylates RNF6 which may 

serve to enhance association between AR and RNF6, ultimately potentiating AR activity. 
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CHAPTER V 

V. CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 



 

120 

 

CONCLUSIONS 

 

 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 (18).  It has been shown that RNF6 ubiquitinates androgen receptor (AR), 

and upregulates its transcriptional activity (18). While AR is one of the targets for RNF6, 

preliminary data suggest that RNF6 depletion inhibits growth of prostate cancer (PCA) 

cells that lack AR expression as well.  This indicates that RNF6 has multiple biological 

targets. Additionally, mechanisms of RNF6 regulation are not well understood. The goal 

of the project was to further understand how RNF6 drives the growth of castration 

resistant prostate cancer (CRPC) and to identify mechanisms of regulation of RNF6. 

 In order to identify potential targets and upstream regulators of RNF6, we first 

used MALDI-TOF mass spectrometry to detect RNF6 interacting proteins in prostate 

cancer cells. Our investigation revealed that AKT associated with RNF6.  Since AKT 

kinase is known to greatly contribute to development and progression of CRPC growth 

(46, 53-56), we explored mechanisms by which RNF6 association with AKT contributed 

to prostate cancer cell growth.  

We also studied RNF6 regulation by AKT.  We hypothesized that this was 

through phosphorylation since E3 ubiquitin ligases are known to be regulated by 

phosphorylation and RNF6 harbors putative AKT phosphorylation sites. Our data 

revealed a novel mode of AR regulation by AKT through RNF6. Interestingly, functional 

analyses of wild type and phosphorylation defective mutant RNF6 revealed that AKT 

induced RNF6 phosphorylation was required for AR association with RNF6.  
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Briefly, the following observations and conclusions were obtained. 

1. ShRNA mediated depletion of RNF6 in prostate cancer cells resulted in 

significant reduction of AKT kinase phosphorylation at serine 473 and threonine 

308, regulator residues of AKT kinase. RNF6 depletion abolished both basal and 

growth factor (EGF and IGF-1) induced AKT kinase activity.  RNF6 knock down 

MEFs also have reduced levels of AKT activity.  These data indicated that RNF6 

is required for optimal AKT kinase activity.  Since AKT kinase is important for 

CRPC growth and RNF6 is overexpressed in castration resistant tumors, it can be 

argued that RNF6 plays a role in maintaining increased levels of AKT activation.  

2. The AKT ubiquitination site was identified using mass spectrometry analysis. 

RNF6 ubiquitinates AKT at lysine 183 within the kinase domain. To the best of 

our knowledge, our laboratory is the first to map an AKT ubiquitination site using 

mass spectrometry. Previous reports showed AKT ubiquitination within the PH-

domain using mutational analysis. Ubiquitination within the PH domain regulates 

membrane targeting. Our report for the first time showed that AKT 

nuclear/cytosol distribution is regulated by ubiquitination. AKT ubiquitination at 

lysine 183 is required for its kinase activity, proper nuclear/cytosol distribution 

and disruption of association with a known AKT phosphatase, PHLPP. RNF6 

induced AKT ubiquitination is important at many levels to maintain the kinase 

activity. An  AKT ubiquitination defective mutant completely lacked kinase 

activity in vitro and in vivo. Our functional analyses of AKT upon RNF6 

depletion recapitulate results using the AKT ubiquitination defective mutant.  Our 
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data convincingly support the notion that RNF6 induced AKT ubiquitination at 

lysine 183 is required for AKT kinase activity and functions. 

3. Mass spectrometry analyses showed that RNF6 was phosphorylated at serine 219.  

Serine 219 is located within a consensus AKT substrate phosphorylation site.  

RNF6 phosphorylation at serine 219 was confirmed by western blot analyses of 

wild type and non-phosphorylatable AKT using phosphorylated AKT substrate 

(pAKT-sub) antibody.  

4. RNF6 serine 219 phosphorylation is required for RNF6 binding with AR 

(recognition), RNF6 induced AR ubiquitination and RNF6 mediated upregulation 

of AR transcriptional activity. However, RNF6 serine 219 phosphorylation is not 

required for RNF6-induced AKT ubiquitination. These results demonstrated that 

RNF6 phosphorylation is not required for its E3 ligase activity. Though it is 

known that AKT kinase plays a significant role in castration resistant growth of 

prostate cancer, the mechanisms are not well understood. It has been suggested 

that AKT regulates the AR pathway indirectly through other AKT substrates (12, 

100). Indeed, we showed that AKT modulates AR regulation by RNF6 through 

phosphorylation in prostate cancer cells. 

 

In order to target either or both RNF6 and AKT kinase for therapeutic purposes, an 

understanding of regulation and mechanisms of activation of these proteins is crucial.  

Our findings presented here advance our understanding of AKT kinase regulation 

through ubiquitination within the kinase domain. These studies shed light on to how two 
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known proteins of interest in PCA progression cooperate to drive growth of castration 

resistant prostate cancer.  

 Though our studies provided several key mechanistic insights, there were 

limitations of our studies and there are still questions remaining that need to be answered 

to completely understand the roles of RNF6 and AKT in CRPC progression. Limitations 

and recommendations are listed below. 

1. Though we clearly showed that RNF6 ubiquitinates AKT, it is not clear whether 

AKT is ubiquitinated in the nucleus or cytosol.  AKT is localized both in the 

nucleus and cytosol and RNF6 is mainly localized in the nucleus, but a low level 

of RNF6 is detected in the cytosol. Knowledge of where the ubiquitination occurs 

may reveal which process of AKT activation is altered by RNF6 induced 

ubiquitination. In order to determine where RNF6 ubiquitinates AKT, AKT 

ubiquitination could be assayed after enrichment of cytosol and nuclear fractions 

separately.  

2. Mass spectrometry data showed that AKT is ubiquitinated at lysine 183 within the 

kinase domain. Molecular and structural studies have shown that AKT kinase 

domain and C-terminal regions form intra-molecular interactions. It is not clear 

how AKT ubiquitination within the kinase domain affects intra-molecular 

interaction and protein conformation. There is great interest in development of 

AKT kinase inhibitors for therapeutic purposes. AKT ubiquitination inhibitors 

could serve as novel AKT kinase inhibitors.  Further understanding of the role of 

AKT ubiquitination at a structural level could provide further insight into how 

such inhibitors could be developed as anti cancer agents. 
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3. RNF6 phosphorylation at serine 219 was identified by mass spectrometry 

analysis. We used the pAKT-substrate antibody to detect RNF6 phosphorylation. 

Development of a phospho specific antibody would allow confirmation of the 

RNF6 phosphorylation in cancer cells and also allow further examination of 

functions of RNF6 phosphorylation.  

Based on our studies, a proposed model for bi-directional regulation between RNF6 and 

AKT kinase, contributing to castration resistant prostate cancer progression, is shown 

below.  

 

 

 

Figure 5-1: proposed model for bi-directional regulation between RNF6 and AKT 

RNF6 induces polyubiquitination of AKT kinase which contributes to AKT 
phosphorylation at regulatory residues, serine 473 and threonine 308, through 
mechanisms involving disrupting of AKT association with PHLPP phosphatases and 
AKT nuclear export via association with CRM1. Sustained AKT phosphorylation and 
activity contribute to progression of castration resistant prostate cancers (CRPC). Active 
AKT phosphorylates RNF6 at serine 219, which facilitates RNF6 association with and 
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upregulation of AR transcriptional activity. RNF6 mediated upregulation of AR 
transcriptional activity also mediates castration resistant growth of prostate cancer cells. 

 

Implications 

I. Identification of AKT as a RNF6 substrate advanced our understanding of roles of 

RNF6 in the growth of CRPC tumors. We now know that RNF6 modulate AKT 

activity in addition to the AR. 

II.  Studies of AKT regulation by RNF6 provided mechanistic insight into how RNF6 

modulate AKT kinase functions. These observations provided a platform to target 

RNF6 in order to antagonize AKT kinase functions. 

III.  Identification of multiple functions of RNF6 provided a platform for targeting 

RNF6 for therapeutic purposes. Inhibition of RNF6 in CRPC could be an 

effective therapeutic approach to hamper CRPC progression. 

IV.  AKT nuclear localization along with RNF6 expression could be used as a 

predictor of prostate cancer patients’ outcome. 
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