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Summary 

 

Vitamin D is a pleiotropic nutrient that elicits various physiological responses in a cell 

type- or tissue-specific manner. Cellular vitamin D signalling is mediated by a member 

of nuclear receptor superfamily, vitamin D receptor (VDR), which transactivates 

vitamin D target genes, forming heterodimer with retinoid X receptor (RXR). Given 

the wide spectrum of vitamin D response, those receptors are considered to be 

regulated through a mechanism that is closely related to cell type- or tissue-specific 

environment, and as one of the potential mechanisms, recent studies have revealed that 

both VDR and RXR are post-translationally modified by small ubiquitin-like modifier 

(SUMO), with the level of SUMO modification (SUMOylation) modulated by PIAS4 

(protein inhibitor of activated STAT 4) and SENPs (sentrin/SUMO-specific proteases), 

enzymes that enhance and reverse SUMOylation, respectively. Corresponding to the 

level of SUMOylation, VDR transactivity has been shown to be repressed and 

enhanced by PIAS4 and SENPs, respectively, suggesting that SUMOylation has a 

negative impact upon vitamin D signalling. To better understand the molecular 

mechanism by which SUMOylation and its enzymes regulate vitamin D signalling, 

this study was aimed to obtain clues to how PIAS4 and SENPs impact upon functions 

of VDR and RXR, such as intracellular trafficking, transcriptional coregulator 

association and transactivity. When VDR was overexpressed in cells, PIAS4 showed 

its ability to sequester VDR into a specific subnuclear compartment that closely 

associated with nuclear matrix, while SENP2 showed its potential to counteract it. At 

the endogenous level, however, such a sequestration was not observed. As another 

mechanism, PIAS4 was found to alter the pattern of VDR-coregulator interaction in a 

manner dependent upon its enzymatic activity, suggesting an involvement of PIAS4-

mediated SUMOylation of VDR and/or coregulators in this process. The transactivity 

of RXR, on the other hand, was found to be modulated by PIAS4 and SENPs in an 

analogous fashion to the regulation of VDR transactivity, but unlike VDR, PIAS4 

changed neither intracellular trafficking nor coregulator association of RXR. However, 

the experiments provided an implication that SUMOylation on RXR alters the 

efficiency of heterodimerisation with specific dimeric partners including VDR. Finally, 

to accelerate future studies on the role of SUMOylation in the regulation of vitamin D 

signalling, a mass spectrometry-based, proteome-wide analytical method to identify 

SUMOylation sites on VDR was designed, and the functionality of SUMO mutant 
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constructs that were required for the analysis was evaluated. These results provide 

multifaceted evidence that helps illustrating an intricate regulatory mechanism for 

vitamin D signalling that involves SUMOylation and its modulation by SUMOylation 

enzymes, PIAS4 and SENPs. Such an insight provided by this study will serve as a 

foundation in the future efforts to further detail the complex molecular mechanism that 

regulates vitamin D signalling, leading to clearer mechanistic definition of the 

diversity and specificity of vitamin D response.  
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1.1. Introduction 

 

Vitamin D is an essential nutrient that regulates various physiological events (Adams 

and Hewison, 2010; Bikle, 2014; see 1.2.1. Vitamin D). It is synthesized from 7-

dehydrocholesterol in the skin tissue exposed to UVB radiation, and then converted 

into its active form, 1,25-dihydroxy vitamin D (1,25D), which behaves as a hormone 

rather than a typical “vitamin” and circulates in the blood stream to act on target cells 

throughout the body (Plum and DeLuca, 2010). Vitamin D is indispensable for the 

maintenance of skeletal tissue through calcium homeostasis (Christakos, 2012), but 

has also been shown to play roles in many other essential biological events such as 

regeneration, differentiation, inflammation, and proliferation at various destinations in 

a tissue- or cell type-specific manner (Adams and Hewison, 2010; Bikle, 2009). With 

this wide coverage of vitamin D response, a lack of sufficient vitamin D is thought to 

be underpinning factor contributing to conditions such as osteoporosis, psoriasis, 

autoimmune diseases, neurodegenerative diseases or a number of cancers (Kragballe, 

1992; Baeke et al., 2010; Bikle, 2014; Koduah et al., 2017). Vitamin D exerts its 

physiological functions through its cognate vitamin D receptor (VDR) that activates 

the transcription of specific subset of genes upon binding to 1,25D (Haussler et al., 

1998; Haussler et al., 2011). Synthetic ligands have been developed as intended 

therapies targeting conditions that may respond to manipulation of VDR activity, and 

these efforts have spawned vitamin D analogues applicable to clinical treatments such 

as paricalcitol, which is used as an approved drug to treat hyperparathyroidism arising 

from chronic kidney failuar (Nagpal et al., 2001; Carlberg, 2003; Bikle, 2014). In 

order to establish such clinical treatiments for diverse vitamin D-related 

disorders/diseases, clarifying the molecular behaviour of VDR is critical to obtain 

clues for improved efficacy or specificity of existing treatments or the discovery of 

other types of therapeutic strategies that would effectively counteract the outbreak or 

progression of diseases arising from a defective vitamin D response. 

VDR is a member of the nuclear receptor superfamily that plays a pivotal role 

in cellular responses to steroid hormones and other lipophilic metabolites/compounds 

(Haussler et al., 1998; Haussler et al., 2011; Burris et al., 2013; see 1.2.2. Nuclear 

receptors). Many nuclear receptors localise in the cytoplasm in their ligand-unbound 

state, but form homo or heterodimers upon ligand binding and enter the nucleus to 

bind to specific target DNA sequences, activating the transcription of downstream 
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gene networks. In humans, there are 48 nuclear receptor members that are divided into 

several classes, and VDR belongs to the same class as those called metabolic sensors, 

such as liver X receptor (LXR), peroxisome proliferator-activated receptor (PPAR), 

and retinoic acid receptor (RAR), all of which can form a heterodimer with retinoid X 

receptor (RXR) (Sever and Glass, 2013). Despite the apparent simplicity of their 

actions as ligand-dependent transcription factors, nuclear receptor signalling involves 

multiple other factors such as association with coregulators and their post-translation 

modifications, which integrate multifaceted information into their mode of action to 

fine-tune their response to ligand exposure (Freedman, 1999; Lee et al., 2001; 

Anbalagan et al., 2012). This fine-tuning regulatory model is also applicable to VDR, 

as several coregulators known to associate with VDR, as well as its heterodimeric 

partner RXR, have been shown to be post-translationally modified by small ubiquitin-

like modifier (SUMO), events that can modulate the transcriptional response (Jena et 

al., 2012; Lee et al., 2014; Lee et al., 2015). Furthermore, the pattern of association 

with coregulators and the extent of the post-translational modification by SUMO are 

responsive to ligand association of VDR (Lee et al., 2014). Therefore, it is 

unquestionable that understanding the post-translational modifications on VDR holds 

a key to a better understanding of its function as a nuclear receptor and mechanisms 

that enable it to achieve a diverse and controlled vitamin D response. 

The conjugation of SUMO, a ubiquitin-like protein, to its substrate proteins 

(SUMOylation) has recently shed more light on the role of post-translational 

modifications in protein biology (Gill, 2004; Hay, 2005; Geiss-Friedlander and 

Melchior, 2007; see 1.2.3. Small ubiquitin-like modifier (SUMO)). SUMOylation 

employs an analogous molecular mechanism to that responsible for ubiquitination, 

including its conjugation to lysine and the orderly involvement of three enzymes, E1, 

E2 and E3. SUMOylation seems to play diverse roles in controlling the molecular 

behaviour of its substrates, as is the case of ubiquitination, having a wide range of 

different functional impact on its substrates, from altering their stability, activity or 

intracellular localisation to controlling the integrity of organelles or cellular 

compartments (Gill, 2004; Hay, 2005; Geiss-Friedlander and Melchior, 2007). These 

effects often arise from interactions between the SUMO or the SUMOylated substrate 

and specific proteins that carry SUMO-interacting motif (SIM; Kerscher, 2007) and 

such effects at the molecular level may have greater impact in a variety of 

physiological events and so SUMOylation events play an integral role in eukaryotic 
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biology (Kuehn, 2005). The molecular mechanisms for these actions are in many cases 

still poorly understood, as the SUMOylation is a highly reversible event subject to the 

efficient removal of SUMO moiety by SUMO-specific protease, sentrin/SUMO-

specific proteases (SENPs), which, with the very low stoichiometry of this post-

translational modification, projects a considerable difficulty to efficient research 

progress (Hay, 2007; Hickey et al., 2012). For VDR, the SUMOylation of which was 

shed light on quite recently, evidence that supports the role of SUMOylation in its 

functionality is even more scarce, with a limited number of SUMO-related factors 

being proposed and K91 being the only SUMOylation site that has been revealed (Jena 

et al., 2012; Lee et al., 2014). Considering the potential of a small fraction of 

SUMOylation to affect the overall transcriptional activity of VDR, further exploring 

its qualitatively significant molecular regulation of VDR will help pave the way to the 

comprehensive understanding of its molecular actions and manipulation of its activity. 

In this study, to gain more profound understanding of the molecular interplay 

that controls vitamin D response, questions were addressed concerning the role of 

SUMOylation in the regulation of VDR. To seek for the answer to such questions, a 

wide spectrum of molecular experimental techniques were implemented to unravel 

how SUMOylation modulators, PIAS4 and SENPs, control the transactivity or the 

molecular behaviour of VDR. Since RXR, the heterodimeric partner of VDR, has been 

shown to receive SUMOylaiton (Lee et al., 2015), regulatory impact of SUMOylation 

and its modulators (PIAS4 and SENPs) on the molecular regulation of transactivity of 

RXR was also addressed by series of reporter assays aimed to examine the 

transactivity and RXR-coregulator interaction. In addition, part of this study was 

dedicated to design a high-throughput, unbiased identification of SUMOylation sites 

on VDR with tandem mass spectrometry (MS/MS) for its future use, a powerful 

analytical method that can widely be applied for post-translational modification 

studies (Jensen, 2004; Witze et al., 2007). The results presented in this study provide 

us with important clues for a better understanding of the molecular regulation of VDR.  
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1.2. Key Facts 

 

1.2.1. Vitamin D 

 

1.2.1.1. Vitamin D activation 

 

Vitamin D represents a group of chemical compounds termed secosteroids, whose 

hallmark is a partially broken steroid ring (Plum and DeLuca, 2010). Vitamin D2 

(ergocalciferol) and vitamin D3 (cholecarciferol) represent the main forms that are 

generally referred to as a “vitamin D”. Vitamin D3 is either synthesised from 7-

dehydrocholesterol in the skin or derived from dietary sources such as fish, milk or 

fortified food. Vitamin D2, on the other hand, is entirely obtained from diet and 

particularly enriched in plants and mushrooms. Vitamin D3 biosynthesis occurs in the 

epidermis layer of the skin via a two-step chemical reaction: type B ultraviolet (UVB) 

light opens the “B ring” of 7-dehydrocholesterol to form pre-vitamin D3, which 

immediately undergoes auto-isomerisation to become vitamin D3. Both vitamin D2 

and vitamin D3 require consecutive hydroxylations at carbon positions 1α and 25 to 

become biologically active. Whether it is synthesised or derived from dietary sources, 

vitamin D is delivered to the liver through the blood stream by vitamin D-binding 

protein (DBP), and then 25-hydroxylated to become 25-hydroxyvitamin D (25D) by a 

liver enzyme cytochrome P450 2R1 (CYP2R1). 25D is further 1α-hydroxylated in the 

kidney by the activity of CYP27B1 to become 1α,25-dihydroxyvitamin D (1,25D), 

which is the biologically active form of vitamin D. The circulation and bioavailability 

of 1,25D can then trigger a vitamin D response upon reaching its target cells/tissue. 

Since the second hydroxylation step is under tight hormonal regulation, 25D 

represents the major circulatory vitamin D form that is measured and currently 

considered as the most reliable indicator of vitamin D status. Although vitamin D2, 

when converted to its biologically active metabolite, is capable of inducing a vitamin 

D response as effectively as vitamin D3, it shows a lower affinity to DBP (Houghton 

and Vieth, 2006), which limits the usage of this form. 
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1.2.1.2. Role of vitamin D in Ca2+ homeostasis 

 

The primary and most well-defined role of vitamin D is to maintain calcium-phosphate 

homeostasis in conjunction with parathyroid hormone (PTH; Christakos, 2012) and 

fibroblast growth factor 23 (FGF23) (Fig. 1.1). Low serum calcium level triggers the 

release of PTH from parathyroid grand, which in turn signals the increased renal 

expression of CYP27B1 to accelerate the conversion of 25D to 1,25D. 1,25D acts on 

intestine, kidney and bone to increase the level of serum calcium. 1,25D enhances 

intestinal expression of calcium ion channel TRPV6 (transport receptor potential V6) 

and calcium binding protein calbindin D9k, both of which are crucial for the 

transcellular absorption of calcium in the intestine. 1,25D also positively regulates 

calcium reabsorption at the distal tubule in the kidney by enhancing the expression of 

TRPV5 and Calbindin 28k (Armbrecht et al., 1989). An increased calcium supply 

from bone is also a contributor to the 1,25D-triggered increase in the serum calcium 

level, and in this process, 1,25D up-regulates the expression of receptor activator of 

nuclear factor kappa-B ligand (RANKL) in osteoblasts, which induces the formation 

of osteoclasts that undergo bone resorption, releasing calcium into the serum (DuLuca, 

2004). An increased level of 1,25D, on the other hand, triggers a feedback mechanism 

to attenuate such vitamin D effects. 1,25D induces the expression of CYP24A1 in 

vitamin D target cells to catalyse the 24-hydroxylation of 1,25D, converting it to an 

inactive metabolite 1,24,25-trihydroxyvitamin D. 1,25D also down-regulates renal 

expression of CYP27B1 to decrease the rate of 25D to 1,25D conversion, preventing 

both an overproduction of 1,25D and an unnecessary consumption of serum 25D 

source. In addition to this regulatory circuit comprised of 1,25D and PTH, FGF23 

provides this system with a link to the serum phosphate level. An elevation in serum 

calcium triggers the production of FGF23 in osteocytes, which then acts on kidney to 

promote the excretion of phosphate as well as the reabsorption of calcium, while 

suppressing the expression of CYP27B1 (Torres et al., 2009). The FGF23 signal is 

mediated through the FGF receptor (FGFR), but only in the presence of the co-receptor 

Klotho, the expression of which is positively regulated by 1,25D. These mechanisms 

together constitute an intricate feedback regulation that is dedicated to maintain a 

consistent serum calcium-phosphate balance. 
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Fig. 1.1. Summary of the role of vitamin D in the regulation of calcium-phosphate 

homeostasis. (A) Regulation of serum calcium (Ca2+) level by vitamin D and 

parathyroid hormone (PTH). (B) Coordination of fibroblast growth factor 23 (FGF23), 

its co-receptor Klotho and vitamin D within the regulation of serum levels of Ca2+ and 

phosphate (HPO4
-). Negative feedback effects are presented with dashed lines. 25D; 

25-hydroxyvitamin D. 1,25D; 1α,25-dihydroxyvitamin D. 1,24,25D; 1α,24,25-

trihydroxyvitamin D.  
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1.2.1.3. Anti-cancer effects of vitamin D 

 

One of the ‘non-classical’ effects of vitamin D effects that has received much attention 

is its potential anti-cancer effects, with a large number of reports supporting that 

vitamin D levels counter-correlate with increased incidences/development of colon, 

breast, prostate and skin cancers (Garland et al., 1985; Skowronski et al., 1993; 

Kamradt et al., 2003). In fact, vitamin D and its synthetic derivative have been proven 

in a number of experimental systems to have potential utility to limit the development 

and progress of several of these cancers, although an established clinical application 

still remains to be established and validated  (Garland et al., 2006). The major 

mechanism underlying the anti-cancer effect is considered to be the intrinsic anti-

proliferative function of vitamin D that employs multiple pathways (Fleet et al., 2012). 

As a direct mechanism, vitamin D is involved in the expression of cell cycle regulators 

such as p21, cyclins and cyclin-dependent kinase (CDK), and treating certain cancer 

cells with 1,25D causes cell cycle arrest. Vitamin D also affects the cellular response 

to growth factors and cytokines, such as insulin-like growth factor (IGF) and 

transforming growth factor β (TGFβ). Vitamin D induces the expression of IGF 

binding protein 3 (IGFBP3), which is secreted from cells and binds to IGF, and in 

doing so provides a potential defence against the progression of cancer (LeRoith and 

Roberts, 2003). TGFβ2, on the other hand, has an anti-proliferative property, and this 

factor is induced by vitamin D together with its receptors, leading to an attenuation of 

cellular proliferation. Vitamin D has also been suggested to trigger other cellular 

events, such as apoptosis and DNA repair (Welsh, 1994; Krishnan et al., 2004; Wu-

Wong et al., 2006), and these different pathways in concert mediate the anti-

proliferative effect of vitamin D. These anti-cancer effects, however, can be impaired 

in some cancer types, as they often have abnormally high level of CYP24A1 

expression, which significantly reduces the local efficacy of vitamin D. Therefore, a 

combinatorial treatment with a CYP24A1 inhibitor could be considered as the most 

effective therapeutic application of a vitamin D-based treatment, and in fact a number 

of CYP24A1 inhibitors have been shown to enhance anti-proliferative effect of 

vitaimin D against cancer cells in cell-based experimental settings (Beumer et al., 

2012; Zhang et al., 2012; Luo et al., 2013).  
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1.2.2. Nuclear receptors 

 

1.2.2.1. Molecular structure of nuclear receptors 

 

Nuclear receptors share a conserved structure that contains five functional domains, 

each with distinct roles: activation function 1 (AF-1), DNA-binding (DBD), hinge, 

ligand-binding (LBD) and AF-2 domains (Fig. 1.2A; Agaard et al., 2011; Robinson-

Rechavi et al., 2003). AF-2, often referred to as the AF-2 region, can be regarded as a 

C-terminal extension of the LBD and indeed functions in concert with this domain. 

The DBD and LBDs are essential units for enabling nuclear receptors to function as 

ligand-dependent transactivators and therefore structurally highly conserved among 

all the family members. The DBD is responsible for the recognition and association 

of specific DNA motifs within target genes, and consists of the core zinc finger motif, 

followed immediately by a C-terminal extension (CTE). The DBD core contains two 

zinc finger motifs along with two, highly conserved α-helices that ensure a highly 

sequence-specific DNA association. The CTE, by contrast, is subject to a high degree 

of diversity, and therefore has been suggested to confer an additional sequence 

specificity to the nuclear receptor-DNA association (Melvin et al., 2004; Little et al., 

2006; Chandra et al., 2008). The LBD exhibits a globular structure that consists of 11-

13 α-helices and 2-4 β-sheets, which are very similar among all nuclear receptors. As 

the primary structural component responsible for the ligand-responsiveness of 

receptors, upon binding of cognate ligand LBDs undergo an allosteric conformational 

change in concert with the AF-2 domain, repositioning the AF-2 onto the LBD to 

create a “cleft” or platform that provides a surface for coactivator interaction (Renaud 

et al. 1995; Wagner et al. 1995). Apart from these domains that underpin the 

fundamental function of nuclear receptors, the N-terminal AF-1 and the hinge domain 

spanning between the DBD and LBD add a diversity to the regulation of individual 

receptors. Despite this predominant aspect of their nature, nuclear receptors often 

exhibit ligand-independent transactivity, mediated by the AF-1 through recruitment of 

coactivators in response to other (non-ligand) stimuli, such as MAPK-mediated 

phosphorylation (Tremblay et al. 1999; Metzger et al., 1995). The AF-1 varies in 

amino acid sequence among receptors, with some almost totally lacking in this domain, 

and thus differentiates the functionality of individual receptor. The hinge domain is 

poorly conserved among nuclear receptors and appears to be mere a flexible linker 



11 

 

between DBD and LBD, which is therefore considered to determine the orientation of 

the two domains relative to each other. However, this linker has recently been found 

to have a wider functional impact on the transactivity of nuclear receptors. Besides the 

LBD, the hinge region is also capable of interacting with coregulators, with this 

interaction often dependent upon or modulated by post-translational modifications on 

this region (Jeong et al., 2004; Lee et al., 2006). Furthermore, post-translational 

modifications on the hinge have been reported to affect the recognition of DNA 

sequence by DBD (Haelens et al., 2007).  

 

 

1.2.2.2. Functional mechanism of nuclear receptor 

 

The molecular mechanism of transactivation is largely conserved among nuclear 

receptors (Fig. 1.2B): homo/heterodimerisation, recognition of specific DNA 

sequence (responsive element (RE); see 1.2.2.3. Responsive element association of 

nuclear receptors) and recruitment of coactivators and transcription machinery (see 

1.2.2.4. Transactivation by nuclear receptors). However, the mechanism is subject to 

variation according to their class, with respect to dimerisation, subcellular localisation 

and the role of ligand (Agaard et al., 2011). Class I nuclear receptors, which recognise 

steroids such as estrogen (ER), androgen (AR) and glucocorticoids (GR), are primarily 

found in the cytoplasm in the unliganded state, with ligand-binding triggering their 

homodimerisation and nuclear translocation, then initiating the transactivation upon 

binding to their respective RE. Class II nuclear receptors such as VDR, LXR and RXR, 

on the other hand, form heterodimers with RXR, with RXR itself capable of 

complexing as a homodimer. They are generally located in the nucleus independent of 

ligand and capable of forming dimers, although this is contentious due to their nucleo-

cytoplasmic shuttling property (Prüfer et al., 2000; Klopot et al., 2007; Prüfer and 

Boudreaux, 2007). In the absence of ligand, many class II dimers are bound to their 

respective RE, and engaged in a repression of their target genes through associating 

with corepressors (see 1.2.2.5. Transrepression by class II nuclear receptors). Upon 

binding to their ligand, the dimers dissolve the corepressor complex and transactivate 

their target genes. Class III nuclear receptors, which include estrogen receptor-related 

receptor (ERR), possess similar properties to class I, but are unique in that they are 

capable of binding to their RE without dimerisation.  
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1.2.2.3. Responsive element association of nuclear receptors 

 

The DNA-binding domain is highly conserved among nuclear receptors and 

commonly recognises either of two patterns of consensus hexanucleotide, AGGTCA 

or AGAACA. Reflecting the dimerisation mode of nuclear receptors, REs typically 

consist of two repeats of these sequences, in either a direct (direct repeat; DR) or 

inverted (inverted repeat; IR) orientation, with a varying number of nucleotide bases 

as ‘spacers’ between repeats (Agaard et al., 2011). The orientation (DR or IR) and the 

size of the spacer reflect how two nuclear receptor monomers physically interact with 

each other, and thus define a unique RE sequence for each homodimer/heterodimer. 

Class I nuclear receptors recognise AGAACA, and their homodimers bind to IR-type 

REs, with ER and AR being exceptions, which bind to REs consisting of IR AGGTCA 

and DR AGAACA, respectively (Schwabe et al., 1993; Shaffer et al., 2004). Class II 

nuclear receptors, on the other hand, consistently recognise AGGTCA and their REs 

are of the DR type. For example, the VDR/RXR heterodimer is known to bind to a 

direct repeat of AGGTCA with a three-base-pair spacer, designated as DR3, with RXR 

and VDR binding to 5’- and 3’-half site, respectively (Mangelsdorf and Evans, 1995; 

Orlov et al., 2012). Class III nuclear receptors are able to bind their REs without 

dimerisation, and in this case a class III monomer associates with the AGGTCA and 

an adjacent specific short sequence via its DBD and hinge domain, respectively (Little 

et al., 2006). The intimate relationship between nuclear receptor dimers and specific 

type of REs is being confirmed with a genome-wide scope by recent studies that 

employ next-generation sequencing technology-based method such as chromatin 

immunoprecipitation sequencing (ChIP-seq; Biddie et al., 2010; Ramagopalan et al., 

2010).  

 

 

1.2.2.4. Transactivation by nuclear receptors 

 

On the promoter, the ligand-bound nuclear receptor dimers trigger formation of a 

transactivation complex, which induces the transcription of their target genes 

(Robinson-Rechavi et al., 2003; Aagaard et al., 2011). The initial step of the complex 

formation is a recruitment of coactivators to the promoter, and this is mediated by 

physical interaction between the LBD and AF-2 domains of nuclear receptors and an 
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LXXLL (X represents any amino acid) motif located within coactivators (McInerney 

et al., 1998; Savkur and Burris, 2004). The p160 class of coactivators, represented by 

SRC1/NCoA1, SRC2/TIF2/GRIP1/NCoA2 and SRC3/pCIP/ACTR/AIB1 are 

involved in transactivation of a wide range of nuclear receptors, and possess multiple 

LXXLL motifs within their nuclear receptor interaction domain (Leo and Chen, 2000), 

indicative of their role as the primary coactivator of nuclear receptors. p160 

coactivators have also been shown to possess a histone acetyltranferase (HAT) activity 

and are considered to induce a local chromatin remodelling by increasing the 

acetylation of histones, increasing the accessibility of DNA for transcription (Struhl, 

1998). Another class of coactivator is the TRAP/DRIP complex, which represents a 

core unit of the Mediator complex that eventually associates with RNA polymerase 

machinery (Larivière et al., 2012; Allen and Taatjes, 2015). One of the TRAP/DRIP 

subunits, TRAP220/DRIP205, contains two LXXLL motifs, and thus interacts with 

LBD/AF-2 domain of nuclear receptor, anchoring the entire TRAP/DRIP complex to 

the promoter-associated receptor (Malik et al., 2004). 

 

  

1.2.2.5. Transrepression by class II nuclear receptors 

 

In addition to the transactivation, class II nuclear receptors are engaged in a repression 

of their target genes in their unliganded state (Sever and Glass, 2013). Biding to their 

REs on the promoter, the unliganded form of class II heterodimers recruit corepressors 

such as SMRT (silencing mediator of RAR and TR; Liao et al., 2003), RIP140 

(receptor-interacting protein 140; L'Horset et al., 1996) and SHP (small heterodimer 

partner; Lee et al., 2000b; Nishizawa et al., 2002), establishing a repression state (Lee 

et al., 2001). Corepressors interact with nuclear receptors via LXX(I/H)XX(I/L) 

motifs, which appear to be an extended version of the LXXLL found within 

coactivators, and the motif is designed to associate with the unliganded LBD-AF2 

surface, providing a mechanistic basis to the “switching” from receptor-corepressor to 

receptor-coactivator interaction in response to ligand. Whether VDR follows this 

model is, however, currently uncertain. VDR is known to undergo “nuclear 

translocation” upon binding to its ligand, entailing heterodimerisation of RXR 

(Haussler et al., 1998; Haussler et al., 2011). In addition, VDR-corepressor 

interactions have not been clearly established, while evidence on VDR-coactivators 
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have been available from more than two decades ago, suggesting that molecular action 

of VDR is closer to class I nuclear receptors rather than class II. However, the relative 

abundance of nuclear VDR varies among different cell types, with VDR not 

undergoing an apparent nuclear translocation in certain types of cells that are rich in 

nuclear VDR (Peleg and Nguyen, 2010; discussed in Chapter III 3.3. Ubiquitination), 

and this, along with indications that the VDR/RXR heterodimer is capable of 

recruiting corepressors (Sánchez-Martínez et al., 2008; Meyer and Pike, 2013), might 

suggest that VDR is an atypical class II nuclear receptor whose behaviour is highly 

subject to the context of specific cell type.  
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Fig. 1.2. Domains and molecular actions of nuclear receptors. (A) Schematic 

model representing general domain composition of nuclear receptors. (B) General 

model for molecular action shared among nuclear receptors during transactivation. 

Green oval represents a nuclear receptor receiving it cognate ligand, and red oval 

represents another nuclear receptor that serves as its heterodimeric partner. 
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1.2.3. Small ubiquitin-like modifier (SUMO) 

 

1.2.3.1. Biological function of SUMO 

 

SUMO was firstly identified in mammals as a ubiquitin-like protein (Ubl) that 

modified and regulated RanGAP (Matunis et al., 1996; Mahajan et al., 1997). Like 

other ubiquitin-like proteins such as NEDD8 and ISG15, SUMO highly resembles 

ubiquitin in molecular structure, being folded into the “ubiquitin fold” consisting of a 

β-sheet and two α-helices (Herrmann et al., 2007). Despite this similarity, SUMO 

shows only 20% identity to ubiquitin at amino acid sequence level, and thus possesses 

a distinct pattern of surface charge from that of ubiquitin, as well as an N-terminal 

extension that is unique to this Ubl, suggestive of a distinct function (Herrmann et al., 

2007). The human genome has four SUMO genes encoding SUMO1, SUMO2, 

SUMO3 and SUMO4 proteins (Baczyk et al., 2017; Hay, 2005), with all isotypes 

ubiquitously expressed except for SUMO4 that is only found in renal, immune, 

pancreatic and kidney cells (Guo et al., 2004, Baczyk et al., 2017). The role of SUMO4 

as a modifier is questionable, as it adopts a form that is conjugation-incompetent after 

maturation (see 1.2.3.2 Mechanism of SUMOyaltion), though its involvement in the 

regulation of certain cellular events have been reported (Guo et al., 2004; Baczyk et 

al., 2017).  At amino acid level, SUMO2 and SUMO3 share a 97% of their primary 

structure, but they only show 50% identity to SUMO1. SUMOylation leads to different 

consequences than that of ubiquitination. As expected from the sequence variation, 

SUMO1 has been shown to have its own unique profile of substrate preference, while 

the individual behaviours of SUMO2 and SUMO3 isoforms are difficult to dissect 

because of their high degree of identity, therefore often being referred to as SUMO2/3 

(Vertegaal et al., 2006). Furthermore, SUMO2/3, but not SUMO1, are capable of 

forming a poly-SUMO chain similar to a polyubiquitin chain, due to lysine residues 

located at their N-terminal region that do not exist on SUMO1. This capacity to form 

poly-SUMO chains has been shown to play a different role from either mono-

SUMOylation or polyubiquitination (Vertegaal, 2010). While not being a part of poly-

SUMO chain formation, SUMO1 can still be added to the end and terminate the 

elongation of the chain by “capping” (Vertegaal, 2010). These molecular level effects 

arising from SUMOylation have relevance at a physiological level, and a failure in 

this process may lead to a development of diseases as implicated by Ubc9 knockout 
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study in mice (Kuehn, 2005). In fact, SUMOylation has been suggested to be involved 

in the development of various diseases/disorders such as cancer, autoimmune disease 

and types of neurodegenerative diseases, although the detailed mechanisms regarding 

how SUMOylation is involved in the development of those conditions still await 

further clarification (Dorval and Fraser, 2007; Sarge and Park-Sarge, 2011; Adorisio 

et al., 2017). For example, SUMOylation has been shown to regulate tumor suppressor 

p53 and Akt/PKB, a kinase involved in cell survival and proliferation, and therefore a 

dysfunction in those SUMO-mediated regulations is suggested to lead to a 

development of cancer (Muller et al., 2000; Li et al., 2013; Rabellino et al., 2017). 

SUMOylation is also implicated in the process of tumor metastasis through regulating 

the activity of focal adhesion kinase and transforming growth factor β, which both are 

involved in epithelial-mesenchymal transition of tumor (Lamouille et al., 2014; 

Sulzmaier et al., 2014).  

 

 

1.2.3.2. Mechanism of SUMOylation 

 

The mechanism of SUMOylation is analogous to that of ubiquitination, which 

involves three classes of enzymes; E1, E2 (conjugase) and E3 (ligase) enzymes (Fig. 

1.3; Gill, 2004; Hay, 2005; Geiss-Friedlander and Melchior, 2007). SUMO is 

expressed as precursor that has an extended C-terminus, and thus needs to be 

processed by SENP to have diglycine (GG) motif at its C-terminal end (maturation). 

The matured SUMO is then covalently attached to the E1 enzyme, SAE1/SAE2 

heterodimer (Desterro et al., 1999; Gong et al., 1999), through a thioester bond 

between the C-terminus of GG motif and the β-thiol group of the catalytic cysteine 

residue (C173) on the SAE2 subunit (activation). Activated SUMO is transferred to 

the E2 conjugase, Ubc9, by forming a thioester bond between its GG and the catalytic 

cysteine (C93) of Ubc9, and this SUMO-bound Ubc9 then associates with the 

substrate and the SUMO moiety is transferred to the ε-amino group on an acceptor 

lysine residue on the substrate. E3 ligases are often involved in the final E2-substrate 

transfer of the SUMO moiety in various ways; enhancing the efficiency or determining 

the sequence specificity of the modification. SUMOylation exhibits a clear preference 

of a lysine residue lying within a particular amino acid sequence context, with 

approximately 50% of SUMOylations occurring on lysine residues within the 
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consensus ΨKX(D/E) (Ψ represents large hydrophobic amino acid and X represents 

any residue) sequence (Impense et al., 2014). In addition, approximately half of the 

remaining identified sites have been shown to occur in either a KX(D/E) or a reversed 

(D/E)XK context, suggesting the importance of an acidic amino acid present near the 

target lysine (Impense et al., 2014).  

 

 

1.2.3.3. De-SUMOylation enzymes: sentrin-specific proteases (SENPs) 

 

SUMOylation is a highly dynamic process that involves both the attachment and 

removal of a SUMO moiety to and from a substrate protein, and to ensure this dynamic, 

sentrin/SUMO-specific proteases (SENPs) undertake three different functions: SUMO 

precursor processing, SUMO deconjugation and SUMO-chain editing (Hay, 2005; 

Hickey et al., 2012). SENPs are cysteine proteases and have six different isoforms, 

which can be, according to the molecular structure and functionality, classified into 

three subclasses. SENP1 and SENP2, though showing predominant nuclear 

localisation, have nuclear localisation (NLS) and nuclear export (NES) signals, and 

hence each display a nucleo-cytoplasmic shuttling property (Kim et al., 2005; Itahana 

et al., 2006). SENP1 is mostly found in speckle-like subnuclear domains, while 

SENP2 has a specific localisation to nuclear pore complexes as well as a subnuclear 

domain localisation that is similar to SENP1 (Chow et al., 2014; Hay, 2007). Both 

SENP1 and SENP2 are involved in the processing of SUMO precursors and act on a 

wide range of substrates to deconjugate all three SUMO isoforms. However, there 

seems to be an isoform preference, if not necessarily strict, as SENP1 prefers SUMO1 

to SUMO2 and SUMO3, whereas SENP2 favours SUMO2 over SUMO1 and SUMO3 

(Reverter and Lima, 2004; Xu and Au, 2005; Kim and Baek, 2009; Kunz et al., 2018). 

SENP3 and SENP5 are considered to have a specific role in nucleoli, as indicated by 

their strict localisation to these subnuclear structures (Gong and Yeh, 2006; Di Bacco 

et al., 2006). In addition, SENP5 seems to have a unique function through its 

distribution to mitochondria during mitosis (Zunino et al., 2009). SENP6 and SENP7 

are structurally highly related and distinct from the other four isoforms in that they are 

solely responsible for the poly-SUMO chain editing process and not involved in 

SUMO precursor processing (Lima and Reverter, 2008). SENP6 displays a 

nucleoplasmic localisation, with an intimate contact to nuclear bodies such as 
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promyelocytic leukemia (PML) nuclear bodies (Mukhopadhyay et al., 2006; 

Hattersley et al., 2011), with its involvement in organisation of the nuclear bodies also 

reported (Hattersley et al., 2011). In addition, SENP6 has been shown to be involved 

in assembly of the spindle apparatus during mitosis (Mukhopadhyay et al. 2010), 

demonstrating an essential role of poly-SUMO chain editing in proper cellular 

function.  
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Fig. 1.3. Mechanism of SUMOylation. (A) Sequential involvement of three enzymes 

in a SUMOylation, along with demodification by SENPs. SENPs are also engaged in 

C-terminal processing of SUMO precursor that reveals C-terminal GG of SUMOs 

necessary for conjugation. SUMO has 4 (SUMO1), 2 (SUMO2) or 11 (SUMO3) 

residues beyond GG to be cleaved off by SENP. SUMO1 isoform is presented in the 

figure as an example. *The involvement of E3 ligase is not always necessary. (B) 

Three conceivable mechanisms of SUMO conjugation by E2 conjugase and E3 ligase. 

I) Ubc9 (E2) directly associates with substrate to transfer SUMO to a lysine residue 

on it. II) An E3 ligase receives SUMO from Ubc9 and then associates with substrate 

to transfer SUMO (E3 ligase activity-dependent process). III) An E3 ligase mediates 

the association between Ubc9 and substrate, assisting SUMO transfer by Ubc9 (E3 

ligase activity-independent process). 
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1.3. Summary of Aims 

 

To unravel the role of SUMOylation within the vitamin D response effectively and 

comprehensively, as well as to provide clues and methodological foundation that 

would accelerate future studies on this biological system, four different approaches 

were taken in this study with each of them carrying distinct objectives.  

 

 

Chapter III – Literature review on post-translational modifications on VDR 

 

To understand how various post-translational modificaitons are involved in the 

regulation of diverse and specific vitamin D response and the position of 

SUMOylation within this layer of molecular regulation of vitamin D signalling.  

 

 

Chapter IV – Role of PIAS4-mediated SUMOylation in the Regulation of VDR 

 

To explore how SUMOylaiton and its modulators, particularly an E3 ligase PIAS4, 

regulate the transactivity of VDR at molecular level.  

 

 

Chapter V – Role of SUMOylation in the Regulation of RXR Function 

 

To address the impact of SUMOylation on the transactivity of RXR and its 

heterodimerisation with other class II nuclear receptors including VDR, aiming to 

obtain insights into potential regulatory role of SUMOylation in vitamin D signalling 

via RXR.  

 

 

Chapter VI – Identification of SUMOylation sites on VDR 

 

To establish a mass spectrometry-based methodology to identify SUMOylation sites 

on VDR, aiming to enhance future SUMO-vitamin D singal study. 



22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II – Materials and Methods 
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2.1. Cell culture and ligands 

 

HEK293 cells were chosen for this study to maintain the consistency in experimental 

condition with the previous studies from our lab (critical results were based on this 

cell line, including the detection of SUMOylation and the PIAS4-mediated repression 

of transactivity of VDR; Jena et al., 2012; Lee et al., 2014), to ensure a high and stable 

transfection efficiency and to save experimental expenses for transfection reagents 

(this cell line accepts calcium-phosphate method for DNA transfection). A prostate 

cancer cell line was also used in this study to address the endogenous effect of SUMO-

mediated regulation of vitamin D signalling, in the wake of emerging role of vitamin 

D as an anti-cancer agent through its involvement in androgen catabolim (Skowronski 

et al., 1993; Zhuang and Burnstein, 1998) as well as its intrinsic anti-proliferative 

effect (Maguire et al., 2012) in this context. LNCap cells were chosen among a number 

of established prostate cancer cell lines due to their availability in the lab (our lab had 

already performed a pilot study using this cell line), their similarity to HEK293 cells 

with regard to apparent molecular trafficking of VDR (VDR translocates into nucleus 

in both cell lines; Figs. 4.4B and 4.5A) and their sensitivity to androgen (Wu et al., 

2013), envisaging future studies addressing the involvement of SUMO- and PIAS4-

mediated regulation of VDR (Jena et al., 2012; Lee et al., 2014) and androgen receport 

(AR; Poukka et al., 2000; Gross et al., 2004) in prostate cancer progress/prevention. 

HEK 293 cells were obtained from the European Collection of Authenticated Cell 

Culture (ECACC; 8512062) and maintained in Dulbecco’s modified eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 

units/ml penicillin and 50 μg/μl streptomycin at 37 °C in a humidified incubator with 

5% CO2 atmosphere. LNCap Clone-FGC cells were obtained from ECACC 

(89110211) and maintained in RPMI medium supplemented with 10% FBS, 2 mM L-

glutamine, 50 units/ml penicillin and 50 μg/μl streptomycin at 37 °C in a humidified 

incubator with 5% CO2 atmosphere. The ligands for VDR (1α,25-dihydroxyvitamin 

D3; 1,25D), RXRα (9-cis retinoic acid; 9-cis RA), PPARγ (GW1929) and LXRα 

(TO901317) were purchased from Sigma-Aldrich (Dorset, UK). 
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2.2. Plasmids 

 

Expression plasmids for human VDR and RXRα, pSG5-hVDR and pSG5-hRXRα, 

respectively, were originally provided to our laboratory by Prof. Mark Haussler, 

College of Medicine, University of Arizona, Phoenix. Constructs encoding FLAG-

tagged SENPs, pFLAG-CMV-SENP1, pFLAG-CMV-SENP2 and pFLAG-CMV-

SENP6, were generously provided by Prof. Edward T. H. Yeh from University of 

Texas M. D. Anderson Cancer Centre. The generation of V5-tagged protein expression 

vectors pcDNA3.1-nV5-VDR, pcDNA3.1-nV5-RXRα, pcDNA3.1-nV5-PIAS4 and 

pcDNA3.1-nV5-PIAS4 W356A have been previously described (Jena et al., 2012). 

The generation of mammalian two hybrid vectors that express the ligand binding 

domain (LBD) of specific nuclear receptors fused to the Gal4 activation domain (AD) 

have been previously detailed (Lee et al., 2014), namely: pCMVAD-VDR (aa 96-427), 

pCMVAD-RXRα (aa 197-462), pCMVAD-PPARγ (aa 166-477) and pCMVAD-

LXRα (aa 104-447). The respective ‘bait’ constructs that encompass the Gal4 DNA-

binding domain (BD) expressed as a hybrid fusion with the receptor interaction 

domains of the tested coregulators, namely: pCMVBD-SRC1 (aa 632-708), 

pCMVBD-SRC2 (aa 640-709), pCMVBD-SRC3 (aa 630-714) and pCMVBD-RXRα 

(full-length) were generated as follows; SRC1 (aa 632-708), SRC2 (aa 640-709), 

SRC3 (aa 630-714) and RXRα were PCR-amplified from human fetal brain cDNA 

library, gel purified and cloned into pDONR201 gateway compatible vector through 

‘BP clonase’ reaction, following manufacturer’s instructions. The expression 

constructs pCMVBD-SRC1 pCMVBD-SRC2 pCMVBD-SRC3 and pCMVBD-

RXRα were then generated by gateway ‘LR clonase’ reaction between the respective 

pDONR201 clones and pCMVBD (Stratagene, San Diego, CA), previously modified 

to be gateway compatible (Lee et al., 2015). The generation of pLUC-RXRE, carrying 

the firefly luciferase gene with tandem retinoid X response elements (RXREs) in the 

promoter, was previously described (Lee et al., 2015). pFLUC reporter plasmid, which 

carries the firefly luciferase gene with five copies of Gal4 response element UAS 

(upstream activation sequence) in the promoter, was purchased from Stragagene. 

Control reporter plasmid pRL-TK, which is designed to constitutively express Renilla 

luciferase in mammalian cells with the activity of thymidine kinase (TK) promoter, 

was purchased from Promega. 
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2.3. Antibodies 

 

Mouse monoclonal anti-VDR D6 and rabbit polyclonal anti-hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) were purchased from Santa Cruz Biotechnology 

(Dallas, TX). Mouse monoclonal anti-β-actin AC-74 was purchased from 

Milliporesigma. Rabbit monoclonal anti-lamin A/C EPR4100 and mouse monoclonal 

anti-V5 epitope tag were purchased from Abcam (Cambridge, UK). Rabbit 

monoclonal anti-PIAS4 D2F12 was purchased from Cell Signalling Technology 

(Danvers, MA). Goat anti-mouse IgG-horse radish peroxidase (HRP) was purchased 

from abcam. Mouse anti-rabbit IgG-HRP was purchased from Santa Cruz 

Biotechnology.  

 

 

2.4. Plasmid transfection 

 

Plasmids were transfected into LNCap cells by using Lipofectamine 2000 (Thermo 

Fisher Scientific) according to manufacturer’s instruction. The medium was refreshed 

at 4 h post-transfection. Plasmids were transfected into HEK293 cells by calcium-

phosphate method with following procedure (see Table 2.1. for reagent volume). The 

medium was replaced with a reduced volume of fresh medium 3-4 h before the 

transfection. Plasmids were mixed with 2M CaCl2 and sterilised distilled water to 

make up plasmid-Ca2+ solution containing 244 mM Ca2+, and then the equal volume 

of 2× HBS (50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4; pH 7.0) was added to 

the plasmid- Ca2+ solution. The transfection mixture was incubated for 20 min at room 

temperature, and then added to the medium. The cells were placed in the CO2 

incubator for 16 h, and the medium was replaced with the original volume of fresh 

medium to complete the transfection. 

 

 

 

 

 



26 

 

Table 2.1. Summary of the volume of medium, 2× HBS and plasmid-Ca2+ solution 

required for calcium-phosphate plasmid transfection.  

format 
surface 

area (cm2) 

medium 

(ml) 

transfection 

medium 

(ml) 

2× HBS 

(μl) 

Plasmid-

Ca2+ 

solution 

(μl) 

96-well 0.32 0.1 0.1 7 7 

24-well 1.9 0.5 0.3 22 22 

6-well 9.6 2 1 100 100 

60-mm 21.5 4 2.5 245 245 

100-mm 56.7 10 6 700 700 

 

 

 

2.5. Western blotting 

 

Protein samples were digested with NuPAGE 4× LDS sample buffer (Thermo Fisher 

Scientific, Waltham, MA) and NuPAGE 10× Reducing Agent (Thermo Fisher 

Scientific), and separated on NuPAGE 4-12% Bis-tris protein gel (Thermo Fisher 

Scientific) at 120 mA/gel, 200 V. The proteins were then transferred onto 

nitrocellulose membrane (GE Healthcare, Chicago, IL) at 20 V for 1 h in transfer 

buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol). The membrane was 

blocked with 5% (w/v) dried fat-free skimmed milk in Tris-buffered saline containing 

Tween-20 [TBS-T; 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween-20 (v/v)] 

for 1 h at room temperature, followed by the incubation with indicated primary 

antibody at 4 °C overnight. The membrane was washed three times with TBS-T and 

then incubated with secondary antibody for 1 h at room temperature. The membrane 

was washed three times with TBS-T, and incubated with Immobilon HRP substrate 

(MilliporeSigma, Burlington, MA) to develop signals. Images of chemiluminescent 

signals were obtained by G:Box XR5 (Integrated Scientific Solution, San Diego, CA). 

Where necessary, quantification of band intensity was performed by using GeneTools 

analysis software (SYSGENE, Cambridge, UK). When re-probing the same 

membrane with different antibodies was required, the membrane was washed twice 

with TBS-T after the acquisition of image, and then incubated in antibody stripping 
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buffer [50 mM Tris-HCl (pH 6.8), 50 mM DTT, 2% SDS (w/v)] at 50-60 °C for 30 

min. The membrane was washed three times with TBS-T, re-blocked with 5% milk in 

TBS-T for 30 min and incubated with another primary antibody. The re-probing 

process was applied to a single membrane no more than twice, in the interest of data 

quality and visibility of protein marker. 

 

 

2.6. Cellular/nuclear fractionation 

 

To biochemically analyse subcellular/subnuclear distribution of VDR, cells were 

subjected to cellular/nuclear fractionation as previously described (Fogal et al., 2000). 

Briefly, cells were separated into cytoplasm and nucleus with hypotonic lysis buffer 

with low concentration of non-ionic detergent, followed by separation of proteins 

closely associated with chromatin and nuclear matrix/skeleton from other nuclear 

proteins by using hypertonic buffer with high concentration of non-ionic detergent. 

HEK293 or LNCap cells were seeded on 6-well plates at 5.0×105 or 2.5×105 cells/well, 

respectively, and the next day, were transfected with 2 μg of pcDNA3.1-nV5 or 

pcDNA3.1-nV5-PIAS4 WT. The cells were treated with 0.1% ethanol (vehicle 

control) or 10 nM 1,25D for 24 h from 24 h  post-transfection, and lysed in 150 μl of 

RIPA buffer [25 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.5% Igepal CA-630, 0.5% 

sodium deoxycholate, 0.2% sodium dodecylsulfate, 1 mM ethylenediaminetetr-acetic 

acid (EDTA; pH 8.0), 1 mM dithiothreitol (DTT), 10% glycerol, 1% protease inhibitor 

cocktail (sigma)] to obtain whole cell lysate or 150 ul of nuclear extraction buffer [25 

mM Tris-HCl (pH 7.8), 10 mM KCl, 1.5 mM MgCl2, 0.1% Igepal CA-630 (v/v), 1 

mM DTT, 10% glycerol (v/v), 1% protease inhibitor cocktail (sigma)] to proceed to 

cellular/nuclear fractionation procedure. For the cellular/nuclear fractionation, the first 

lysates were vortexed and centrifuged at 800×g for 5 min at 4 °C to separate the nuclei 

as pellet, collecting the supernatant as cytoplasmic fraction. The pellet was suspended 

in 150 μl of chromatin/matrix extraction buffer [25 mM Tris-HCl (pH 7.8), 350 mM 

NaCl, 1% Igepal CA-630 (v/v), 1 mM EDTA (pH 8.0), 1 mM DTT, 10% glycerol 

(v/v), 1% protease inhibitor cocktail], and centrifuged at 15,000×g for 10 min at 4 °C. 

The supernatant was collected as nuclear soluble fraction, while the pellet was 

dissolved in 150 μl of RIPA buffer with a brief sonication, designated as nuclear 

insoluble fraction. Protein concentration in those fractions was determined by using 
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DC Protein Assay Kit (Bio-Rad), and cytoplasmic (30 μg), nuclear soluble (10 μg) 

and nuclear insoluble (6 μg) fractions, along with whole cell lysates (50 μg), 

containing indicated amount of protein were analysed by western blotting analysis. 

 

 

2.7. Chemical separation of soluble from insoluble cellular materials 

 

To analyse proteins tightly associated with nuclear matrix (skeleton), cells were 

exposed to lysis buffer with 0.02% SDS with an intention to destroy protein-protein 

association, and in this condition, minimal chromatin and nuclear matrix/skeleton 

components together with proteins tightly associated with those structures were 

considered to be separated as insoluble material from the rest of cells. HEK293 cells 

were seeded on 6-well plates at 5.0×105 cells/well, and the next day, were transfected 

with 2 μg of pcDNA3.1-nV5, pcDNA3.1-nV5-PIAS4 or pcDNA3.1-nV5-PIAS4 

W356A. At 24 h post-transfection, the cells were lysed in 150 μl of RIPA buffer [25 

mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.5% Igepal CA-630, 0.5% sodium 

deoxycholate, 0.2% SDS, 1 mM EDTA (pH 8.0), 1 mM DTT, 10% glycerol, 1% 

protease inhibitor cocktail] to obtain whole cell lysate or 150 ul of separation buffer 

[25 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.5% Igepal CA-630, 0.5% sodium 

deoxycholate, 0.02% SDS, 1 mM EDTA (pH 8.0), 1 mM DTT, 10% glycerol, 1% 

protease inhibitor cocktail] to separate insoluble from soluble cellular components. 

The latter was centrifuged at 15,000×g for 10 min at 4 °C, and the supernatant was 

collected as soluble materials, while the pellet was dissolved in 150 μl of RIPA buffer 

with a brief sonication, designated as insoluble materials. Protein concentration in 

those samples was determined by using DC Protein Assay Kit (Bio-Rad), and soluble 

(40 μg) and insoluble (10 μg) materials, along with whole cell lysates (50 μg), 

containing indicated amount of protein were analysed by western blotting analysis. 

 

 

2.8. Chromatin dissociation assay 

 

Salt resistance of protein-protein or protein-DNA interaction varies depending on 

involved protein species and/or cellular compartments (O'Brien et al., 1998; Hakes 

and Berezney, 1999), and as such, it can be an index to estimate how those interactions 
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are altered in strength and/or character under certain condition. As for transcription 

factors, it has been reported that ER-chromatin association becomes more salt-

resistant when the receptor is engaged in transactivation (Foulds et al., 2008). To 

evaluate the potential effect of PIAS4 on the association of VDR with chromatin, or 

possibly the nuclear matrix, nuclei were extracted from 1,25D-treated cells and then 

exposed to increasing concentration of salt to investigate if and how the salt resistance 

of nuclear VDR was altered by co-expression of PIAS4. HEK293 cells were seeded 

on 100-mm dishes at 2×106 cells/dish, and the follow day, transfected with 8 μg of 

pcDNA3.1-nV5, pcDNA3.1-nV5-PIAS4 or pcDNA3.1-nV5-PIAS4 W356A. The 

cells were treated with 10 nM 1,25D from 24 h post-transfection for 24 h to induce 

nuclear translocation of VDR, and then lysed in 1 ml of nuclear extraction buffer 

described in Cellular/nuclear fractionation. The lysates were vortexed and split into 

10×100 μl volumes, all of which were centrifuged at 800×g for 5 min at 4 °C to obtain 

10 identical pellets containing nuclei. One was dissolved in 100 μl of RIPA buffer to 

obtain whole nuclear lysate, and the other nine were suspended in 100 μl of chromatin 

dissociation buffer with different NaCl concentration [25 mM Tris-HCl (pH 7.8), 10, 

50, 100, 150, 200, 250, 300 or 350 mM NaCl, 1% Igepal CA-630 (v/v), 1 mM EDTA 

(pH 8.0), 1 mM DTT, 10% glycerol (v/v), 1% protease inhibitor cocktail]. The 

suspensions were centrifuged at 15,000×g for 10 min at 4 °C, and the supernatants 

were collected as proteins dissociated from chromatin/nuclear matrix. The protein 

concentration in whole nuclear lysate was determined by use of DC Protein Assay Kit 

(Bio-Rad), and the volume corresponding to 20 μg protein was calculated. The 

determined volume was taken from each dissociated protein fraction as well as whole 

nuclear lysate, and together analysed by western blotting. 

 

 

2.9. Mammalian two-hybrid assay for nuclear receptor-coregulator interaction 

 

A mammalian two-hybrid reporter system was used to assess the interaction between 

nuclear receptor and coregulators (Fig. 2.1). This system exploits a regulatory 

mechanism of galactose metabolism-related genes in S. cerevisiae, in which Gal4 

transcription factor recognises promoter element upstream activation sequence (UAS) 

via its DNA-binding domain (BD) and transactivates gene transcription via its 

activation domain (AD). In this case, I employed constructs that expressed hybrid 
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proteins consisting of the ligand binding domains (LBDs) from selected nuclear 

receptors fused to the AD (prey) and receptor interaction domains from tested 

coregulators fused to the BD (bait). Interactions between the tested combinations of 

expressed bait and prey were evaluated by using a reporter construct that carries firefly 

luciferase gene with five repeats of UAS in the promoter (pFLUC). HEK293 cells 

were seeded on 96-well plates at 40,000 cells/well the day before, and transfected with 

45 ng of pCMVAD-VDR LBD or pCMVAD-RXRα LBD, 45 ng of pCMVBD-

coregulator, 150 ng of pFLUC and 10 ng of pRL-TK. At 24 h post-transfection, ligand 

for VDR (10 nM 1,25D) or RXR (1 μM 9-cis RA), or vehicle control (0.1% EtOH or 

DMSO, respectively), was added to the medium, and 24 h later, the cells were 

processed with Dual Luciferase Reporter Assay System reagents (Promega, Madison, 

WI) according to manufacturer’s instruction. Chemifluorescent signal derived from 

luciferase activity was measured by FLUOstar Omega multi-plate reader (BMG 

LABTECH, Ortenberg, Germany). The activity of firefly luciferase was normalised 

based on that of Renilla luciferase. When necessary, fold-enhancement of luciferase 

activity was calculated by dividing the activity in the presence of ligand by that 

observed for vehicle control. 
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Fig. 2.1. Mammalian two-hybrid assay. (A) A simplified schematic model 

representing Gal4-dependent gene regulation. Upon its activation, which is triggered 

by galactose, Gal4 binds to UAS (upstream activation sequence) via its N-terminal 

DNA-binding domain (BD) and transactivates downstream genes (target genes; 

galactose-induced genes) via its C-terminal activation domain (AD). (B,C) 

Mechanistic principle of mammalian two-hybrid system used in this study. For 

evaluating the interation between two proteins (X, Y), expression plasmids for AD-X 

(prey) and BD-Y (bait) fusion proteins, along with pFLUC reporter construct that 

carries five tandem UASs and firefly luciferase gene, were transfected into 

mammalian cells (HEK293 cells in this study). When the interaction between X and 

Y occurs (B), the reporter gene is transactivated, leading to an expression of firefly 

luciferase. In the absence of such interaction (C), however, AD domain on the prey 

construct is unable to transactivate the reporter gene, hance no increase in firefly 

luciferase expresison. With these mechanisms, the activity of firefly luciferase 

indicates the presence, and also the degree of, interaction between the two proteins 

tested. The bait-prey interaction could occur on all five repeats of UASs on the 

promoter to enhance the expression of firefly luciferase more efficiently than a single 

UAS, which ensures high sensitivity and singal/noise ratio of this experimental system. 
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2.10. Mammalian two-hybrid assay for RXR heterodimer formation 

 

A mammalian two-hybrid (M2H) system was exploited to evaluate how the wild type 

form of RXRα (RXRα WT) its SUMO deficient forms (RXRα K108R, K245R and 

K108R/K245R) each interact with other class II nuclear receptors (heterodimerisation). 

This involved generation of BD ‘bait’ constructs that encoded each RXRαform and 

‘prey’ vectors that express hybrid proteins consisting of the LBDs of VDR, PPARγ or 

LXRα fused to the Gal4 AD. HEK293 cells were seeded on 96-well plates at 40,000 

cells/well the day before, and transfected with 45 ng each of the respective 

combination of BD bait and AD prey constructs in combination with 150 ng of pFLUC 

and 10 ng of the pRL-TK normalization control. At 24 h post-transfection, ligands for 

VDR (10 nM 1,25D), PPARγ (1 μM GW1929) or LXRα (1 μM TO901317), or vehicle 

control (0.1% EtOH or DMSO) were added to the medium. After incubation with 

ligand for further 24 hrs, the cells were lysed and subjected to the measurement of 

luciferase reporter activity as described in section 2.9. Mammalian two-hybrid assay 

for nuclear receptor-coregulator interaction. When necessary, fold-enhancement of 

luciferase activity was calculated by dividing the reporter activity obtained in the 

presence of ligand over that in the presence of vehicle control. 

 

 

2.11. Gene expression analysis through quantitative real-time PCR 

 

LNCap cells were seeded on 60-mm dishes at 1×106 cells/dish, and the following day, 

transfected with 1 μg each of pcDNA3.1-nV5-PIAS4 WT, pcDNA3.1-nV5-PIAS4 

W356A or parent vector control. At 24 h post-transfection, the cells were treated with 

10 nM 1,25D or vehicle control (0.1% ethanol) for 24 h, and then processed for gene 

expression analysis by real-time PCR. Total RNA was extracted from the cells by use 

of RNeasy Plus Mini Kit (Qiagen) following procedures detailed by manufacturer. 

Two micro grams of RNA was then reverse-transcribed into complementary DNA 

(cDNA) using SuperScript II RT Enzyme Kit (Invitrogen) and oligo dT primer 

(Invitrogen) following the manufacturers instruction. Twenty five nanograms of 

cDNA were amplified in a 10 μl reaction containing 5 μl of 2× LightCycler 480 Probes 

Master Mix (Roche) and 0.5 μl of the appropriate Real-Time Ready probe (Roche) for 
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selected target and reference control genes (HPRT1). Amplification was performed on 

a LightCycler 480 Instrument II (Roche) and resulting plots were analysed by 

LightCycler 480 software to obtain Ct (cycle threshold) values for each gene and 

treatment. Relative quantity of mRNA was then calculated using the Ct values based 

on ΔCt method. Assay IDs of Real-Time Ready probes for target genes are 

summarised in Table 2.2. 

 

 

Table 2.2. Real-Time Ready probe Assay IDs and target genes. 

Target Gene Assay ID 

HPRT 102079 

CYP24A1 114955 

CYP3A4 135760 

CYP3A5 112269 

HSD17B2 139783 

CDH1 142319 

IGFBP3 110956 

 

 

 

2.12. RXRα homodimer transactivation reporter assays 

 

The transactivity of the RXRα homodimer was evaluated by use of a reporter assay 

that employed a firefly luciferase-based construct that incorporated three copies of the 

RXRE inserted upstream (pLUC-RXRE). HEK293 cells were seeded in 24-well plates 

at 5×104 cells/well, and the next day, transfected with 75ng of pSG5-hRXRα, 600 ng 

of pLUC-RXRE and 30 ng of pRL-TK. The cells were treated with 1 μM 9-cis retinoic 

acid or vehicle control (0.1% dimethyl sulfoxide; DMSO) for 24h, and then subjected 

to the measurement of luciferase activity as described in 2.9. Mammalian two-hybrid 

assay for nuclear receptor-coregulator interaction. pSG5-hRXRα was replaced with 

pSG5-hRXRα K108R, pSG5-hRXRα K245R or pSG5-hRXRα K108R/K245R to 

investigate the effect of  substitution of SUMO acceptors sites, whereas pcDNA3.1-

nV5-PIAS4, pcDNA3.1-nV5-PIAS4 W356A or parent control vector was co-
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transfected for investigating the impact of PIAS4 expression and its E3 ligase activity 

on RXRα homodimer functionality. To examine the effect of de-SUMOylation on the 

transactivity of RXRα homodimer, pFLAG-CMV-SENP1, pFLAG-CMV-SENP2 or 

pFLAG-CMV-SENP6 was co-transfected. 

 

 

2.13. SUMOylation assay 

 

HEK293 cells were seeded in a 100-mm dish at 2×106 cells per dish, and the next day 

they received via transient transfection, the appropriate combinations of 5 µg of 

pcDNA3.1-nV5-VDR or pcDNA3.1-nV5-RXRα, 5 µg of pcDNA3.1-His6-SUMO2, 3 

µg of pcDNA3.1-Ubc9 and 2 µg of pcDNA-HA-PIAS4. At 24 h post-transfection, the 

cells were washed twice with ice-cold phosphate-buffered saline (PBS; 8.1 mM 

Na2HPO4, 1.67 mM NaH2PO4, 137 mM NaCl, 2.68 mM KCl) and lysed in 250 µl of 

Lysis buffer [25 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.5% Igepal CA-630, 0.5% 

sodium deoxycholate, 0.2% SDS, 1 mM EDTA (pH 8.0), 1 mM DTT, 20 mM N-

ethylmaleimide, 10% glycerol, 1% protease inhibitor cocktail (Sigma Aldrich, Dorset, 

UK)] for 30 min on ice. The lysate was briefly processed through sonication and 

centrifuged at 15,000×g for 10 min at 4 ºC to remove insoluble debris. The 

concentration of proteins in the lysates were determined by using DC Protein Assay 

Kit (Bio-Rad). Fifty micrograms of proteins were analysed by western blotting 

analysis to confirm expression of transfected proteins. One milligram of protein was 

then subjected to immunoprecipitation with an anti-V5 antibody. All procedures in the 

immunoprecipitation were performed at 4 ºC. The lysates were diluted with 

immunoprecipitation (IP) buffer [25 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.1% 

Igepal CA-630, 1 mM EDTA (pH 8.0), 1 mM DTT, 0.2% protease inhibitor cocktail] 

until the total volume was 800 µl, and incubated with 20 µl of goat anti-V5 agarose 

(Invitrogen) overnight with constant agitation. The agarose beads were washed twice 

with 1 ml of IP buffer and incubated with 25 µl of 3× sample buffer [75 % (v/v) 4× 

LDS Sample Buffer (Thermo Fisher Scientific), 20% (v/v) 10× Reducing Agent 

(Thermo Fisher Scientific), 5% (v/v) RIPA buffer] for 5 min at 95 ºC to elute and 

denature the precipitates, followed by rapid chilling on ice. The samples were briefly 
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centrifuged, and 20 µl of the supernatants were analysed by western blotting with the 

monoclonal anti-V5 antibody. 

 

 

2.14. Site-directed mutagenesis 

 

Site-directed mutagenesis was performed by using QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) following the 

manufacturer’s instructions. A primer pair was designed to introduce the desired point-

mutation(s) using the on-line QuikChange Primer Design software, 

(http://www.genomics.agilent.com/primerDesignProgram.jsp) supported by Agilent 

Technologies. The primer sequences are shown in Table 2.3. One hundred nanograms 

of template plasmid and 125 ng each of primer pair were mixed with the reagents 

supplied with the kit, and then processed on a thermal cycler with the following 

condition; 95ºC for 2 min, 18 cycles of 95 ºC for 20 sec, 58 ºC for 10 sec and 68ºC for 

30 sec/kb of template plasmid, and 68 ºC for 5 min. The reaction mix was digested 

with DpnI and then transformed into XL-gold E.coli competent cells. After overnight 

incubation at 37 ºC, three to four colonies were randomly selected from each plate and 

plasmids were isolated from corresponding overnight cultures through miniprep 

protocol (Thermo Fisher Scientific) before confirmation of desired sequence change 

through DNA sequencing (QUB Genomic Services). The resulting sequence readings 

were compared with coding nucleotide sequence data for SUMO1 (CCDS ID: 2352.1) 

or SUMO2 (CCDS ID: 45773.1) from Consensus Coding Sequence (CCDS) project 

(https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi) by BLAST Global Align 

algorithm provided by National Center for Biotechcnology Information (NCBI; 

https://www.ncbi.nlm.nih.gov/). Plasmid DNA that harboured positive introduction of 

mutation were then used to are-transform DH5α E.coli, from which plasmids were 

purified through large scale plasmid preparations (maxiprep; Thermo Fisher 

Scientific) for subsequent use in transfection. 
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Table 2.3. Primers for site-directed mutagenesis. 

Desired 

mutation 
Primer sequence (5’-3’) 

SUMO1 

Q92R 

Forward 

GATGTGATTGAAGTTTATCGGGAACAAACGGGGGGT 

SUMO1 

Q92R 

Reverse 

ACCCCCCGTTTGTTCCCGATAAACTTCAATCACATC 

SUMO2 

Q88R 

Forward 

TGAAGATACAATTGATGTGTTCAGACAGCAGACGGGAGGTGT 

SUMO2 

Q88R 

Reverse 

ACACCTCCCGTCTGCTGTCTGAACACATCAATTGTATCTTCA 

SUMO2 

T91K 

Forward 

AATTGATGTGTTCCAACAGCAGAAGGGAGGTGTCTA 

SUMO2 

T91K 

Reverse 

TAGACACCTCCCTTCTGCTGTTGGAACACATCAATT 

The site of mutation is indicated by underline. 

 

 

2.15. Statistical analysis 

 

Differences between two independent groups (with n ≥ 3) were statistically evaluated 

using the two-tailed Student’s t-test. When three or more independent groups were to 

be compared, Analysis of Variance (ANOVA) was applied to statistically evaluate 

differences among them, which was followed by Tukey’s honestly significant 

difference (HSD) post hoc test to specify which particular groups differed. Differences 

with P < 0.05 were considered to be statistically significant.  
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Chapter III – Literature Review on Post-translational Modifications of VDR 
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3.1. Introduction 

 

Vitamin D, through its active hormonal form 1α,25-dihydroxyvitamin D (1,25D), is 

known to trigger a wide variety of cellular responses in a cell type- and tissue-specific 

manner. The established biological actions of vitamin D concern the maintenance of 

calcium-phosphate homeostasis, but vitamin D-driven effects have been also 

attributed to be involved in the regulation of such diverse processes as immunity, 

metabolism, cell growth and differentiation (Bikle, 2009). Accordingly, with such a 

spectrum of activities, a lack or deficiency of vitamin D has been implicated to 

contribute to the development of various diseases, including osteoporosis, cancer, 

autoimmunity and diabetes (Adams and Hewison, 2010), and as such, it has been a 

long-standing challenge to understand the mechanisms that govern the vitamin D 

response. The vitamin D transcriptional network is orchestrated by its cognate vitamin 

D receptor (VDR), which is a member of the nuclear receptor superfamily, a group of 

hormone/ligand-dependent transcription factors (Haussler et al., 2011; Aagaard et al., 

2011). Upon binding 1,25D, VDR forms a heterodimer with another nuclear receptor, 

retinoic X receptor (RXR), which then binds to specific vitamin D response elements 

(VDRE) located throughout the upstream and distal regions of target genes, and 

coordinate the requisite transcriptional machinery for appropriate gene expression 

(Perissi and Rosenfeld, 2005). Besides this rather linear molecular workflow, the 

notion that a single factor gives rise to such a range of outcomes suggests the presence 

of additional mechanisms by which VDR communicates with the specific cellular 

environment to modulate the vitamin D response accordingly. Detailed molecular 

studies intimate that post-translational modifications of VDR may be a potential 

contributing factor that enables context-specific vitamin D responses.  

Post-translational modifications provide for their substrate proteins an 

additional level of functional control that is reversible and interactive. A covalent 

attachment of a small chemical group (e.g. acetyl, phosphate, methyl) or small protein 

(e.g. ubiquitin) to the target protein can give rise to an alteration in its function ranging 

from subtle fine-tuning to a dramatic switch in property (Seo and Lee, 2004; Deribe 

et al., 2010). Post-translational modifications can be thought of representing a mode 

of signal transduction that conveys a cellular or external cue down through a cascade 

leading to appropriate changes to target protein function (Seo and Lee, 2004; Deribe 

et al., 2010). However, it is not uncommon that a single protein is subject to multiple 
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modifications that differentially modulate the functional mode of the substrate protein, 

and such scenarios represent intricate regulatory systems through which those proteins 

exert an appropriate effect in a given cellular environment (Peterson and Laniel, 2004; 

Oeckinghaus and Ghosh, 2009; Gu and Zhu, 2012). Tumour protein p53, for example, 

is one of the best-studied multifunctional proteins whose function is intricately 

controlled by various post-translational modifications such as phosphorylation, 

acetylation and ubiquitination (Gu and Zhu, 2012). p53 plays an important role within 

vital cellular physiological regulations including cell cycle, apoptosis and autophagy. 

It is becoming clear that these different functional aspects are selectively directed by 

concerted regulation through various patterns of post-translational modifications, 

which serve as “codes” on p53 that reflect particular cellular environments (Gu and 

Zhu, 2012). Similarly, it is conceivable that post-translational modifications may serve 

as a mechanism through which VDR communicates with its cellular environment to 

elicit a specific cellular response, and therefore, “decoding” specific roles for each 

post-translational modification on VDR will be a critical step for a better 

understanding of the complex modulatory system that underpins vitamin D response. 

Based on past and ongoing studies, it is becoming evident that a number of 

different species including phosphate, acetyl, ubiquitin and SUMO target VDR as a 

substrate. Although many of these are still under characterisation and elucidation for 

their physiological relevance, it is a highly attractive proposal that the differential 

modifications can confer vitamin D signalling a level of complexity and further 

opportunity to incorporate cellular cues in determining mode/extent of response. This 

review summarises the compiled evidence on post-translational modifications on 

VDR and then discusses the functional implications in terms of crosstalk with cellular 

signalling pathways.  
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Fig. 3.1. Primary structure of VDR and post-translational modifications. The 

schematic model shows domain composition of VDR and the location of various post-

translational modifications relative the domains. Enzymes responsible for the 

modulation of each one of those modifications are also represented with an indication 

of their regulatory orientation. AF1: activation function 1, DBD: DNA-binding 

domain, LBD: ligand-binding domain, AF2: activation function 2. Post-translational 

modifications are indicated as P: phosphorylation, U: ubiquitination, S: SUMOylation 

and A: acetylation. 
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3.2. Phosphorylation 

 

Phosphorylation is a covalent attachment of phosphate group to a substrate protein, 

with the modification status of the substrate determined through the activities of 

interacting protein kinases and phosphatases (Kemp and Pearson, 1990; Mumby and 

Walter, 1993; Hunter, 1995). The most common form of phosphorylation is that 

directed to serine/threonine residues regulated by specific serine/threonine 

kinases/phosphatases. On the other hand, a distinct group of protein kinases and 

phosphatases, tyrosine kinases/phosphatases, modulate phosphorylation on tyrosine 

residues, with some of such kinases being proven to exhibit a dual-specificity towards 

both serine/threonine and tyrosine (Schlessinger and Ullrich 1992; Lindberg et al., 

1995). A phosphorylation event can induce a local or even global change in the 

substrate structure that results in an activation or repression of the target protein 

function, such as enzymatic or transcriptional activity (Han et al., 2017). A number of 

nuclear receptors, despite their ligand-dependent nature, have been reported to receive 

phosphorylation, indicating the capacity to facilitate crosstalk between nuclear 

receptor- and kinase cascade-mediated signalling pathways (Rochette-Egly, 2003). 

Phosphorylation of estrogen receptor (ER), for instance, is known to occur at multiple 

serine/threonine and tyrosine sites (Lannigan, 2003), with these modifications 

impacting on varying functional aspects of ER such as nucleo-cytoplasmic trafficking 

(Lee and Bai, 2002), sensitivity to the ligand (Cui et al., 2004) and DNA-binding 

(Arnold et al., 1995). Many class II nuclear receptors are also known to be 

phosphorylated (Elias et al., 2014; Gineste et al., 2008; Samarut et al., 2011; Chen et 

al., 2006; Rochette-Egly, 2003), including VDR, for which this event has been the 

subject of extensive investigation compared to other forms posttranslational 

modifications. 

VDR has been demonstrated to be capable of receiving the phosphate tag at a 

number of different serine residues (S51, S182, S208 and S222) with responsible 

kinases identified. S208 represents the best-characterized site in terms of functional 

impact. S208 is positioned in the N-terminal region of the ligand-binding domain 

(LBD), within a sequence recognized as a casein kinase II (CK-II) consensus motif 

(Meggio and Pinna, 2003; Robinson-Rechavi et al., 2003; Aagaard et al., 2011). The 

evidence for this has been presented through in vitro biochemical assays that show 

CK-II to phosphorylate VDR at S208 in COS-7 cells, involving overexpression of 
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exogenous human VDR and the CK-II catalytic subunit (Jones et al., 1991; Hilliard et 

al., 1994; Jurutka et al., 1996; Arriagata et al., 2007). In addition, an S208G mutant 

VDR, overexpressed in COS-7 cells, exhibits substantially reduced levels of 

phosphorylation (Jurutka et al., 1993b; Jurutka et al., 1996), suggesting an endogenous 

kinase, which may not be CK-II itself, phosphorylates VDR at S208. That S208 resides 

in the important interaction surface for heterodimerization with the retinoid X receptor 

(RXR) or other coregulators implies a possible functional role for phosphorylation at 

this site in such critical steps during transactivation. However, it remains to be 

demonstrated that this modification can contribute to the regulation of VDR at the 

endogenous level. Although the overall level of phosphorylation exhibits a positive 

correlation with VDR transactivity (Jurutka et al., 1993a), the CK-II-mediated 

phosphorylation of VDR does not show a dependency upon the liganded state of VDR 

(Jurutka et al., 1993a; Jurutka et al., 1993b), with phospho-deficient (S208A, S208A) 

or phospho-mimetic (S208D, S208E) mutations having little consequence upon VDR 

transactivity (Hilliard et al., 1994; Jurutka et al., 1996). Supporting the minor impact 

of those mutations on VDR transactivity, S208D mutation has been proven to have no 

impact on the ability of VDR to bind to DNA or interact with RXR (Arriagata et al., 

2007).  

Despite the evidence against it, some observations still support S208 

phosphorylation to have a role in the regulation of VDR transactivity. An enhanced 

CK-II-mediated phosphorylation of VDR increases the level of its transactivity, albeit 

with no apparent changes in DNA-binding, RXR interaction or nuclear translocation. 

This is reversed with the S208G or S208A mutations (Jurutka et al., 1996), suggesting 

that the phosphorylation of VDR at S208 may play an indirect role in the CK-II-

mediated enhancement of VDR transactivity. A possible explanation for these 

contradictory findings may lie in the recombinant systems used in these investigation; 

overexpression of human VDR in a non-human primate cell line (COS-7 and COS-1 

cells). Another possibility is that the effect of the introduced mutations may be 

counteracted by alternative phosphorylations at nearby serines, as has been shown for 

S208A mutant (Hilliard et al., 1994). The sequence surrounding S208 contains 

alternative serine residues following the CK-II consensus rule, and therefore possibly 

phosphorylated when that of S208 is silenced. The possibility of alternative 

phosphorylation indicates the region surrounding S208 may be under strong pressure 

of phosphorylation, which is supportive of a functional necessity of S208 
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phosphorylation in VDR biology. This is supported through an in vitro observation 

that CK-II-enhanced phosphorylation of VDR increases its interaction with 

TRAP220/DRIP205 component of the Mediator complex (McKenna et al., 1999) in 

the presence of 1,25D, with S208D mutation resulting in the same effect (Arriagata et 

al., 2007). This observation reinforces the idea that CK-II-mediated phosphorylation 

of VDR may regulates its activity of VDR by modulating its pattern of interaction with 

coregulators. A similar process may underpin interaction between VDR and the SRC3 

coactivator, which has been demonstrated to be dependent upon VDR phosphorylation 

in human leukemia cells (Gupta et al., 2016), although the specific involvement of 

S208 has not been clarified.  

The functional relevance of S208 phosphorylation in the regulation of VDR 

transactivity is further supported by a study showing a strong positive correlation 

between the two. S208 phosphorylation of VDR increases in response to 1,25D in HL-

60 cells, and co-treatment of those cells with a glycogen synthase kinase 3 (GSK3) 

inhibitor (SB415286) dramatically enhances the 1,25D-induced phosphorylation, with 

SB415286 alone not able to enhance it (Gupta et al., 2016). The co-treatment also 

enhances the transactivity of VDR and the interaction between VDR and SRC3, 

suggesting that there is a functional cause-effect relationship among S208 

phosphorylation, the VDR-SRC3 interaction and the enhanced transactivity of VDR 

along with a crosstalk between vitamin D and GSK3-regulated signals (Grimes and 

Jope, 2001; Rayasam et al., 2009). In THP-1 cells, a human monocytic cell line, 

however, S208 phosphorylation increases only when the cells are co-treated with 

1,25D and SB415286, with neither of them alone causing any increase (Gupta et al., 

2016), and this, together with the observation on HL-60 cells, emphasises the existence 

of the crosstalk and a possibility that S208 phosphorylation plays a unique role as a 

receiver of signals from other pathways. GSK3 is a serine/threonine kinase that is 

involved in various signalling pathways that regulate vital cellular events such as cell 

cycle and apoptosis (Grimes and Jope, 2001; Rayasam et al., 2009), and therefore, the 

potential crosstalk between VDR- and GSK-regulated signals underscores the 

multiplicity of vitamin D signals that may have influence on a wide range of cellular 

activities.  

Although not as well characterised as the S208 site, a number of additional 

serine phosphorylation sites within VDR and their targeting kinases have been 

identified. S222, also located within the LBD, appears to be phosphorylated by the 
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DNA damage response signalling kinase ATM (ataxia telangiectasia mutated; Lee and 

Paull, 2007), to enhance VDR transactivity (Ting et al., 2011). The ATM-driven effect 

on VDR activity is diminished but not completely abrogated through substitution of 

S222 with alanine (S222A), while completely unaffected by the S208G mutation (Ting 

et al., 2011). Intriguingly, introduction of the double mutation (S208G/S222A) results 

in a complete abolishment of the VDR response to ATM-mediated phosphorylation, 

suggesting that modification at these two sites underpins a cooperative or synergistic 

mechanism, or alternatively that S208 serves as the alternative phosphorylation site, 

partially compensating for silencing of S222 through mutation (Ting et al., 2011). 

ATM may have at least one additional VDR target as intimated through the modest 

levels of phosphorylation detected within a fragment encompassing amino acids 110-

268 of VDR that also harbours mutations at S208 and S222. Such a site may again 

represent an alternative, but low-priority acceptor that becomes noted following 

introduction of the double S208/S222 mutation. ATM-mediated phosphorylation at 

S222 (and S208) may represent a capacity of VDR to sense DNA damage and 

accelerate an appropriate cellular response. Indeed, vitamin D has been shown to up-

regulate the expression of such DNA repair genes as RAD50 and ATM itself 

(Krishnan et al., 2004; Wu-Wong et al., 2006) and increase the rate of cell survival 

under genotoxic stresses, with these effects abolished through introduction of the 

S208G/S222A double mutation on VDR (De Haes et al., 2003; De Haes et al., 2005; 

Ting et al., 2011). These interactions between VDR and ATM may represent an 

elegant mode of positive feedback in response to DNA damage. However, whether the 

ATM-mediated phosphorylation enables a selective targeting of VDR regulation 

towards specific subsets of genes is currently unknown, as the expression of CYP24A1, 

a gene related to vitamin D catabolism, is also suggested to be modulated by ATM-

mediated phosphorylation of VDR (Ting et al., 2011). This is a concept that awaits 

further clarification in future studies. 

Another phosphorylation site located within the N-terminal portion of the VDR 

LBD is S182, demonstrated to be targeted by protein kinase A (PKA; Hardie et al., 

2012). S182 resides in a unique quadruple serine cluster (S182-S185) and of the four 

consecutive serines, PKA selectively targets S182 for phosphorylation when examined 

though in vitro analysis (Hsieh et al., 2004). The phosphorylation at S182 accounts 

for a substantial portion of the total phosphorylation of VDR as noted through studies 

involving overexpression of the S182A VDR mutation COS-7 cells (Hsieh et al., 
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2004). Phosphorylation by PKA has been consistently shown to have a negative 

impact upon VDR transactivity based on reporter assays (Jurutka et al., 1993c; 

Nakajima et al., 2000; Hsieh et al., 2004), an effect centred through phosphorylation 

at S182. Cell-based reporter assays involving overexpression of VDR have 

demonstrated that agonist-mediated activation of PKA leads to a strong attenuation of 

the VDR response to ligand (Nakajima et al., 2000). Further investigations that utilised 

the combined overexpression of mutant or wild type forms of VDR with PKA signify 

that phosphor-mimetic S182D mutant form exhibits a 50% reduction in transcriptional 

responsiveness to ligand, with phospho-deficient S182A form exhibiting comparable 

levels of transactivation to that of the wild type VDR. A mechanistic basis for this 

negative mode of regulation by PKA may be through an impaired capacity of the 

phosphorylated VDR to form a heterodimeric complex with RXR, as suggested by the 

reduced levels of RXR association exhibited by the S108D mutant compared to wild 

type VDR (Hsieh et al., 2004). These combined data suggest PKA-mediated 

phosphorylation on S182 to represent a convergence of the vitamin D and PKA-

mediated signal pathways, through which the vitamin D response is negatively 

moderated when PKA signalling is active. Importantly, the activation of PKA 

signalling has also been reported to induce the expression of VDR in certain cell types 

(Yang et al., 2001), and this multifunctional kinase also inhibits GSK-3 (Fang et al., 

2000), the kinase implied to be involved in S208 phosphorylation on VDR, suggesting 

a multi-layered regulation of VDR activity by PKA. Furthermore, there is the potential 

for PKA-mediated regulation of vitamin D signalling to be subject to cell type-specific 

context, as PKA has been shown to enhance, but not repress, vitamin D-induced target 

gene expression in cell lines derived from osteoblastic cells and syncytiotrophoblasts 

in fashion that could be gene-selective (Yang et al., 2001; Avila et al., 2007). Thus, 

regulation of vitamin D signalling by PKA may represent an intriguing that can confer 

a cell type and gene-specific vitamin D response. 

VDR can be phosphorylated in vitro by PKCβ with the site of modification 

identified as highly specific for S51, which is positioned between two zinc-finger 

motifs (Hsieh et al., 1991). Among the three PKC isotypes, PKCα, β and γ (Newton, 

1995), PKCβ seems to play a specific role in VDR phosphorylation, since only this 

isotype is able to phosphorylate rat VDR in an in vitro examination (Hsieh et al., 1991). 

Consistent with the in vitro observations, cell-based studies confirm that S51 

phosphorylation on VDR can be regulated by cellular PKC signalling, with VDR 



47 

 

phosphorylation levels in CV-1 cells enhanced following PKC activation by phorbol 

12-myristate 13-acetate (PMA), while S51G mutation nullifying this effect (Hsieh et 

al., 1991). Located in the midst of the DNA-binding motif, S51 phosphorylation 

appears to have a direct impact on this aspect of VDR function. PKCβ inhibits DNA-

binding of VDR in a dose-dependent manner in vitro (Hsieh et al., 1993), highlighting 

S51 phosphorylation to have a negative impact on the VDR transactivity by hindering 

its DNA association. Supporting this idea, the phospho-mimetic mutation S51D 

abolishes the DNA-binding and has a detrimental effect on the transactivity of VDR 

with the S51A mutation having relatively little effect on these processes (Hsieh et al., 

1993). While these observations provide a consistent evidence for an inhibitory role 

of PKCβ-mediated S51 phosphorylation on the DNA-binding of VDR, there seems to 

be a fragility to amino acid mutations in this particular VDR region. In contrast to 

S51A, the S51G mutation, which also abolishes PKCβ-mediated phosphorylation, 

rather impairs VDR transactivity (Hsieh et al., 1991; Hsieh et al., 1993), in addition 

to DNA-association (Hsieh et al., 1993). Although contradictory, it is possible that the 

effect of S51G mutation may largely arises from structural challenges rather than the 

loss of phosphorylation. Indeed, mutations at neighbouring K53Q/R54G/K55E and 

R49W/R50G also lead to a loss of DNA-binding (Hsieh et al., 1993), suggesting that 

certain substitution may create extra flexibility within this linker region spanning the 

two zinc fingers that could lead to impaired DNA binding and transactivation. Even a 

small structural alteration, S51T, impairs the transactivity of VDR, providing a support 

to the structural strictness of the DNA-binding motif for the transactivation by VDR. 

Considering such potential sensitivity of this motif to mutation-induced structural 

alterations, the specific role of S51 phosphorylation within the PKC-mediated 

repression of vitamin D signalling may still be arguable and subject to further analyses 

and verification through a number of  different systems and cellular context. Besides, 

the multifaceted involvement of PKC in the cellular response to 1,25D has been an 

active area of study for decades, revealing an intimate relationship between PKC 

activation and vitamin D response that include the regulation of VDR expression 

(Krishnan and Feldman, 1991) and non-genomic rapid cellular response to 1,25D 

(Simboli-Campbell et al., 1994). To dissect the impact of PKC-mediated 

phosphorylation of VDR from such a complex regulatory system, better understanding 

of other lines of PKC mediated regulation of vitamin D response will also be essential. 
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A large number of past studies with different scopes has uncovered that 

vitamin D signalling is intimately tied to various cellular signalling via 

phosphorylation (Fig. 3.2). With the implication of specific kinases involved in 

different phosphorylation sites on VDR, vitamin D signalling lies in a network in 

which it responds to different cellular condition and then triggers an appropriate 

cellular response. However, there are a few aspects yet to be further clarified, such as 

the endogenous kinases, molecular consequence of phosphorylation and the 

involvement of phosphatases. Approaching those uncertainties will lead to a better 

understanding of phosphorylation-mediated regulatory network on VDR with which 

vitamin D signalling communicates with cellular environment. 
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Fig. 3.2. Cellular kinase signalling intricately regulates the transactivity of VDR 

via its phosphorylation. CK-II (casein kinase II), ATM (ataxia telangiectasia-

mutated), PKA (protein kinase A) and PKC (protein kinase C) modulates the 

transactivity of VDR responding to their cognate stimuli (representative examples are 

shown for each kinase signalling). CK-II phosphorylates VDR at S208, and potentiates 

it by enhancing its interaction with Mediator complex, which plays a critical role 

within transactivation, particularly in the recruitment of RNA polymerase machinery 

(Pol). ATM is responsible for S208 and S222 phosphorylation and enhances the 

transactivity of VDR, though the mechanism is yet to be defined. PKA, by 

phosphorylating S182 on VDR, impairs its heterodimerisation with RXR, thus down-

regulating the transactivity. However, PKA can enhance the transactivity in some 

cases, due probably to an increased expression of VDR triggered by PKA signalling. 

PKC targets S51, and by the phosphorylation impairs DNA-binding of VDR, reducing 

its transactivity. In addition to those kinases, GSK3 (glycogen synthase kinase 3) and 

intracellular calcium ion (Ca2+) possibly play a part within this regulatory network, 

though not directly involved in the phosphorylation of VDR. Especially, GSK3 is 

shared among different kinase signalling, implying its role in a multifaceted, 

phosphorylation-mediated regulation of VDR, and in fact suggested to have a negative 

influence on CK-II-mediated regulation of VDR. PTH: parathyroid hormone. VDRE: 

vitamin D response element. CoA: coactivator. 
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3.3. Ubiquitination 

 

Ubiquitin is a small, 8.6 kDa protein that is expressed in almost all eukaryotic cells, 

with its attachment (ubiquitination) representing a fundamental cellular system for 

controlling the behaviour/fate of its substrate proteins (Komander and Rape, 2012; 

Swatek and Komander, 2016). Ubiquitination occurs at lysine residues on substrate 

proteins, involving a covalent amide bond between the C-terminal carboxyl group of 

ubiquitin and ε-amino group of the acceptor lysine, but the conjugation can also occur 

on the α-amino group of an N-terminal methionine, though its occurrence is 

significantly more limited (Ciechanover and Ben-Saadon, 2004). Ubiquitination 

involves three classes of enzymes; E1, E2 (conjugase) and E3 (ligase), with their 

orderly involvement being the key to specific conjugation to a target substrate 

(Scheffner et al., 1995). The E3 ligases, represented by hundreds of members 

comprising four distinct subgroups; HECT, RING-finger, U-box and PHD-finger, 

particularly play a crucial part in determining substrate specificity via a direct 

interaction (Ardley and Robinson, 2005; Nakayama and Nakayama, 2006). 

Ubiquitination is a reversible process with ubiquitin-specific proteases, 

deubiquitinases (DUBs), which are responsible for the removal of the ubiquitin moiety 

from the modified substrate. There are nearly 100 human DUBs that have been 

identified, and, together with E3 ligases, they regulate the steady state of ubiquitination 

for their specific substrates (Wilkinson, 2009; Mevissen and Komander, 2017). This 

modification leads to a functional alteration of substrate protein, mostly through 

creating a new interaction surface for effector proteins containing ubiquitin-binding 

domains (UBDs) that are diverse in their structure (Haglund and Dikic, 2005). 

Ubiquitin itself can be ubiquitinated at either one of its seven lysines (K6, K11, K27, 

K29, K33, K48 and K63) and N-terminal methionine (M1), which leads to a formation 

of polyubiquitin chain on the substrate protein with varying topology. Such 

structurally diverse polyubiquitinations play an important role in a multitude of 

different cellular events in a topology-specific manner (Komander and Rape, 2012; 

Akutsu et al., 2016). The K48-linked chain, for instance, has been shown to primarily 

earmark substrates for 26S proteasome-mediated degradation (Roos-Mattjus and 

Sistonen, 2004; Finley, 2009), whereas a K63-linked chain is widely involved in the 

regulation of endocytic vesicular transport system (Haglund and Dikic, 2005). 

Ubiquitination is also involved in transcriptional regulation at multiple layers, often 
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involving deactivation of transcription factors through polyubiquitination-mediated 

degradation (Conaway et al., 2002; Muratani and Tansey, 2003). Ubiquitination-

mediated regulation of nuclear receptors is primarily associated with the ubiquitin-

proteasome degradation system, with this proteolytic process shown to play a role in 

controlling basal level of receptor (Tateishi et al., 2004; Kemper et al., 2009; Kim et 

al., 2009), their turnover on gene promoters (Dace et al., 2000; Blanquart et al., 2002; 

Reid et al., 2003) or other functional aspects such as DNA-binding (Kim et al., 2009). 

Besides the established role of polyubiquitination, however, there is increasing 

evidence for roles of monoubiquitination in nuclear receptor regulation (La Rosa et al., 

2011; Rodrígueza et al., 2015), revealing a complexity of ubiquitination-mediated 

regulation of nuclear receptor function. 

Ubiquitination is involved in the regulation of vitamin D signalling, primarily 

via degradation of the receptor through the ubiquitin-proteasome system. Inhibition of 

the 26S proteasome leads to an increased level of VDR in osteoblast cells, suggesting 

an involvement of polyubiquitination in the maintenance of VDR protein levels 

(Masuyama and MacDonald, 1998; Jääskeläinen et al., 2000). Indeed, VDR has been 

shown to be ubiquitinated in keratinocytes, causing a continuous degradation of the 

receptor, but 1,25D ligand diminishes the modification, thus reducing the rate of 

receptor degradation, which leads to an increase in the levels of VDR protein (Li et 

al., 1999). This evasion of degradation is considered to involve multiple different 

mechanisms, as 1,25D induces translocation of VDR into nucleus and 

heterodimerisation with RXR, while directly preventing a formation of polyubiquitin 

chain on the receptor (Li et al., 1999). In skin cells, ligand binding by itself seems to 

be sufficient to protect VDR from degradation, since the presence of 1,25D inhibits 

VDR degradation as effectively as the proteasome inhibitor MG132 (Li et al., 1999). 

Intriguingly, a synthetic 1,25D analogue, calcipotriene, does not appear to offer the 

same protective effect even though it represents a potent inducer of VDR transactivity 

(Kragballe, 1995), implying that protection against degradation may have a strict 

structural requirement. On the other hand, heterodimerisation and/or nuclear 

translocation, as opposed to binding to 1,25D alone, appears to be critical for this 

protection to occur when assessed in differing contexts, as seen in a study using COS-

1 cells transfected with human VDR carrying mutations that prevent 

heterodimerisatoin with RXR or nuclear translocation, but not binding to 1,25D (Peleg 

and Nguyen, 2010). In either case, polyubiquitination and the subsequent turnover of 
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VDR are considered to play an important role in the rapid and dose-dependent up-

regulation of VDR protein levels in response to ligand, leading to the appropriate 

levels of cellular vitamin D response. This mechanism, however, is not applicable to 

other cell types such as intestinal epithelial cells, where VDR level are not clearly 

enhanced through ligand binding (Peleg and Nguyen, 2010). Caco-2 cells, for example, 

already have an abundant VDR expression in the absence of 1,25D, both in cytoplasm 

and nucleus, with ligand only inducing a slight increase in the total level of VDR, 

while translocating its majority into nucleus to bind to chromatin (Peleg and Nguyen, 

2010). Unliganded VDR in these cells are somehow resistant to proteasome-mediated 

degradation, but the mechanistic and physiological relevance of this resistance 

remains elusive (Peleg and Nguyen, 2010).  

Apart its effects on basal levels of VDR protein, the ubiquitin-proteasome 

system may also play a distinct role in regulating the vitamin D signal. As noted for 

the ubiquitination of AR that is triggered by DNA damage (Changa et al., 2012), the 

proteolytic regulation also dictates a signal-dependent degradation of VDR in response 

to cellular cues such as cellular stress and cell cycle progression (Chi et al., 2009). 

This involves interaction between the cell cycle regulatory kinase CDK11p58 and 

VDR, leading to enhanced polyubiquitination and proteasome-mediated degradation 

of the receptor, resulting in a diminished VDR-mediated transcriptional response to 

1,25D (Chi et al., 2009). Considering that CDK11p58 is specifically expressed in 

G2/M phase cells to regulate cell cycle-related events such as spindle formation, 

centrosome maturation, cell cycle arrest and apoptosis (Easton and Kidd, 1994; 

Petretti et al., 2006; Yun et al., 2007), the CDK11p58-dependent degradation may 

represent a mechanism through which VDR is transiently silenced during mitosis. This 

perspective is consistent with a recent finding that VDR is transcriptionally inert 

during cell division (Cui et al., 2017), although the physiological implications of this 

silencing of VDR in the context of cell cycle control is unknown. Since CDK11p58 

does not possess a ubiquitin ligase activity, its capacity to enhance receptor 

polyubiquitination must involve an unidentified ubiquitin E3 ligase. CDK11p58 is 

also known to be involved in down-regulation of two other nuclear receptors; estrogen 

receptor alpha (ERα) and androgen receptor (AR), with an intact kinase activity 

required for repression of their respective transactivities (Zong et al., 2007; Wang et 

al., 2009). Particularly, CDK11p58 induces degradation of ERα through direct 

interaction with the receptor and promotion of its polyubiquitination, in an analogous 
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process for degradation of VDR (Wang et al., 2009). The likely mechanistic pathway 

may involve a CDK11p58-mediated phosphorylation of the receptor that serves to 

provide an interaction site for the recruitment of an ubiquitin E3 ligase and degradation 

of VDR. Such a process is exemplified by the phosphorylation-dependent recruitment 

of ubiquitin E3 ligases to AR (Linn et al., 2012), providing further support to the 

theory. The specific ubiquitin E3 ligases responsible for polyubiquitination of VDR, 

however, have not been clearly defined, though a recent report suggests a minor factor 

to be involved in this process (Heyne et al., 2015). The RING-finger ubiquitin E3 

ligase MDM2 (murine double minute 2 homologue) is known to inhibit the 

transcriptional activity of the p53 proteins by polyubiquitinating them for proteasome-

mediated degradation (Honda et al., 1997; Wade et al., 2010). Interestingly, this E3 

ligase has also been shown to interact with and control the protein levels of VDR 

(Heyne et al., 2015). Enhanced MDM2 expression leads to a decrease of an 

exogenously overexpressed VDR protein, whereas siRNA-mediated depletion of the 

endogenous MDM2 increases endogenous VDR levels in H1299 cells (Heyne et al., 

2015), suggesting an MDM2-mediated degradation of VDR as the mechanism. While 

it remains to be established if this process involves an actual MDM2-mediated 

polyubiquitination of VDR, it is likely that MDM2 represents a minor E3 ligase in the 

overall targeting of VDR. It is also possible that the simple overexpression of MDM2 

may not immediately lead to enhanced VDR polyubiquitination as MDM2 may 

require additional cofactors or post-translational modifications to fully exert its E3 

ligase activity, as shown by the requirement of CBP and p300 for the MDM2-mediated 

polyubiquitination of p53 (Meek et al., 2004; Shi et al., 2009). Although the degree of 

its contribution to the maintenance of VDR protein level is unclear, MDM2 has been 

suggested to be involved in negative-feedback of vitamin D signalling, with the 

expression of Mdm2 being up-regulated by vitamin D in a mouse cell line (Chen et 

al., 2013), again analogous to the relationship between p53 and MDM2. 

Despite the early findings that suggest a role of ubiquitination in the 

maintenance of VDR protein levels, it is now becoming clear that this process can play 

a much wider role in the overall regulation of vitamin D signalling. However, many 

of important aspects that underpin those processes still remain elusive, including the 

identification of the dominant ubiquitin E3 ligases and sites of modification on VDR, 

though K399 has been suggested as a potential site (Peleg and Nguyen, 2010). In 

addition, given its emerging role in the regulation of other nuclear receptors (La Rosa 
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et al., 2011; Rodrígueza et al., 2015), a potential involvement of monoubiquitination 

represents another unexplored aspect in the regulation of VDR-mediated signalling. 

Finally, the RXR heterodimeric partner is also a substrate of ubiquitination, with its 

polyubiquitination being an essential factor within the maintenance of the turnover of 

transactivation-engaged RXR on the promoter (Boudjelal et al., 2000), and therefore, 

combinatorial effects of VDR and RXR-directed ubiquitination  may contribute to an 

intricate, multi-layered regulation of vitamin D signalling by this modification. 

 

 

3.4. SUMOylation 

 

Conjugation of the small ubiquitin-like modifier (SUMO) to proteins, a process 

commonly referred to as SUMOylation, was only defined less than two decades ago, 

and has been found to play a critical role in regulating the function of many substrate 

proteins, including transcription factors (Geiss-Friedlander and Melchior, 1999; Hay, 

2005; Hay, 2013). SUMOylation employs a conjugation mechanism analogous to that 

of ubiquitination, requiring a sequential, orderly involvement of SUMO-specific E1, 

E2 (conjugase) and E3 (ligase) enzymes, and an efficient de-SUMOylation mediated 

through sentrin/SUMO-specific proteases maintains the reversible nature of this 

modification (SENPs; Hay, 2007; Hickey and Wilson, 2012; Hay, 2013). Unlike 

ubiquitination, the involvement of an E3 ligase is not strictly required for 

SUMOylation, although it plays a similar role for enhancing the specificity to substrate 

and/or the efficiency of conjugation. Instead, the only known specific SUMO E2 

conjugase, Ubc9, directly associates with and transfers SUMO to a target substrate, 

typically occurring on a consensus sequence ΨKX(D/E), which Ubc9 specifically 

recognises (Lin et al., 2002; Yang et al., 2006). Despite its low stoichiometry, 

SUMOylation causes noticeable changes in substrate function, such as stability, 

enzymatic or transcriptional activity and intracellular localisation, with many of these 

effects arising from de novo interactions with proteins that have SUMO-interacting 

motif (SIM; Hecker et al., 2006; Kerscher, 2007). SUMO has three functional isotypes, 

SUMO1 (97 aa in length), SUMO2 (93 aa) and SUMO3 (93 aa), with SUMO2 and 

SUMO3 almost identical to each other (98% amino acid sequence identity) while 

SUMO1 only 40% identical to the other two, and as such, each isotype is considered 

to play distinct regulatory roles within the cell. SUMO2/3, but not SUMO1, can form 
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polySUMO chains in an analogous manner to polyubiquitination, a structure that 

likely plays a distinct role compared to monoSUMOylation (Vertegaal, 2010). With 

these functional and structural variations, together with its occurrence at a limited 

quantity, representing a major challenge, defining the mechanisms that underpin the 

major changes in protein behaviour triggered by small and transient levels of 

SUMOylation has been a growing and intensive subject of research focus. 

Several members of the nuclear receptor family are known as SUMO 

substrates, including FXR (farnesoid X receptor; Balasubramaniyan et al., 2013), 

PPARγ (Yamashita et al., 2004; Shimizu et al., 2006; Diezko et al., 2013), PXR 

(pregnane X receptor; Hu et al., 2008), RXRα (Choi et al., 2006; Lee et al., 2015) and 

AR (Poukka et al., 2000), and, relatively new to this group, VDR was firstly identified 

as SUMO substrate nearly a decade ago (Jena et al., 2012). VDR has not yet been 

found to be SUMOylated at the endogenous level, but only when VDR is enriched 

from cell lysates that also overexpress components of the SUMOylation machinery 

including the SUMO E2 conjugase tested SUMO isoforms, suggesting that the 

stoichiometry of this modification is particularly low for VDR, as also noted for other 

nuclear receptors such as PXR (Jena et al., 2012). The mode of conjugation for VDR 

appears to exhibit a strict isoform preference toward SUMO2 and exists 

predominantly as a mono-SUMOylated form, but VDR may also accommodate oligo-

SUMOylations or multiple mono-SUMOylations when this modification is further 

enhanced by an E3 ligase, protein inhibitor of activated STAT 4 (PIAS4), which has 

been shown to be involved in the SUMOylation of several other transcription factors 

(Jackson, 2001; Jena et al., 2012). While PIAS4 efficiently enhances SUMOylation of 

VDR, an E3-ligase deficient PIAS4 W356A mutant, which has an alanine mutation at 

its catalytically vital tryptophan (Kotaja et al., 2002), does not abolish the 

SUMOylation on VDR (Jena et al., 2012), implying that a portion of VDR 

SUMOylation may be uniquely mediated by a PIAS4-independent mechanism. VDR 

does not possess a lysine positioned within a ‘classical’ SUMO consensus motif 

context, which suggests that SUMOylation events on VDR likely require involvement 

of E3 ligases, but such E3 ligases involved in the SUMOylation of VDR other than 

PIAS4 have not been identified. In parallel to its enhancement of VDR SUMOylation, 

PIAS4 also represses the transactivity of VDR, and this repression again dependent 

upon its intact E3 ligase activity (Jena et al., 2012). Other members of this family that 

possess E3 ligase activity, namely PIAS1 and PIAS3, have also been observed to cause 
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an attenuation in VDR transactivity, albeit less effectively as noted for PIAS4 (Jena et 

al., 2012). However, the question of whether these factors also SUMOylate VDR has 

not yet been examined. Addressing the reversible nature of VDR-targeted 

SUMOylation, two isoforms of SENP, SENP1 and SENP2, are reported to trigger 

robust increases in the transcriptional response to 1,25D while both effectively remove 

the SUMO-tag from VDR (Lee et al., 2014). Furthermore, siRNA-mediated depletion 

of SENP1 in Caco-2 cells results in significantly impaired induction of the endogenous 

CYP24A (Lee et al., 2014). The requirement of SENP in the ligand response is 

reconcilable with the observation that the SUMOylation of VDR dissolves in response 

to 1,25D (Jena et al., 2012), which together offers an insight that the removal of 

SUMOylation on VDR via SENPs is an essential requirement in VDR activation by 

its cognate ligand. The depletion of SENP1, however, has no effect on the expression 

of TRPV6 (transient receptor potential family calcium channel V6) gene, and the 

differential involvement of SENP1 implies possible isoform-specific roles of SENPs 

in the regulation of different subsets of vitamin D target genes, potentially contributing 

to the diverse outcome of vitamin D response. A combination of in silico and 

mutagenesis analyses has revealed that K91 as a minor site of SUMOylation on VDR. 

Consistent with insights provided by the regulation mediated by PIAS4 and SENPs, 

SUMOylation at this site seems to modulate VDR negatively, as the SUMO deficient 

K91R mutant form of VDR exhibits increased transcriptional activity (Lee et al., 

2014). K91 is located in the C-terminal extension region of the VDR zinc finger 

domain, which serves as an essential docking surface to the heterodimeric partner 

RXR, and in fact less conserved changes to the sequential context surrounding K91 

through K91N and E92Q mutations, leads to a loss of transactivation of VDR (Hsieh 

et al., 1999; Hsieh et al., 1995). Likewise, the SUMOylation on K91 may impede 

VDR transactivity by causing an unfavourable structural change for heterodimer 

formation, though the precise molecular mechanism yet needs to be addressed in detail.  

Currently, the available evidence depicts SUMOylation as a negative regulator 

of vitamin D signalling, with PIAS4 and SENPs being specific modulators of the 

SUMOylation status of VDR. Although K91 has been identified as a SUMO acceptor 

site, it represents a minor contribution to the overall SUMO modification of VDR and 

only has modest, although significant, effects on VDR transactivity (Lee et al., 2014). 

Therefore, primary questions that remain to be addressed are the identity and relevance 

of other modification sites and physiological relevance of this mode of modification 



57 

 

within the regulation of vitamin D signalling. PIAS4 is a protein that is also subject to 

post-translational modification (Ihara et al., 2005; Kubota et al., 2011), and thus may 

serve as a mediator of crosstalk between vitamin D and other signalling pathways to 

converge via SUMOylation of VDR. Future attempts to reveal such potential crosstalk, 

as well as to specify SUMOylation sites, their functional role and E3 ligases involved 

will gradually uncover the role of this modification in the regulation of vitamin D 

response. 

 

 

3.5. Acetylation 

 

Acetylation involves the covalent attachment of an acetyl group to an amino group 

within a substrate protein. The acetylation can occur in two different forms; N-terminal 

acetylation and lysine acetylation, each having a distinct functional impact, with the 

latter representing protein acetylation as a post-translational modification (Yang and 

Seto, 2008; Choudhary et al., 2014; Drazic et al., 2016). N-terminal acetylation 

“capping”, occurs at the N-terminal α-amino group during the translation of 80-90% 

of all proteins, and contributes to the appropriate functioning of the modified protein 

for such properties as stability, folding and/or subcellular localisation. Lysine 

acetylation, on the other hand, occurs post-translationally at the ε-amino group of 

acceptor lysine residues within a substrate protein, being catalysed by lysine acetyl 

transferases (KATs), and is reversible with the action of lysine deacetylases (KDACs). 

KATs are classified into three different families, GNAT, CBP/p300 and MYST, and 

they all require acetyl-coenzyme A (acetyl-CoA) as an acetyl group donor in the 

process of lysine acetylation (Dancy and Cole, 2015). KDACs also consist of 

mechanistically distinct groups, represented by the histone deacetylases (HDACs) and 

sirtuin deacetylases (SIRTs), whose enzymatic activities depend upon the presence of 

zinc ion (Zn2+) and nicotinamide adenine dinucleotide (NAD+), respectively (Seto and 

Yoshida, 2014). Lysine acetylation was initially identified on histone proteins (Allfrey 

et al., 1964), a modification now widely known to play an essential role in the 

regulation of chromatin remodelling, entailing transcriptional activation or repression 

(Grunstein, 1997; Gräff and Tsai, 2013). Since then, it is now known that this 

modification also encompasses numerous other proteins involved in the regulation of 
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various cellular functions that include metabolism, gene regulation and cell cycle 

(Yang and Seto, 2008; Choudhary et al., 2014). A lysine acetylation is considered to 

cause a conformational change, as the modification cancels the positive charge of 

lysine side chain and/or impairs hydrogen bonding. In addition, the modification gives 

rise to a new interaction surface for bromodomain-containing (BRD) proteins, which 

possess α-helical bromodomain motif(s) that specifically recognise and bind to 

acetyllysine, with this de novo interaction often accounting for the functional 

alterations that arise from a lysine acetylation (Winston and Allis, 1999; 

Filippakopoulos and Knapp, 2012). There is growing appreciation of lysine 

acetylation as an important regulator of transcription factors, with an increasing 

number of nuclear receptors identified as substrates (Popov et al., 2007; Wang et al., 

2011). Treading far behind those other family members, VDR was reported as a 

substrate three years ago (Sabir et al., 2017). 

The acetylation of VDR has been explored through two separate lines of study, 

which provide insights for how this modification has impact upon vitamin D signalling 

(Sabir et al., 2017; Wei et al., 2018). VDR acetylation has been noted in HEK293 cells, 

HEK293T cells and β-like cells derived from iPS cells. The ligand (1,25D) dissolves 

the majority of acetylation on VDR in a manner similar to that observed for 

SUMOylation of this receptor (Jena et al., 2012), and as such deacetylation may be 

considered to be a part of the activation of VDR (Sabir et al., 2017). One of the SIRT 

group deacetylases, SIRT1, is implicated to mediate this ligand-induced removal of 

acetylation. Enhanced expression of SIRT1 or its activation by resveratrol 

dramatically reduces VDR acetylation to levels similar to that induced by 1,25D, while 

also significantly potentiating VDR transactivity, and this potentiation is impaired 

when SIRT1 is specifically inhibited by EX-527 or replaced with a catalytically 

inactive SIRT1 H363Y mutant (Sabir et al., 2017). K413, located in the final helix of 

the AF-2 region (Robinson-Rechavi et al., 2003; Aagaard et al., 2011), is proposed as 

one of the acetylation sites on VDR, and probably represents a major modification site, 

since K413R mutation remarkably, though not as drastically as resveratrol or 1,25D, 

reduces the level of acetylation on VDR (Sabir et al., 2017). However, resveratrol and 

1,25D are still able to reduce the acetylation on the K413R mutant to a similar level 

of that on the WT counterpart, indicating that SIRT1-mediated deacetylation is 

directed to other unidentified sites besides K413 (Sabir et al., 2017). Contrary to its 

major contribution to the overall levels of VDR acetylation, the role of K413 
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acetylation within receptor transactivation by ligand is unclear. While the K413R 

mutant is potentiated by 1,25D to a greater extent than the WT counterpart, it 

conversely exhibits reduced levels of transactivity in the presence of enhanced 

expression of SIRT1 (Sabir et al., 2017). Considering the location of K413 within 

VDR, it is conceivable that the mutation may have a direct impact on activation 

function, possibly through affecting interactions with accessory proteins or other post-

translational modifications, which may ambiguate the functional impact arising from 

the loss of acetylation at this site (Robinson-Rechavi et al., 2003; Aagaard et al., 2011). 

Apart from its suggested role in an integral part of VDR transactivation in response to 

ligand, SIRT1 may also serve as a signal-dependent enhancer of vitamin D signalling. 

While an enhanced expression of SIRT1 significantly increases the transcription of 

vitamin D target gene (CYP24A1), combining the SIRT1 overexpression with its 

activation by resveratrol dramatically enhances the gene induction, suggesting that an 

activation of SIRT1 in response to particular cellular cues can also lead to an enhanced 

transactivity of VDR (Sabir et al., 2017). SIRT1 is a target of various post-translational 

modifications, with such modifications modulating the enzymatic activity of SIRT1 

according to corresponding cellular signals (Kwon and Ott, 2008). Further exploring 

the relationship between SIRT1-mediated potentiation of VDR and the modulation of 

SIRT1 activity may provide more profound insight for how SIRT1 regulates vitamin 

D signalling through deacetylation in cue to cellular signals. 

Another acetylation site that has been identified is K91, located within the C-

terminal extension of the DNA-binding domain (Wei et al., 2018; Robinson-Rechavi 

et al., 2003; Aagaard et al., 2011). K91 acetylation was originally found in β-like cells 

experimentally differentiated from iPS cells, but is also observable in HEK293T cells 

(Wei et al., 2018). This lysine seems to represent the major acetylation site on VDR, 

since both K91R and K91A mutations nearly abolish the acetylation of VDR in 

HEK293T cells (Wei et al., 2018). The finding, however, does not corroborate the 

precedent observation in HEK293 cells, in which the acetylation on K413 appears to 

account for the major part of total acetylation of VDR (Sabir et al., 2017). This 

contradiction may be due to the variation in experimental conditions, as studies 

focused on K91 were based upon a C-terminally HA-tagged VDR, which may have 

had an impaired acetylation in its C-terminal region (Wei et al., 2018), while the 

contribution of K413 was evaluated based on an untagged VDR (Sabir et al., 2017). 

Vitamin D signalling counteracts the IL1β-induced dysfunction of β-cells by 
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alleviating cellular inflammatory responses, with one mechanism being the 

enhancement of IκB expression, a negative-feedback regulator of the NFκB-mediated 

inflammatory response (Verma et al., 1995; Wei et al., 2017). K91 acetylation of VDR 

plays a pivotal role in this anti-IL1β stress function of vitamin D signalling, as the 

K91R mutant VDR is incapable of enhancing the expression of IκB in response to the 

vitamin D analog, calcipotriol, in IL1β-treated INS1 cells (Wei et al., 2018). From a 

molecular perspective, the acetylated K91 serves as a platform for alternatively 

recruiting different chromatin remodelling complexes to VDR, which involves 

association between acetylated VDR and BRD proteins. Two BRD proteins, BRD7 

and BRD9, interact with VDR in a K91 acetylation-dependent manner, with mutation 

of K91 significantly impairing this association (Wei et al., 2018). The two BRD 

proteins, however, display differential preferences toward the ligand status of VDR. 

BRD9 interacts better with unliganded VDR, while binding of ligand increasing the 

affinity of VDR for BRD7, suggesting that ligand-induced conformational changes 

trigger this functional switch. BRD9 and BRD7 are known to be an essential 

component of BAF (BRG1/BRM-associated factors) and PBAF (polybromo-

associated BAF) complexes, respectively, both of which are chromatin remodelling 

machineries that are involved in transcriptional activation (Kaeser et al., 2008; Kadoch 

et al., 2013; Hodges et al., 2016). The ligand-induced switching from VDR-BRD9 to 

VDR-BRD7 interaction, therefore, leads to a recruitment of PBAF complex while 

displacing BAF complex, and this transition is considered to be crucial to the anti-

IL1β stress role of vitamin D signalling in β-cells, with VDR-associated PBAF 

complex counteracting the IL1β-induced chromatin reorganisation (Wei et al., 2018). 

Apart from the acetyl-K91-dependent recruitment of PBAF, the anti-IL1β function of 

vitamin D signalling also seems highly dependent upon a lysine acetyltransferase 

PCAF (p300/CBP-associating factor; Blanco et al., 1998). An siRNA-mediated 

depletion of PCAF impairs expression of IκB to a higher degree than depletion of 

BAF180, a component of PBAF required for the complex integrity (Thompson, 2009), 

in INS1 cells treated with a combination of IL1β, calcipotriol and iBRD9 (Wei et al., 

2018). PCAF interacts with VDR in an analogous manner to BRD7, increasing its 

association with the receptor in response to calcipotriol and directly enhancing the 

acetylation of VDR (Wei et al., 2018). Since the acetylation of VDR appears to be 

reversed upon ligand binding (Sabir et al., 2017), PCAF probably counteracts this 

ligand-induced deacetylation, maintaining the acetylation at K91 for the recruitment 
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of BRD7-PBAF to VDR. Given this possible role, PCAF may bind to VDR prior to 

BRD7 upon dissociation of BRD9-BAF complex, which perhaps is triggered by 

ligand-induced deacetylation as well as conformational change of the receptor, and re-

acetylates K91 for the recruitment of BRD7-PBAF complex to VDR. Since the effect 

of iBRD9 alone on VDR-BRD7 association is unknown, whether BRD7 strictly 

requires the ligand-bound conformation for its association with VDR needs further 

clarification to gain more precise insights into the molecular interplay on the acetyl-

K91 platform. 

 Although the molecular regulation of VDR by acetylation has just started to be 

explored, this modification is establishing its position as an essential regulator of 

vitamin D signalling, with its involvement suggested as fundamental in VDR 

activation and the signal-dependent modulation of its transactivity. PCAF and SIRT1 

have been shown to have impact on the acetylation of VDR as KAT and KDAC 

enzymes, respectively, and detailing their site specificity and mode of association with 

the receptor will further improve our insight into the molecular mechanism of 

acetylation-mediated regulation of VDR.  

 

 

3.6. Conclusion 

 

A considerable body of evidence compiled since VDR was initially found to be 

phosphorylated highlights VDR as a receptor that is heavily “coded” by various post-

translational modifications. The complex patterns of modifications emphasises that 

VDR functionality is highly subject to modulation through exposure to and 

communication with numerous different environmental cues and cellular signalling 

pathways. Such communications mediated through post-translational modifications 

may therefore represent a major mechanism that governs the diversity and specificity 

of cell type-/tissue-specific vitamin D response, and thus holds the key to the full 

understanding of the molecular regulation underpinning the pleiotropic nature of 

vitamin D. Decoding these intricate layers of regulation, however, will require a 

considerable and consistent effort. Even with phosphorylation of VDR, which 

historically represents the most extensively studied mode of VDR modification, there 

remain considerable important elements of information, such as identification of the 

endogenous kinases and phosphatases that modulate the phosphorylation of individual 
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sites. Despite the detailed documentation of the ubiquitination of VDR, identifying the 

exact modification site(s) within the receptor will be of importance and may also 

provide insight to dissect the potential differential roles of mono- and poly-

ubiquitination within vitamin D signalling. In addition, further study of VDR 

SUMOylation and acetylation, the most recently discovered modifications of this 

receptor, will likely yield novel insights into the vitamin D response under varying 

physiological contexts, with an important first step being identification and 

verification of their sites of modification within VDR (Lee et al., 2014; Sabir et al., 

2017; Wei et al., 2018). In addition to these modifications, it is emerging that VDR 

can receive other post-translational modifications such as glycosylation and tyrosine 

phosphorylation (Hernández-Sánchez et al., 2017; Buitrago et al., 2000), and future 

studies on their role will help decoding other unexplored aspects of vitamin D 

signalling. Probably representing the most complicated aspect of this mode of 

regulation is, however, the possible interplay between these modifications, as 

exemplified by the SUMO-acetyl switches employed by FXR and PXR (Kim et al., 

2015; Cui et al., 2016), ubiquitin-phosphoryl switch for RXR (Adachi et al., 2002) 

and SUMO-ubiquitin interplay on PXR (Cui et al., 2015), in which two different 

events compete for the same receptor and even the same acceptor site to differentially 

regulate the receptor function. Although such interplays have not been reported for 

VDR as yet, it is likely that the large number of modifications observed to occur on 

this receptor have a regulatory influence on one another. Of particular interest is K91 

that is noted to be subject to both acetylation (Wei et al., 2018) and SUMOylation 

(Lee et al., 2014), and addressing how these two modifications interact with each other 

on the same VDR acceptor site will be an intriguing line of investigations in the future 

study. Clarifying the details of this complex network of modifications may take years 

or even decades and cannot be solely dependent on the biochemical approaches that 

have largely been adopted to date. Future advances will certainly require state-of-the-

art analytical systems such as tandem mass spectrometry (Jensen, 2004; Witze et al., 

2007), and hopefully lead to a better understanding of how VDR receives cues from 

the cellular homeostatic status to determine the colour of a vitamin D response. Ahead 

of all those processes, it may become possible to “decode” the pattern of modifications 

on VDR to diagnose the status of vitamin D signalling, enabling us to gain better 

control over the multifarious vitamin D response. 
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Table 3.1. Summary of post-translational modification sites, responsible 

modification enzymes and functional impact on the regulation of VDR. 

phosphorylation kinase phosphatase functional impact* reference** 

S51 PKCβ     ? negative, DNA-

binding ↓ 

1 

S182 PKA     ? negative 

(positive?***), 

heterodimerisation ↓ 

2 

S208 CKII, 

ATM 

    ? positive, Mediator 

complex recruitment 

↑ 

3 

S222 ATM     ? positive 4 

ubiquitination E3 

ligase 

DUB   

   K399? MDM2     ? negative, 

maintenance of VDR 

protein level 

5 

SUMOylation E3 

ligase 

SENP   

K91 PIAS4 SENP1, 

SENP2 

negative 6 

acetylation KAT KDAC   

K91 PCAF     ? positive, recruiting 

PBAF to VDR on the 

promoter 

7 

K413     ? SIRT1 unknown 8 
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*Impact on the transactivity of VDR stated as positive (enhancement) or negative 

(repression), followed by suggested molecular mechanism. **1. Hsieh et al., 1991; 

Hsieh et al., 1993. 2. Jurutka et al., 1993c; Nakajima et al., 2000; Hsieh et al., 2004. 

3. Arriagata et al., 2007; Hilliard et al., 1994; Jones et al., 1991; Jurutka et al., 1996; 

Ting et al., 2011. 4. Ting et al., 2011. 5. Heyne et al., 2015; Peleg and Nguyen, 2010. 

6. Jena et al., 2012; Lee et al., 2014. 7. Wei et al., 2018. 8. Sabir et al., 2017. ***Yang 

et al., 2001; Avila et al., 2007. 
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Chapter IV – Role of PIAS4-mediated SUMOylation in the Regulation of VDR 
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4.1. Introduction 

 

SUMOylation of transcription factors is becoming an essential subject of attention for 

seeking a better understanding of the mechanism of gene regulation. Members of the 

nuclear receptor family, such as AR (Poukka et al., 2000), FXR (Balasubramaniyan et 

al., 2013), PPARγ (Yamashita et al., 2004) and PXR (Hu et al., 2010), have been 

shown to receive this modification, and its functional impact on their gene regulation 

are being uncovered through studies over the past decade (Diezko and Suske, 2013; 

Treuter and Venteclef, 2011). Despite the conserved molecular action shared among 

nuclear receptors during transactivation, their regulation by this modification seems to 

occur in numerous different ways. One characteristic example is the SUMOylation of 

FXR, which is differentially regulated by SUMO1 and SUMO2. SUMO1 modification 

of FXR at K122 and K275 is suggested to play a role in a gene-specific recruitment of 

FXR (Balasubramaniyan et al., 2013), whereas SUMO2 modification at K325 has a 

positive effect on the ligand-induced transactivation of FXR (Bilodeau et al., 2017). 

The SUMOylation of PXR, the nuclear receptor most closely related to VDR, has also 

demonstrated a unique, bimodal effect on the function of the receptor, involving 

different SUMO isoforms. SUMO1 modification of PXR enhances receptor 

transactivity leading to up-regulation of its target genes involved in catabolism of 

xenobiotics (Priyanka et al., 2016), while SUMO3 modification, in a form of poly-

SUMO chain, is required for its anti-inflammatory functions (Hu et al., 2010). Such a 

multi-layered regulation involving different SUMO isoforms in a site-specific manner 

illustrates the role of SUMOylation in controlling the functional switching of those 

nuclear receptors according to cellular/biological context. It is clear that elucidation of 

the individually distinct mechanisms that underpin SUMOylation-mediated regulation 

is essential for a better understanding of the diverse range of nuclear receptor 

functionality.  

In with the wake of other related nuclear receptors, recent studies opened up a 

possibility that vitamin D signalling be also regulated by SUMOylation through the 

modification of VDR (Jena et al., 2012; Lee et al., 2014). VDR has been found to be 

modified preferentially by SUMO2 in HEK293 cells, with PIAS4 (protein inhibitor of 

activated STAT 4) enhancing this SUMOylation in an E3 ligase activity-dependent 

manner, indicating that PIAS4 can serves as a specific SUMO E3 ligase for VDR. 

PIAS4 also attenuates the ligand-dependent transactivity of VDR in an E3 ligase 
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activity-dependent fashion, suggesting a close relationship between VDR 

functionality and the extent of its SUMOylation status. Supporting this idea, SENPs, 

which reverse SUMOylation of VDR, enhance the transcriptional response of VDR to 

ligand, while conversely, siRNA-mediated depletion of SENP1 results in an impaired 

transactivation of VDR (Lee et al., 2014). Moreover, the level of VDR SUMOylation 

becomes diminished when the cells are exposed to 1,25D, suggesting that SUMO 

removal is a process integral to the VDR transactivation. VDR seems to have multiple 

SUMOylation sites, one of which has been identified as K91 that lies within a non-

consensus sequence context (Lee et al., 2014). Although the SUMOylation at K91 

only accounts for a small part of the overall modification of the receptor, a mutation 

of this site to non-modifiable arginine results in a modestly enhanced level of 

transactivity, stressing the negative impact of SUMOylation upon this VDR function. 

In combination, these observations implicate SUMOylation as an important modulator 

of vitamin D signalling, with PIAS4 and SENP being essential components in this 

process. 

Originally defined as repressors of JAK-STAT signalling (Liu et al., 1998; 

Schmidt and Muller, 2003), PIAS family proteins are now widely known to play a 

much wider role in cell biology, regulating numerous transcription factors including a 

number of nuclear receptors (Gross et al., 2004; Palvimo, 2007; Staudinger et al., 

2011; Zhang et al., 2012; Lee et al., 2015). The family consists of PIAS1, PIAS2 

(PIASx), PIAS3 and PIAS4 (PIASy), and they are all known to possess SUMO E3 

ligase activity, for which the well-conserved RING-finger like domain is responsible. 

PIASs share other conserved modules such as SAP (scaffold attachment factor A/B, 

acinus and PIAS) and SIM, by which they bind to specific DNA sequence and SUMO, 

respectively, and are considered to play an important role in regulating transcription 

factors (Jackson, 2001). Based upon its proven function on other proteins (Kipp et al., 

2000), the SAP domain of PIASs is considered to bind to the nuclear matrix attachment 

region (MAR) on chromatin DNA. In fact, PIAS4 is known to associate with the 

nuclear matrix, likely through a PIAS4-MAR association (Sachdev et al., 2001), and 

this property of PIAS4 plays a pivotal role in regulating transcription factors such as 

c-Myb (Dahle et al. 2003), Tcf-4 (Ihara et al., 2005) and LEF1 (Sachdev et al., 2001), 

by sequestering them into nuclear matrix-associated bodies. Among PIAS4-mediated 

regulation of nuclear receptors, one of the best-characterized examples besides VDR 

is that of AR, in which case PIAS4 acts as a corepressor that mediates the interaction 
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between AR and histone deacetylase (HDAC), leading to repression (Gross et al., 

2004). AR has been shown to receive SUMOylation, dependent on the E3 ligase 

activity of PIAS4 (Poukka et al., 2000), but conversely, this repression is independent 

of PIAS4-mediated SUMOylation of the receptor (Gross et al., 2004). On the other 

hand, PIAS4-mediated repression of VDR has been shown to strictly rely on the E3 

ligase activity, suggesting a distinct mechanism of repression may apply for this 

receptor.  

This study aimed to address the mechanisms by which PIAS4 represses VDR 

through its SUMO E3 ligase activity. To obtain an insight at a molecular level, a series 

of biochemical analyses were implemented, designed to investigate the effect of 

PIAS4 on the trafficking of VDR from cytoplasm to chromatin in nucleus in response 

to ligand. In addition, the impact of PIAS4 was evaluated on VDR association with 

transactivation complexes, providing an insight that PIAS4 with its E3 ligase activity 

may alter the pattern of VDR-coregulator interaction in an atypical way.  
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4.2. Results 

 

4.2.1. PIAS4 increases the protein level of VDR in HEK293 cells in an E3 ligase 

activity-independent manner 

 

Our lab previously reported that PIAS4 represses the gene transactivation by VDR in 

an E3 ligase activity-dependent manner, suggesting SUMOylation to be involved in 

this process. Since SUMOylation is often involved in the regulation of protein stability, 

therefore affecting the protein level of substrate proteins (Wei et al., 2007; Yang et al., 

2016), I firstly focused on if and how PIAS4 affected VDR protein levels to seek 

insight for possible mechanisms behind the PIAS4-mediated regulation of VDR (Fig. 

4.1). This involved transfection of HEK293 cells with expression plasmids encoding 

HA-PIAS4 WT or HA-PIAS4 W356A (a single-amino-acid mutation that neutralises 

the catalytically vital tryptophan; Kotaja et al., 2002), in combination with V5-VDR 

and appropriate parent empty vector controls. The cells were treated with 1,25D or 

vehicle control (ethanol) for 24 h, followed by extraction of whole cell lysates and 

analysis by western blotting (Fig. 4.1A). In the control cells that received the empty 

vector, V5-VDR was detected as a distinct, singular band approximately at 55 kDa, 

matching the molecular weight of VDR (53 kDa) tagged with V5 epitope (1.4 kDa), 

with its levels of detection unaffected by the treatment of cells with 1,25D. The 

presence of HA-PIAS4 WT significantly increased the protein level of V5-VDR, an 

effect that was maintained in presence of 1,25D, opposite to what could have been 

speculated from the observed PIAS4-mediated repression of VDR. When HA-PIAS4 

WT was replaced with HA-PIAS4 W356A mutant, V5-VDR exhibited expression 

comparable to that noted with HA-PIAS4 WT, suggesting that PIAS4 may 

increase/stabilise the protein level of VDR in an E3 ligase activity-independent 

manner. Treating cells with 1,25D again had no notable effect on the level of V5-VDR 

applied in combination with HA-PIAS4 W356A. I noticed that HA-PIAS4 W356A 

was not expressed as abundantly as its WT counterpart, and a titration experiment of 

the expression plasmids showed that HA-PIAS4 WT was expressed at approximately 

twice the levels noted with equal amounts of plasmid encoding the W356A mutant, 

evaluated by an anti-PIAS4 antibody (Fig. 4.1B, compare lanes 1 to 5 and 2 to 6). 

Although it is possible that this observation may reflect a different reactivity of the 

anti-PIAS4 antibody due to the W356A mutation, the results do strongly suggest that 
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PIAS4 W356A may have the greater impact on VDR protein level than its WT 

counterpart. 

These results suggest that PIAS4 increases the protein level of the exogenously 

expressed VDR in a manner independent of its E3 ligase activity. Considering that 

VDR is subject to proteasome-mediated degradation (Masuyama and MacDonald 

1998; Jääskeläinen et al. 2000), the increase in its protein level suggested that PIAS4 

somehow prevents VDR from being degraded. Since PIAS4 W356A causes a 

remarkable increase in the expression level of VDR that is comparable to, or possibly 

even greater than, that achieved with PIAS4 WT, these results also imply that the 

increase in VDR by itself is not responsible for the PIAS4-mediated repression of 

VDR.  
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Fig. 4.1. PIAS4 increases the protein level of VDR in an E3-ligase-independent 

manner. (A) HEK293 cells were transfected with an expression plasmid for HA-

PIAS4 WT or HA-PIAS4 W356A, along with an expression plasmid for V5-VDR. 

The cells were treated with 0.1% ethanol (EtOH) or 10 nM 1,25 dihydroxyvitamin D3 

(1,25D) for 24 h, followed by western blotting analysis of their whole cell lysates. 

Hypoxantine-guanine phosphoribosyltransferase (HPRT) was detected as loading 

control. (B) HEK293 cells were transfected with 0.5, 1.0 or 2.0 μg of expression 

plasmid for HA-PIAS4 WT or HA-PIAS4 W356A, along with an expression plasmid 

for V5-VDR. Whole lysates of the cells were analysed by western blotting. Beta-actin 

was detected as loading control. Transfected species are indicated on the top. In B, the 

amount of HA-PIAS4 plasmid is indicated in μg. Antibodies are indicated on the left. 
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4.2.2. SENP2 reverses the effect of PIAS4 W356A, but not PIAS4 WT, on the protein 

level of VDR  

 

To further address the relationship between the PIAS4-induced increase in the VDR 

protein and SUMOylation of the receptor, I tested for the effects of SENP co-

expression on this process. For this purpose, HEK293 cells were transfected to co-

express the indicated combinations of HA-PIAS4, FLAG-SENP2 and V5-VDR, 

followed by analysis of whole lysates through western blotting (Fig. 4.2A). The 

expression of HA-PIAS4 WT increased the protein level of V5-VDR, as observed in 

Fig. 4.1, and it was also noted that the expression of FLAG-SENP2 increased V5-

VDR, albeit more modestly. Co-expression of HA-PIAS4 and FLAG-SENP2 further 

increased the protein levels of V5-VDR to a level higher than that obtained with HA-

PIAS4 alone, implying that HA-PIAS4 and FLAG-SENP2 increase the expression 

level of V5-VDR through separate mechanisms  

Next, I investigated if SENP2 had an impact on the increase of VDR protein 

mediated by PIAS4 W356A mutant to further clarify the contribution of PIAS4-

mediated SUMOylation in this process (Fig. 4.2B). As previously noted in Fig. 4.1, 

the expression of HA-PIAS4 W356A significantly increases the protein level of V5-

VDR, and, in striking contrast to the case of HA-PIAS4 WT, the co-expression of 

FLAG-SENP2 almost cancelled the HA-PIAS4 W356A-induced increase in V5-VDR, 

suggesting that the mechanism by which PIAS4 increases the protein level of VDR is 

highly susceptible to de-SUMOylation. When FLAG-SENP1 and FLAG-SENP6 were 

tested apart from FLAG-SENP2 for their capability to reverse the PIAS4 W356A-

induced increase in the protein level of V5-VDR, neither were shown to be capable of 

affecting the increased level of V5-VDR generated by HA-PIAS4 W356A, suggesting 

that SENP2 plays a specific role in dissolving the PIAS4-mediated increase in the 

protein level of VDR.  

While these results require further verification and investigation, the data 

suggest that SENP2 prevents the PIAS4 E3 ligase-deficient mutant (W356A), but not 

PIAS4 WT, from increasing the levels of VDR protein, suggesting that the PIAS4-

induced increase in VDR requires a SUMOylation event. In light of such an indication, 

it is conceivable that the “PIAS4-mediated increase in the VDR population” and its 

“susceptibility to SENP2-mediated de-SUMOylation” may be the mechanisms for the 

PIAS4-mediated repression and its dependency on the E3 ligase activity, respectively. 
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In addition, the specific role of SENP2 isoform in this process suggests the 

involvement of a particular nuclear compartment, as SENP2 has been shown to be 

localised to nuclear pore complexes or nuclear bodies (Best et al. 2002; Chow et al. 

2014). 

 

  



75 

 

 

 

 

  



76 

 

Fig. 4.2. SENP2 reverses the increase in the protein level of VDR that is caused 

by PIAS4 W356A, but not PIAS4 WT. (A) HEK293 cells were transfected with 

expression plasmids for V5-VDR, HA-PIAS4 WT and/or FLAG-SENP2 in various 

combinations, and the protein level of V5-VDR in their whole lysates were evaluated 

by western blotting with an anti-V5 antibody. HPRT was also detected as a loading 

control. (B) HEK293 cells were transfected with an expression plasmid for FLAG-

SENP1, FLAG-SENP2 or FLAG-SENP6, together with an expression plasmids for 

V5-VDR and for HA-PIAS4 W356A, and the protein level of V5-VDR was analysed 

as in A. Transfected species are indicated on the top. In B, the transfection of FLAG-

SENP1, 2 or 6 is indicated as 1, 2 or 6. Antibodies are indicated on the left. 
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4.2.3. PIAS4 increases an “insoluble VDR” population in HEK293 cells in an E3-

ligase-independent manner 

 

Since the results described above imply the involvement of a subnuclear structure in 

the PIAS4-mediated increase of VDR protein, I decided to further explore this effect 

through adopting a biochemical fractionation approach to analyse the expression of 

VDR within different cellular localisations. HEK293 cells were transfected with 

expression plasmids for HA-PIAS4, together with V5-VDR, or corresponding parent 

empty vector control, and cells were processed to obtain; whole cell lysate, 

cytoplasmic fraction, nuclear soluble fraction (nucleoplasm, nuclear speckles and 

proteins lightly bound to chromatin and nuclear skeleton) and nuclear insoluble 

fraction (chromatin, nuclear bodies and nuclear skeleton). These were each analysed 

by western blotting to define the cellular distribution of V5-VDR and HA-PIAS4 (Fig. 

4.3A). In the absence of HA-PIAS4, V5-VDR was detected in all the fractions, with a 

distribution profile of 38, 8 and 54% across the cytoplasmic, nuclear soluble and 

nuclear insoluble fractions, respectively, based on the quantification of band intensity 

(Fig. 4.3B). This signifies that the vast majority of exogenously expressed V5-VDR 

either exists in the cytoplasm or is bound to the subnuclear structures. When HA-

PIAS4 was expressed, the overall level of V5-VDR increased approximately 2 fold as 

observed in the previous experiments (Figs. 4.1A and 4.2A). This increase, however, 

was not equally distributed to the three subcellular fractions, but rather specifically 

occurred in the nuclear insoluble fraction (Compare lanes 7 and 8). Compared to the 

control, the level of V5-VDR increased 2-fold in nuclear insoluble fraction, compared 

to 1.5- and 1.4-folds changes in the cytoplasmic (lanes 3 and 4) and nuclear soluble 

(lanes 5 and 6) fractions, respectively. These unbalanced increases altered the overall 

pattern of distribution to favour the nuclear insoluble fraction, resulting in 33, 6 and 

61% of the protein being detected in the cytoplasmic, nuclear soluble and nuclear 

insoluble fractions, respectively. This fraction-specific increase in the level of VDR 

suggests that PIAS4 specifically increases the subpopulation of VDR associated with 

subnuclear structures such as chromatin, nuclear bodies and nuclear skeleton, where 

VDR would be no longer be targeted by degradation. The expressed HA-PIAS4 was 

mostly confined to the nuclear insoluble fraction, while barely detectable in the 

cytoplasm and nuclear soluble fractions, emphasising that PIAS4 facilitates VDR to 

associate with the subnuclear structures. 
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 To further characterise the nature of the increased VDR subpopulation, I 

performed another biochemical separation of cellular compartments, which was aimed 

to segregate the nuclear skeleton from other cellular components by destroying 

molecular interactions using ionic detergents. HEK293 cells were again transfected 

with expression plasmids for HA-PIAS4 WT or the W356A mutant, in combination 

with V5-VDR, or corresponding parent vector control. The transfected cells were then 

subjected to biochemical separation employing a lysis condition with sodium 

deoxycholate and sodium dodecyl sulfate (SDS) to obtain soluble and insoluble 

fractions, which were then analysed by western blotting (Fig. 4.3C and D). In absence 

of a PIAS4 species, V5-VDR distributed to the soluble and insoluble fractions with a 

ratio of 61:39 (lanes 4 and 7), revealing that approximately 40% of the expressed V5-

VDR was tightly associated with nuclear skeleton. Considering the ratio of distribution, 

this V5-VDR subpopulation was likely to include the majority of the one found in 

nuclear insoluble fraction in Fig. 4.3A. In presence of HA-PIAS4 WT, the total level 

of V5-VDR increased and was preferably distributed to the insoluble fraction, causing 

a 3-fold increase (lanes 7 and 8), but only a 1.5-fold increase noted in the soluble 

fraction (lanes 4 and 5), compared to the control. HA-PIAS4 WT itself, exhibited a 

preference for the soluble fraction, but a discernible level was distributed to the 

insoluble fraction (lane 8), suggesting that PIAS4 anchors VDR to the nuclear skeleton, 

although itself not associating with the structure as closely as VDR. The expression of 

HA-PIAS4 W356A caused a comparable increase in the total V5-VDR (2-fold; lanes1 

and 3), but the increase was exclusively distributed to insoluble fraction (3-fold; lanes 

7 and 9), and barely changing its level in soluble fraction (lanes 4 and 6), suggesting 

that PIAS4 needs its E3 ligase activity to increase the subpopulation of VDR that does 

not associate with the nuclear skeleton, possibly by affecting the nucleo-cytoplasmic 

shuttling of VDR (Klopot et al. 2007). In contrast to HA-PIAS4 WT, HA-PIAS4 

W356A preferred the insoluble fraction, and its apparent level in this fraction was 

comparable to that of its WT counterpart, although its total expression level appeared 

to be considerably lower. Conversely, its level in soluble fraction was significantly 

lower than WT, suggesting that PIAS4-mediated SUMOylation somehow lessens the 

association of PIAS4 itself to nuclear skeleton. 

 Collectively, these results demonstrate that PIAS4 specifically increases the 

“insoluble” subpopulation of VDR that is closely associated with nuclear skeleton, 

suggesting formation of a nuclear skeleton-associated protein complex. Since PIAS4 
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WT, but not W356A mutant, increased the level of soluble VDR, it is also implied that 

PIAS4-mediated SUMOylation may alter a property of VDR, such as nucleo-

cytoplasm shuttling or nuclear skeleton association, which may contribute to the 

PIAS4-mediated repression of VDR transactivity. 
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Fig. 4.3. PIAS4 increases an “insoluble” population of VDR in an E3-ligase-

independent manner. (A) HEK293 cells were transfected with an expression plasmid 

for HA-PIAS4 WT, along with an expression plasmid for V5-VDR. The cells were 

either directly lysed (whole cell lysate: W) or subjected to nuclear fractionation to 

obtain cytoplasmic (C), nuclear soluble (NS) and nuclear insoluble (NI) fractions, 

which were analysed by western blotting. (C) HEK293 cells were transfected with 

plasmids as in A. The cells were either directly lysed (whole cell lysate: W) or 

subjected to chemical separation to obtain soluble (S) and insoluble (I) fractions, 

which were analysed by western blotting. Transfected species are indicated on the top. 

Antibodies are indicated on the left. HPRT was detected as loading control. (B, D) 

The intensity of V5-VDR band in A and C was quantified and indicated in B and D, 

respectively, as relative value to its level in the control (whole cell lysate, transfected 

with an empty vector). The data represent an average of two independent experiments 

with SEM. (E, F) Ponceau S staining of the membranes blotted in A and C was 

presented in E and F, respectively, to indicate equal loading.  
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4.2.4. PIAS4 affects neither the protein level nor nuclear translocation of VDR in 

response to 1,25D 

 

The levels of VDR protein are known to increase in response to ligand induced 

heterodimerisation and/or nuclear translocation that prevent the receptor from being 

targeted for degradation (Li et al., 1999; Peleg and Nguyen 2010). Since the 

overexpressed V5-VDR did not appear to undergo such a ligand-induced increase, I 

next asked how expression of the WT and mutant forms of PIAS4 in HEK293 cells 

affected the dynamic molecular behaviour of the endogenous cellular VDR, which 

was detected by use of an anti-VDR antibody (Fig. 4.4A). When the control cells were 

analysed, the anti-VDR antibody detected three distinct bands at 50-60 kDa with 51-

52 kDa selected as representing the main endogenous VDR product. Treating the cells 

with 1,25D moderately increased the level of this protein, indicating that a ligand-

induced increase in VDR does occur in HEK293 cells. Expression of any form of HA-

PIAS4 did not affect the overall protein levels of VDR nor its ligand-induced increase, 

revealing that PIAS4-induced increase in the protein level of VDR appears to be not 

applicable, or not detectable, when considered in the endogenous context. 

Despite the apparent lack of impact upon the endogenous VDR protein levels, 

I examined if PIAS4 had an influence on its nuclear translocation, in light of the 

possibility that PIAS4 may influence the fate of VDR during this trafficking. Nuclear 

fractionation analysis was performed on HEK293 cells (non-transfected) treated with 

1,25D or vehicle control for 24 h, with data depicted in Fig 4.4B revealing that most 

of the ligand-induced increase in the endogenous VDR was distributed to the nuclear 

soluble fraction, demonstrating that VDR underwent an active nuclear translocation 

upon binding to the ligand (Fig. 4.4B). In contrast, within the nuclear insoluble fraction, 

only a barely detectable level of VDR was present, which did not change regardless 

of the presence of ligand. Endogenous PIAS4 was mainly distributed to the nuclear 

soluble fraction, with a minor population detected in the cytoplasmic fraction. This 

distribution was contrary to that noted for overexpressed PIAS4, which exhibited an 

(nuclear) insoluble preference, suggesting that excess PIAS4 may associate with a 

certain nuclear skeleton-bound structure. Cells were then transfected with an empty 

vector or an expression plasmid for HA-PIAS4 to investigate the impact of PIAS4 

overexpression on the distribution of the endogenous VDR to each fraction (Fig. 4.4C 

and D). Without 1,25D, the presence of exogenous HA-PIAS4 did not change the total 
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protein levels of VDR, and the fraction-wise analysis showed that the level of VDR 

was also unaffected across all three fractions (Fig. 4.4C). Treating cells with the ligand 

increased the level of VDR within the nuclear soluble fraction, with no impact through 

the addition of HA-PIAS4 (Fig. 4.4D). While the level of VDR in the cytoplasmic 

fraction was also unaffected, that present within the nuclear insoluble fraction 

appeared to be slightly increased in the absence than in the presence of HA-PIAS4 

expression, implying that PIAS4 causes a re-localisation of a certain VDR population, 

but likely through a different manner from that observed for the overexpressed VDR.  

Taken together, these results revealed that PIAS4 does not appear to affect the 

levels of the endogenous VDR protein. PIAS4 appears to have little impact upon the 

nuclear translocation of VDR, but seems to impart a minor re-localisation of this VDR 

subpopulation that is bound to the nuclear insoluble fraction, which might be related 

to the slight increase in cytoplasmic V5-VDR in the presence of HA-PIAS4 (Fig. 

4.3A). 
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Fig. 4.4. PIAS4 affects neither the protein level nor the 1,25D-induced nuclear 

translocation of the endogenous VDR. (A) HEK293 cells were transfected with an 

empty vector or an expression plasmid for HA-PIAS4 WT or HA-PIAS4 W356A, and 

were treated with 0.1% EtOH or 10 nM 1,25D for 24 h. Their whole lysates were then 

analysed by western blotting. Beta-actin was detected as loading control. (B) HEK293 

cells were transfected and treated as in A, and then subjected to the nuclear 

fractionation to obtain cytoplasmic (C), nuclear soluble (NS) and nuclear insoluble 

(NI) fractions, followed by western blotting analysis. Lamin A/C and HPRT were 

detected as loading control. (C, D) HEK293 cells were transfected with an empty 

vector or an expression plasmid for V5-PIAS4 WT or V5-PIAS4 W356A, and were 

treated with 0.1% EtOH (C) or 10 nM 1,25D (D) for 24 h. The cells were then directly 

lysed or subjected to nuclear fractionation as in B, followed by western blotting. 

Analysed fraction, transfected species and/or 1,25 treatment are indicated on the top. 

Antibodies are indicated on the left. 
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4.2.5. PIAS4 affects neither the protein level nor the nuclear translocation of VDR in 

response to 1,25D in LNCap cells 

 

LNCap is an established prostate cancer cell line derived from androgen-sensitive 

human prostate adenocarcinoma cells (Schuurmans et al., 1988). These cells express 

multiple nuclear receptors, including AR and VDR, with these two hormonal 

pathways appearing to act antagonistically to each other–the latter serving to limit the 

proliferative effect of the former through induction of cell cycle arrest (Skowronski et 

al., 1993; Zhuang and Burnstein, 1998). In addition, as noted in LNCap cells, vitamin 

D has been shown to counteract the effects of androgen by facilitating its metabolic 

inactivation through the induction of CYP3A4 and CYP3A5 (Maguire et al., 2012), 

indicating that LNCap cells provide an active vitamin D response with respect to 

metabolism and anti-proliferation. To further probe how PIAS4 may modulate 

endogenous vitamin D signalling, I decided to evaluate how this protein affected the 

molecular behaviour of endogenous VDR and the regulated expression of vitamin D 

target genes in LNCaP cells.  

Firstly, LNCap cells were treated with 1,25D or vehicle control (ethanol) and 

then subjected to cellular/nuclear fractionation to clarify the patterns of nuclear 

translocation of VDR within this cell line (Fig. 4.5A). When the control cells were 

analysed, the anti-VDR antibody detected three distinct bands as observed for 

HEK293 cells (Fig. 4.4A), and based upon the same comparison according to their 

relative intensity, the 49 kDa band was selected as representing the main VDR protein 

product in these cells. In the absence of 1,25D, VDR mainly existed in the cytoplasm, 

with a minor population identified in the nuclear soluble fraction while none being 

present in the nuclear insoluble fraction. When cells were treated with 1,25D, VDR 

underwent a substantial increase in its total levels of protein, which, while decreased 

in the cytoplasm, became profoundly raised in the nuclear soluble fraction, 

demonstrating an active translocation of the ligand-bound VDR into the nucleus, as 

observed for the endogenous VDR in HEK293 cells (Fig. 4.4B). Despite these changes 

in the other fractions, the nuclear insoluble fraction remained clear of VDR regardless 

of the ligand treatment, suggesting a lack of interaction between VDR and the nuclear 

skeleton in LNCap cells. I also investigated the distribution of the endogenous PIAS4, 

which revealed its exclusive distribution to the nuclear soluble fraction, which did not 

appear to change regardless of 1,25D treatment. Although PIAS4 has been suggested 
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to associate with the nuclear matrix, the experiment did not reveal evidence for any 

endogenous PIAS4 to be present in nuclear insoluble fraction in these cells. 

Then I overexpressed PIAS4 in these cells to examine how it affected the 

pattern of distribution of VDR across the cellular fractions (Fig. 4.5B and C). When 

fractions obtained from control cells that received an empty vector were analysed, 

lamin A/C was found to be mainly located in the nuclear soluble instead of the 

insoluble fraction as observed for intact LNCap cells (Fig. 4.5A), implying that the 

organisation of the nuclear skeleton was affected by the transfection of plasmid. The 

cellular/nuclear fractions of cells overexpressing V5-PIAS4 were then analysed, 

which revealed that the distribution of VDR and its translocation in response to 1,25D 

were not affected by the overexpression of V5-PIAS4. The overexpressed V5-PIAS4, 

on the other hand, showed a different nature of distribution from that of the 

endogenous PIAS4; identified within the cytoplasmic fraction, a profile that was also 

different from that of the overexpressed PIAS4 in HEK293 cells (Fig. 4.4C and D). 

Although based upon the behaviour of an overexpressed protein, the observations may 

represent a difference in PIAS4 behaviour in different cellular context. 

Collectively, these results suggest that PIAS4 neither affects the 1,25D-

induced nuclear translocation nor subcellular/subnuclear localisation of VDR.  
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Fig. 4.5. PIAS4 affects neither the protein level nor the 1,25D-induced nuclear 

translocation of the endogenous VDR in LNCap cells. (A) LNCap cells were treated 

with 0.1% EtOH or 10 nM 1,25D for 24 h, and then directly lysed (whole cell lysate: 

W) or subjected to nuclear fractionation to obtain cytoplasmic (C), nuclear soluble 

(NS) and nuclear insoluble (NI) fractions, followed by western blotting analysis. An 

asterisk (*) indicates residual signal of lamin A/C. (B,C) LNCap cells were transfected 

with an empty vector or an expression plasmid for V5-PIAS4 WT, and then treated 

with 0.1% EtOH (B) or 10 nM 1,25D (C) for 24 h. The cells were processed and 

analysed as in A. Analysed fraction, 1,25D treatment and/or V5-PIAS4 WT 

transfection are indicated on the top. Antibodies are indicated on the left. Beta actin 

and lamin A/C were detected as loading control. 
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4.2.6. PIAS4 does not disturb VDR-chromatin association in both HEK293 and 

LNCap cells 

 

The observation that the nuclear translocation of VDR appeared to be unaffected by 

PIAS4 suggested a mode for its repression of VDR activity may involve regulation at 

an intra-nuclear level. Considering that PIAS4 associates with the nuclear matrix 

through binding to the matrix attachment region (MAR) DNA (Sachdev et al., 2001), 

and that PIAS4 interacts with VDR (Jena et al., 2012), I investigated if PIAS4 had 

influence on the ability of VDR (VDR/RXR heterodimer) to stably associate with 

chromatin/DNA. To evaluate such an effect of PIAS4, I designed a chromatin 

dissociation assay to determine the salt strength at which VDR becomes totally 

detached from nuclear material. HEK293 cells were transfected with an expression 

plasmid for V5-PIAS4 and treated with 1,25D for 24 h. Nuclei were extracted and then 

exposed to increasing concentrations of NaCl to obtain fractions that contained 

proteins freed of the nuclei at each concentration, which were analysed by western 

blotting for detection of VDR (Fig. 4.6). At NaCl concentration of 350 mM, VDR was 

found to be totally dissociated from the insoluble material containing chromatin and 

the nuclear skeleton (Fig. 4.4). In the absence of an overexpression of V5-PIAS4, VDR 

showed a gradient dissociation pattern up to 200 mM, and maintained the level at 

higher concentrations (Fig. 4.6A and C). The overexpression of V5-PIAS4 did not 

appear to change this dissociation pattern of VDR, with the full dissociation again 

occurring at 200-250 mM, and no meaningful difference from the control at any other 

concentration of Na+ (Fig. 4.6B and C). On the other hand, the overexpressed V5-

PIAS4 exhibited a gradient pattern across the fractions, suggesting that not all of the 

PIAS4 population necessarily interacts with VDR. I also examined the effect of PIAS4 

on VDR-chromatin association within LNCap cells, and again did not find a 

meaningful change in the dissociation pattern of VDR to result from PIAS 

overexpression (Fig. 4.6D and E). 

Taken together, the results suggest that PIAS4 does not affect VDR-chromatin 

association, implying that PIAS4 affects molecular events after the VDR/RXR 

heterodimer associates to the chromatin DNA.  
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Fig. 4.6. PIAS4 does not disturb VDR-chromatin association. HEK293 cells were 

transfected with an empty vector (A) or an expression plasmid for V5-PIAS4 WT (B), 

and were subjected to chromatin dissociation experiment to obtain fractions of protein 

dissociated from nuclear material at varying salt (Na+) concentration (10-350 mM). 

The fractions were analysed by western blotting. Detected species are indicated on the 

right. (C) The band intensity of VDR in each fractions were plotted as percentage of 

that in whole nuclear lysate (nucleus). Circles (●) and triangles (▲) represent values 

from the blot A and B, respectively. The data represent an average of three 

independent experiments with standard error (SE). Difference between values with 

and without PIAS4 overexression at each salt concentration was statistically 

evalutated by two-tailed Student’s t-test, which discovered no statistically significant 

differences. (D, E) The same experiments as A and B were performed using LNCap 

cells. 
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4.2.7. PIAS4 alters the pattern of VDR-coregulator interaction in an E3 ligase 

activity-dependent manner 

 

Since PIAS4 did not appear to alter the strength of VDR-chromatin association, I 

assumed that PIAS4 would not impede VDR from binding to DNA to trigger 

formation of a transactivation complex, but may alter the character and composition 

of its association with coregulators. To address this aspect, I asked if PIAS4 caused 

any changes in individual VDR-coregulator interactions by using a mammalian two-

hybrid assay that assessed association between VDR expressed as ‘prey’ fused to the 

activating domain (AD) and various coregulators expressed as ‘bait’ fused to the 

DNA-binding domain (BD) of Gal4 protein. As physical interactions between nuclear 

receptors and coregulators are known to occur between ligand-binding domain (LBD) 

of the former, and hydrophobic LXXLL (L; leucine, X; any amino acid) motifs of the 

latter (Heery et al., 1997), I only used constructs that expressed those domains so to 

purely investigate interactions while excluding any potential interference from their 

intrinsic ability to modulate expression of reporter activity. HEK293 cells were 

transfected with expression plasmids for AD-VDR (LBD), BD-coregulator (LXXLL 

domain), and V5-PIAS4 WT or V5-PIAS4 W356A along with the Gal4 reporter 

construct (described in detail 2.9. Mammalian two-hybrid assay for nuclear receptor-

coregulator interaction). The cells were treated with 1,25D or vehicle control 

(ethanol) for 24 h, followed by the measurement of luciferase activity (Fig. 4.7A and 

B). I included the combinations of the insert-less Gal4 constructs alone (AD/BD) and 

of AD-VDR and BD-RXRα (VDR/RXRα) as negative and positive controls, 

respectively, with the latter also being used to evaluate the potential effect of PIAS4 

on heterodimerisation. For this VDR/RXRα combination, the presence of 1,25D 

resulted in a significant, 6.3-fold increase in reporter activity compared to levels 

obtained with vehicle (P < 0.05), while no discernible effect was noted on the AD/BD 

activity. This confirmed the system as capable of detecting the 1,25D-dependent 

interaction between VDR LBD and RXRα. Then I added PIAS4 to this system, and 

first confirmed that neither PIAS4 WT nor its mutant (W356A) caused notable 

changes to the control AD/BD activity under any tested conditions. In the context of 

VDR/RXRα, PIAS4 and its mutant did not apparently change the interaction between 

the two constructs, both in the absence and the presence of ligand.  
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I then examined three coactivators, SRC1 (steroid hormone coactivator 1), 

SRC2 and SRC3 for their interactions with VDR. The basal activity shown by 

combination of AD-VDR with BD-SRC2 (VDR/SRC2) or BD-SRC3 (VDR/SRC3) 

was 3 or 2 times higher than that of the AD/BD control (P < 0.05), whereas the basal 

activity of VDR/SRC1 was not notably different from the AD/BD control. Treating 

cells with 1,25D significantly enhanced the association of VDR/SRC1 (15.0-fold; P < 

0.05), with a more modest enhancement noted for VDR/SRC2 (2.1-fold; P < 0.05), 

confirming a ligand-dependent association between VDR and each of these regulatory 

factors. VDR/SRC3, on the other hand, exhibited no detectable interaction indicated 

by increased reporter activity. PIAS4 did not affect the basal activity of any of the 

three tested combinations, nor changed the associations for VDR/SRC2 and 

VDR/SRC3 under the presence of 1,25D. In contrast, however, PIAS4 dramatically 

enhanced the 1,25D-induced interaction between VDR and SRC1 by 2.7 fold (P < 

0.05). Furthermore, this dramatic enhancement disappeared when PIAS4 was replaced 

with the E3 ligase activity-deficient mutant (PIAS4 W356A), for which VDR/SRC1 

exhibited a level of ligand induced interaction similar to that achieved in the absence 

of PIAS4, demonstrating that the modulation of VDR-SRC1 interaction was highly 

E3 ligase activity-dependent. 

SRC1 has been shown to interact with a number of nuclear receptors, and 

therefore I asked if the E3 ligase activity-dependent capacity of PIAS4 to enhance 

nuclear receptor interaction with SRC1 was an effect specific for VDR (Fig. 4.7C). Of 

three other nuclear receptors tested, RXRα and LXRα also interacted with SRC1 in a 

manner dependent upon the presence of their respective cognate ligands, while PPARγ 

did not show such a response whether or not its cognate ligand was present. In contrast 

to the observation for VDR, neither PIAS4 nor its E3 ligase mutant showed any 

influence on those interactions, suggesting that the PIAS4-enhanced VDR-SRC1 

interaction is specific for this receptor. I also investigated the effect of PIAS4 on the 

interaction between VDR and a panel of corepressor proteins, pursuing the possibility 

that PIAS4 enhance recruitment of corepressors to VDR, but the experiment did not 

detect any VDR-corepressor association regardless of ligand and PIAS4 status (Fig. 

4.7D). TRAP-220, a member of the Mediator complex that recruits RNA polymerase 

machinery to the transactivation complex, was also examined for its interaction with 

VDR, but no ligand-induced interaction was detected, nor affected by V5-PIAS4 WT 

nor V5-PIAS4 W356A (Fig. 4.7D). 
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Taken together, the results demonstrate that PIAS4 affects the interaction 

between VDR and SRC1 in an E3-ligase-dependent manner, suggesting that PIAS4-

mediated SUMOylation of either VDR, coregulators and/or other factors changes the 

local interactome of VDR to cause the repression of VDR (Fig. 4.7E).  

  



100 

 

 

  



101 

 

 

  



102 

 

 

 

Fig. 4.7. PIAS4 alters the pattern of VDR-coregulator interaction in an E3-ligase-

dependent manner. (A) HEK293 cells were transfected with an empty vector or an 

expression plasmid for V5-PIAS4 or V5-PIAS4 W356A, expression plasmids for 

indicated coregulatory-BD fusion protein and for AD-VDR LBD, together with a 

reporter plasmid carrying the firefly luciferase gene with UAS promoter. The cells 

were treated with 0.1% EtOH or 10 nM 1,25D for 24 h, followed by the measurement 

of luciferase activity. The data is presented as percentage of the control (transfected 

with AD and BD empty vectors, treated with EtOH). (B) The data in A is recalculated 

and presented as fold enhancement of luciferase activity by 1,25D treatment. (C) A 

two-hybrid experiment was performed as in A, but with BD-SRC1 and indicated AD-

nuclear receptor (LBD) fusion protein. (D) A two-hybrid experiment was performed 

as in A, but with a different set coregulators, with were fused to BD. The data are 

presented as an average of three independent experiments with SE. Statistical 

significance was determined by ANOVA followed by Tukey’s HDS post hoc test and 

indicated by an asterisk (*; P<0.05). The values are presented as relative value to the 

luciferase activity in control cells (EtOH-treated, no V5-PIAS4 overexpression) in A 

and D. (E) A schematic model that describes a conceivable mechanism for PIAS4-

mediated repression of VDR transactivity based on the observations in A-D. CoA: 

coactivator, CoR: corepressor, Pol II: RNA polymerase II transcription machinery. 
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4.2.8. PIAS4 affect the mRNA expression of VDR target genes in various ways in 

LNCap cells 

 

Considering that the past evidence on PIAS4-mediated repression of VDR primarily 

relied on an overexpression of VDR, I examined if this regulatory system was 

applicable to the endogenous vitamin D response in LNCaP cells. I selected four genes 

involved in the metabolism of vitamin D (CYP24A1) or androgen (CYP3A4, CYP3A5 

and HSB17B2) and two implicated in modulating cancer malignancy (CDH1 and 

IGFBP3, encoding E-cadherin and IGFBP3, respectively) for this study, since they 

have been shown to be induced in response to vitamin D and also suggested to mediate 

its anti-proliferative effect in LNCap cells (Carruba et al., 1995; Campbell et al., 1997; 

Krishnan et al., 2004; Luo et al., 2010; Green et al., 2012; Maguire et al., 2012). 

LNCaP cells were transfected with expression plasmids encoding V5-PIAS4 WT or 

V5-PIAS4 W356A, or the parent vector control, and then treated with 1,25D or vehicle 

control (ethanol) for 24 h, followed by the quantification of mRNA of the selected 

target genes by real-time PCR (Fig. 4.8). All six genes exhibited varying degrees of 

increase in mRNA levels in response to 1,25D. In the absence of exogenous PIAS4 

expression, CYP24A1 mRNA was most robustly induced by the ligand, with CDH1 

exhibiting a minimal (1.3 fold) response. The mRNA expressions of CYP3A4, 

CYP3A5, HDS17B2 and IGFBP3 were increased by 60, 5, 3 and 9 folds following 

exposure to 1,25D, respectively, proving them to be vitamin D-responsive in this cell 

line. Overexpression of V5-PIAS4 WT, however, barely affected the basal and ligand-

induced mRNA expressions of CYP24A1, CYP3A5, HSD17B2 and CDH1. On the 

other hand, the ligand-induced mRNA expression of CYP3A4 appeared to be slightly 

increased by V5-PIAS4 WT (Fig. 4.8B), and the expression of V5-PIAS4 WT also 

achieved a marginal increase in both the basal and ligand-regulated expressions of 

IGFBP3 (Fig. 4.8F), implying that PIAS4 modulates the expression of those genes. 

V5-PIAS4 W356A not only reversed the enhancement of the ligand-induced mRNA 

expression of IGFBP3, but also reduced it substantially (Fig. 4.8F), suggestive of a 

dominant-negative-like effect of the PIAS4 mutant in this potentially E3 ligase 

activity-dependent process. Conversely, the basal mRNA expression of IGFBP3 was 

further enhanced by replacing V5-PIAS4 with its mutant form, but this observation 

was subject to a large experimental variation (Fig. 4.8F). 
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Despite the previously observed repression of vitamin D-induced gene 

expression by PIAS4 (Jena et al., 2012), above experiments did not prove the 

repression to occur at the endogenous level in LNCap cells. However, there was an 

indication that PIAS4 may have a varying effect on the expression of vitamin D target 

genes, and therefore, further verification will be necessary for the clarification of the 

involvement of PIAS4 in the endogenous vitamin D signalling.  
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Fig. 4.8. PIAS4 does not affect the endogenous vitamin D signalling in LNCap 

cells. LNCap cells were transfected with an empty vector or an expression plasmid for 

V5-PIAS4 WT or V5-PIAS4 W356A, and were treated with 0.1% EtOH or 10 nM 

1,25D for 24 h. Their total RNA was extracted, on which quantitative real-time PCR 

was implemented to determine the relative level of mRNA expressed from CYP24A1 

(A), CYP3A4 (B), CYP3A5 (C), HSD17B2 (D), CDH1 (E) and IGFBP3 (F) genes. 

The mRNA levels were then normalised by that of ACTB gene (encoding β-actin). The 

values are presented as relative value to the mRNA level in control cells (EtOH-treated, 

no V5-PIAS4 overexpression). The data is presented as an average of two independent 

experiments with SE. Dest: empty vector (pcDNA3.1-nV5-Dest). Et: EtOH. 
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4.3. Discussion 

 

The molecular mechanism by which vitamin D elicits varying cellular responses is 

now a crucial target of research to understand the pleiotropic nature of this signalling 

molecule. As a possible constituents within this pathway, SUMO and SUMO E3 ligase 

PIAS4, which are gaining increasing acknowledgement as vital players in nuclear 

biology (Jackson, 2001; Sharrocks, 2006), have been shown to be involved in the 

regulation of vitamin D signalling (Jena et al., 2012; Lee et al., 2014). However, with 

the currently limited set of evidence, how the two factors are mechanistically involved 

in this regulation has never gone beyond speculation. Here, I provide the first critical 

evidence on how PIAS4 regulates the activity of VDR through its E3 ligase activity. 

The initial set of experiments based on overexpression of VDR, PIAS4 and SENPs 

suggested that PIAS4 increases a nuclear skeleton-associated, insoluble VDR 

subpopulation, and that E3 ligase activity of PIAS4 is necessary to maintain the 

insoluble VDR subpopulation under an increased pressure of de-SUMOylation by 

SENP2 (Figs. 4.1-4.3). These observations shed light on a potential impact of 

SUMOylation on intracellular trafficking of VDR and help postulating a dynamic 

mechanism in which a sequestration of VDR into the insoluble nuclear compartment 

plays a crucial part within PIAS4-mediated repression of VDR. The subsequent 

experimental observations based on the corresponding behaviour of the endogenous 

VDR, however, did not support such a perspective, with PIAS4 neither increasing 

protein levels of VDR nor generating an insoluble population of this receptor (Figs. 

4.4 and 4.5). In an attempt to unravel the responsible mechanism for PIAS4-mediated 

repression at the endogenous level, I found that PIAS4 did not affect the strength of 

VDR-chromatin association (Fig. 4.6), and then addressed the impact of PIAS4 on 

individual VDR-coregulator interactions, which indicated PIAS4 to enhance the 

interaction between VDR and SRC1 strictly in an E3 ligase-dependent manner (Fig. 

4.7). Gene expression analysis on LNCaP cells suggested a gene-specific and 

potentially enhancing nature of PIAS4 on selective aspects of endogenous vitamin D 

signalling (Fig. 4.8), further emphasising how PIAS4 appears to act differently in this 

context compared to the experimental systems that rely on exogenous expression of 

VDR. Nevertheless, the findings in this study provide a number of clues to how PIAS4 

regulates vitamin D signalling at the molecular level, which will be of great use in 

understanding the complexity of vitamin D signalling.  
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PIAS4 has been shown to repress transcription factors in a number of previous 

studies, including that from our own laboratory for a PIAS4-mediated repression of 

VDR (Jena et al., 2012). Since the previous study primarily relied on an overexpressed 

VDR and/or an exogenous reporter assay, in this study, I attempted to prove the 

regulation at the endogenous level using LNCap cells, a prostate cancer cell line in 

which vitamin D response plays an important role in the regulation of its androgen-

stimulated proliferation, entailing the induction of metabolism- and anti-proliferation-

related genes by vitamin D (Zhuang and Burnstein, 1998; Maguire et al., 2012). 

However, the results revealed no striking or statistically relevant effect, but did 

intimate that PIAS4 may slightly potentiate the mRNA expressions of IGFBP3 and 

possibly CYP3A4, while not affecting the expression of four other genes investigated 

(Fig. 4.8). In addition, PIAS4 only caused a moderate increase in the ligand-induced 

mRNA expression of those two genes, which is a clear contrast to the plummet in the 

transcriptional activity that has been observed for an overexpressed VDR, throwing a 

question at the repressive functionality of PIAS4 on the endogenous vitamin D 

signalling. Although it is tempting to attribute this to a simple result of overexpression, 

the lack of repression may be attributable to a potential bimodal behaviour of V5-

PIAS4. Our laboratory has been using two different constructs of PIAS4, HA-PIAS4 

and V5-PIAS4, and as a supplemental experiment, I compared the two for the 

capability to repress the transactivity of RXRα homodimer (Fig. 4.9). The experiment 

revealed that, despite the small size of epitope tags, the two constructs modulated the 

transactivity quite differently: HA-PIAS4 repressed it in a simple dose-dependent 

manner, whereas V5-PIAS4 rather enhanced it at low levels and then repressed when 

applied at a higher dose. Although this might be due to relative protein expression 

levels generated from those two constructs, it is as possible that the difference is 

derived from an altered interaction and/or activity of PIAS4 due to the epitope tags. 

This potential functional variation raises the possibility that the usage of the two 

different constructs have affected the outcome of experiments on VDR-PIAS4 

relationship in this study. Specifically, the gene expression analysis on LNCap cells 

used an intermediate dose of V5-PIAS4 plasmid (10-15 ng equivalent in Fig. 4.9), and 

the transfection was performed in a much shorter length of time (4 h, with 

Lipofectamine 2000) than that of HEK293 cells (16 h, with calcium-phosphate 

method) due to the difference in method and a comparatively high cytotoxicity of 

transfection to LNCap cells, which probably further lowered the actual plasmid dose 
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transfected. Therefore it is conceivable that the expression level of V5-PIAS4 did not 

reach the “threshold” to cause a repression, which rather resulted in an enhancement 

of the two genes. Apart from the potential construct issue, the impact of PIAS4 on the 

endogenous transcriptional regulation seems to be a difficult subject to address, as this 

aspect has been rarely investigated: the PIAS4-mediated repression of LEF1 (Sachdev 

et al., 2001), AR (Gross et al., 2004), smad (Long et al., 2003), c-Myb (Dahle et al., 

2003) and Nurr1 (Galleguillos et al., 2004) all appeared significant, but were only 

addressed through reporter assay, leaving the actual impact of PIAS4 upon the 

endogenous system entirely unexplored. Being a multifunctional protein, PIAS4 is 

considered to have a large interactome with transcriptional regulators and nuclear 

proteins/structures, and therefore, together with gene specific context such as 

enhancer/promoter or other transcription factors involved, it may form a complicated 

regulatory system that is not simply observable in one consistent manner. To tackle 

this challenging problem, it will be essential to obtain data in a consistent setting, while 

taking multifaceted approaches involving not only overexpression but also down-

regulation of PIAS4 such as siRNA-mediated knockdown. 

Intranuclear relocalisation is one of the mechanism for the regulation of 

transcription factors, with typical examples being p53 (Nelson et al., 2001) and Tcf-4 

(Ihara et al., 2004). PIAS4 is known to associate with particular nuclear protein 

assembly to elicit a “sequestration” of transcription factors leading to their repression, 

such as LEF1 (Sachdev et al., 2001) and c-Myb (Dahle et al., 2003). In this study, I 

found that PIAS4 enhanced the association of overexpressed VDR with a certain 

insoluble, nuclear skeleton-associated compartment, where VDR seemed to evade 

degradation, resulting in an increase in the insoluble subpopulation of VDR (Fig. 4.3). 

Although PIAS4 did not require its E3 ligase activity for this action, the enzymatic 

activity was required for the “maintenance” of the increased insoluble VDR, rendering 

it resistant to SENP2-mediated de-SUMOylation, and such increases in the insoluble 

VDR and its maintenance by PIAS4-mediated SUMOylation suggested a mechanism 

for the PIAS4-mediated, E3 ligase activity-dependent repression of vitamin D signal. 

The experiments on the endogenous VDR, however, proved that this fascinating view 

may not be applicable in the endogenous context: PIAS4 did not increase the insoluble 

subpopulation of the endogenous VDR, and in LNCap cells, the insoluble 

compartment was totally devoid of the endogenous VDR (Fig. 4.5). This may raise an 

argument of artefact, caused by excessive VDR and PIAS4 no longer accommodated 
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in their original cellular compartments. Nonetheless, considering that chapter V of this 

thesis revealed that PIAS4 also represses the transactivity of RXRα without having 

any observable impact on its protein levels (Fig. 5.1), the PIAS4-induced increase in 

insoluble VDR perhaps reflects a specific interaction, physical and/or functional, 

between the two proteins that actually exists as a regulatory mechanism of vitamin D 

signalling in certain cell types. Although the majority of endogenous VDR was 

distributed to nuclear soluble fraction after its ligand-induced nuclear translocation, 

there was a portion of VDR detected in insoluble fraction regardless of the presence 

of ligand in HEK293 cells (Fig. 4.4B). Likewise, a barely detectable level of the 

endogenous PIAS4 was also present in the insoluble fraction (Fig. 4.4B), suggesting 

that these cells potentially possess a mechanism through which PIAS4 recruits VDR 

to the nuclear skeleton-associated compartment. Therefore, it is conceivable that the 

observations based on overexpressed VDR and PIAS4 in HEK293 cells represents an 

emphasised image of the molecular dynamics that can only happen below the detection 

level with the endogenous level of expression/turnover of VDR. Another aspect to 

consider is the comparative abundance of unliganded nuclear VDR among the 

differing cell types, as the results in this study suggest that unliganded nuclear VDR 

spawned by overexpression is the primary target of PIAS4-mediated relocalisation 

into the nuclear skeleton-associated compartment. VDR is essentially a nucleo-

cytoplasmic shuttling protein (Klopot et al., 2007) and the rate of its proteasome-

mediated degradation is the determinant of the abundance of unliganded nuclear VDR 

(Peleg and Ngyuen, 2010). In osteoblasts, for instance, VDR is constantly under the 

strong pressure of protein degradation, which maintains a cytoplasm-dominant 

distribution of VDR, but ligand-bound VDR evades the degradation due to the 

heterodimerisation and an active nuclear translocation, causing a substantial increase 

in both total and nuclear VDR (Peleg and Ngyuen, 2010). Both HEK293 and LNCap 

cells follow this model, and only maintain a small nuclear VDR subpopulation in the 

absence of ligand supply (Figs. 4.4 and 4.5), part of which may represent VDR/RXR 

heterodimer bound to natural ligand, further limiting the chance of PIAS4 to anchor 

unliganded VDR to the subnuclear structure in those cells. In contrast, for the Caco-2 

colon cancer cell line, cells which are known to have abundant nuclear VDR in the 

absence of ligand (Peleg and Ngyuen, 2010), unliganded VDR is not degraded by 

proteasome as efficiently as in osteoblasts, indicating that they have comparatively 

abundant nuclear VDR unbound to ligand due to the nucleo-cytoplasmic shuttling. In 
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these cell types, VDR may naturally display a pattern of distribution that resembles an 

overexpressed VDR in HEK293 cells, and as such the PIAS4-mediated relocalisation 

of VDR may occur at the endogenous level. Investigating PIAS4-meidated regulation 

of vitamin D signalling in intestinal epithelial cells, therefore, may provide an 

important clue to the potential “sequestration” of VDR mediated by PIAS4. 

I also conducted experiments focusing on how PIAS4 modulated the capacity 

of VDR to form associations with the coregulatory proteins. These hybrid analysis 

revealed PIAS4 to alter the interaction between VDR and the coactivator SRC1. The 

assembly of coactivator complexes onto promoter-bound nuclear receptors is an 

essential process leading to the transactivation of target genes (Aagaard et al., 2011), 

and SRC proteins, including SRC1, serve as a critical initiating factor that triggers 

further recruitment of coactivators and local chromatin remodelling (Sheppard et al., 

2001). Therefore, an enhanced VDR-SRC1 interaction would be a potent mechanism 

that would be expected to have an impact upon the transactivity of VDR. However, 

the exact functional consequence of this enhanced VDR-SRC1 interaction, along with 

the involvement of SUMOylation in this process, is still elusive, since PIAS4 did not 

cause a repression at the endogenous context. Considering the high affinity between 

VDR and SRC1 (Fig. 4.7; Tagami et al., 1998) and the dependency of the PIAS4 effect 

upon E3 ligase activity, the enhanced interaction between the two proteins is likely 

mediated by the SUMOylation of VDR and/or SRC1. Besides VDR, SRC1 has also 

been found to be SUMOylated at five different sites, with the modification having a 

positive effect on the interaction between progesterone receptor (PR) and SRC1 

(Chauchereau et al., 2003). Of these sites, K732 and K774 are contained within the 

fragment harbouring LXXLL motifs used in our mammalian two-hybrid assay, and, 

although the modification on these particular sites are not important in the PR-SRC1 

interaction (Chauchereau et al., 2003), it is still possible that SUMOylation on these 

sites enhance the VDR-SRC1 interaction. VDR has at least two hydrophobic stretches 

that potentially act as SUMO-interacting motifs (SIMs), IEVIM (aa 268-272) and 

VLEVF (aa 418-422), and as such, the SUMOylation of SRC1 could enhance the 

interaction between the two proteins. Conversely, SRC1 has a putative SIM at aa 272-

276 (IISID), which raises a plausible explanation that a small amount of SUMOylation 

on the two proteins could dramatically increase their interaction by a bilateral 

enhancement through SUMO-SIM association. This SUMOylation-enhanced 

interaction, on the other hand, potentially leads to various consequences with regard 
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to output of the transactivity. Apart from a straightforward expectation that the 

increased SRC1 association leads to an enhanced ligand response, there is a possibility 

that this interaction could result in a repression despite the nature of SRC1 as a primary 

coactivator, considering already recognised cases where SUMOylation can 

dramatically change the function of its substrate (Oishi et al., 2008). Those two sites 

are close to the adjacent activation domain that is known to mediate the interaction 

with p300 and CBP (Kamei et al., 1996; Sheppard et al., 2001), and therefore, the 

large protein tags close to the interaction sites may become an obstacle that hinders 

the interaction and hence the recruitment of RNA polymerase machinery, failing to 

transactivate target genes. Despite such speculation, the enhanced VDR-SRC1 

interaction will need further analyses to elucidate its nature and outcome, including its 

occurrence on endogenous promoters of VDR target genes and involvement of other 

factors, as well as the contribution of SUMOylation on the two proteins. Nevertheless, 

those investigations may reveal how PIAS4 controls the delicate balance of 

interactions among VDR, coregulators and transcriptional metacomplexes involving 

numerous proteins by SUMOylation to modulate the vitamin D signalling. 

Collectively, this study provides novel clues into the molecular regulation of 

vitamin D signalling involving important players in nuclear biology, PIAS4 and 

SUMO. The data have depicted a unique view that PIAS4 modulates the nature of 

VDR-coregulator complex in an E3 ligase activity-dependent manner, suggesting that 

PIAS4 converts SRC1, the well-defined coactivator commonly shared by nuclear 

receptors, into a corepressor-like agent that constitutes a repression complex. Such a 

mechanism is distinct from either the corepressor-mediated repression that is known 

to silence other nuclear receptors, or the sequestration of the transcription factor, and 

therefore our finding emphasises a uniqueness of the PIAS4-mediated regulatory 

system controlling this nuclear receptor.  
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Fig. 4.9. V5-PIAS4 and HA-PIAS4 differentially regulate the transactivity of 

RXRα homodimer. HEK293 cells were transfected with an expression plasmid for 

RXRα, RXRE luciferase reporter plasmid and an increasing amount of expression 

plasmid for V5-PIAS4 (A) or HA-PIAS4 (B), and were treated with 0.1% dimethyl 

sulfoxide (DMSO) or 1 μM 9-cis retinoic acid (9-cis RA) for 24 h, followed by the 

measurement of luciferase activity. The values are presented as relative value to the 

luciferase activity in control cells (DMSO-treated, no V5- or HA-PIAS4 

overexpression). The data is presented as an average of two independent experiments 

with SE. 
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Chapter V – Role of SUMOylation in the Regulation of RXR Function 
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5.1. Introduction 

 

Retinoid X receptors (RXR) are class II members of the superfamily of nuclear 

hormone receptors (Menéndez-Gutiérrez and Ricote, 2017). Originally identified as 

one of the two receptors that mediate the retinoic acid response, the other being 

retinoic acid receptor (RAR), RXR is now known to be involved in a variety of 

biological phenomena, such as development, cell proliferation, energy metabolism 

(Mangelsdorf et al., 1990; Ahuja et al., 2003). There exist three subtypes of RXR, α, 

β and γ, encoded by different genes and displaying varying patterns of tissue specific 

expression (Lefebvre et al., 2010; Ahuja et al., 2003; Menéndez-Gutiérrez and Ricote, 

2017). The expression of RXRβ is ubiquitous across different cell and tissue types, 

while RXRγ exhibits a strict preference for specific tissues such as skeletal muscle and 

anterior pituitary. RXRα also shows a degree of tissue-specificity, with relatively high 

expression levels particularly noted in kidney, liver, epidermis and immune cells. 

Knockout mice studies have shown the deletion of individual subtypes lead to distinct 

phenotypic defects, suggesting differential roles within development and tissue 

homeostasis (Ahuja et al., 2003). RXR can alternately form self-sufficient 

homodimers (RXR-RXR) or heterodimerise with other class II nuclear receptors, and 

thus is involved in the regulation of numerous gene transcriptional networks initiated 

by the respective cognate receptor ligands (Zhang et al., 1992; Mangelsdorf and Evans, 

1995). As a homodimer, RXR is found to bind to DR1 type response elements (RXRE; 

retinoid X responsive element) on the promoter of its limited number of known target 

genes, that include calcitonin receptor activity-modifying protein 2 (ramp2), nuclear 

receptor subfamily 1, group D, member 1 (Nr1d1), and glycerophosphodiester 

phosphodiesterase 1 (Gde1) (Osz et al., 2015; Watanabe and Kakuta, 2018). While it 

has been shown to widely bind and respond to a variety of vitamin A derivatives, the 

actual endogenous ligand for RXR has not yet been truly identified. Although 9-cis 

retinoic acid (9-cis RA), to which RXR displays a high specificity, is believed to be a 

natural ligand, this compound has not yet been detected as an activating ligand in in 

vivo studies (Heyman et al., 1992; Perez et al., 2012). Against this background of 

uncertainty for the identity of an endogenous ligand, synthetic RXR ligands such as 

bexarotene have been developed and successfully clinically implemented as a 

treatment option for cutaneous T-cell lymphoma (Farol and Hymes, 2004). 

Nonetheless, studies are still ongoing for uncovering other vitamin A derivative 
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compounds, as potential natural ligands of RXR, such as dihydroretinoids (Moise et 

al., 2009) and all-trans retinoic acid (Tsuji et al., 2015) that may act in a tissue-specific 

manner (Menéndez-Gutiérrez and Ricote, 2017). In addition, RXR has also been 

implicated to recognise a number of fatty acid-derived compounds, including 

docosahexanoic acid (DHA; Calderon and Kim, 2007) and arachidonic acid 

(Lengqvist et al., 2004). Their potential roles as activating RXR ligands (Perez et al., 

2012) are indicative that RXR potentially governs a multitude of signalling pathways 

related to lipid metabolism. However, the precise physiological roles of the 

endogenous RXR homodimer system and its regulation by the range of potential 

endogenous ligands are areas still under intense exploration.  

Besides its role as homodimer, RXR is involved in many other signalling 

pathways through forming heterodimers with other class II nuclear receptors 

(Mangelsdorf and Evans, 1995). Of the 48 members that comprise the nuclear receptor 

family, about a third are known to form complexes with RXR, the majority of which 

are class II nuclear receptors that include VDR, TR (thyroid receptor), RAR and 

metabolic sensors such as FXR, PPAR, PXR and LXR, in addition to a number of 

‘orphan’ receptors (Mangelsdorf and Evans, 1995; Blumberg and Evans, 1998). While 

originally considered to simply represent a ‘docking partner’ and provide structural 

support, the RXR component is an established as actively contributing to the 

transcriptional functioning of the heterodimer. The nature of this contribution in 

response to binding of RXR ligand forms basis for functional partitioning among this 

group of receptors. “Permissive” heterodimers (Dawson and Xia, 2012) include the 

LXR/RXR heterodimer, which is activated not only by oxysterols, the natural ligand 

for LXR (Schultz et al., 2000), but also by rexinoids (synthetic RXR ligands) to result 

in the transactivation of target genes that possess liver X response elements (LXRE) 

in their promoter. The transcriptional readout from these heterodimers, are also subject 

to a synergistic effect, resulting from the presence and binding of both ligands 

(Dawson and Xia, 2012). Furthermore, RAR/RXR is considered to be “conditionally 

permissive”, meaning that it can be activated by specific RXR ligands, but only in the 

presence of a liganded RAR (Lala et al., 1996; Altucci et al., 2007). On the other hand, 

heterodimers consisting of RXR and a nuclear receptor for non-lipid compounds, such 

as VDR and TR are thought of as “non-permissive”, in that they are only activated by 

ligands for the primary partner and show no or a poor response to rexinoids. Even in 

this context, RXR cannot be considered to be a ‘silent’ partner, as following activation 
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of its primary partner, allosteric communication enables RXR to actively contribute to 

the overall transcriptional readout–the “phantom ligand effect” (Schulman et al., 1997; 

Thompson et al., 1998; Thompson et al., 2000).  For VDR/RXR, this remains a topic 

of some debate as a number of reports suggest this complex may be capable of 

transactivation by rexinoid/retinoid compounds under certain cellular contexts (Wang 

et al., 2008). Moreover, RXR can exist as an inactive homotetramer in the absence of 

its ligand, limiting the availability of free RXR for heterodimer formation, suggesting 

that RXR ligands may influence the activity of non-permissive heterodimers by 

regulating dissolution of the inactive tetramer (Chen et al., 1998). RXR obviously 

therefore plays a pivotal role in the nuclear receptor signalling network and elucidating 

basic RXR biology and function remains essential for understanding the wider context 

for regulation of nuclear receptor-mediated transcriptional circuits.  

With many of its heterodimeric partners, such as VDR, FXR and LXR, known 

to be substrates for SUMOylation, RXR itself has recently also been identified as 

subject this modification, further emphasizing the potential complexities that post-

translational modifications can confer upon signalling mediated through such 

heterodimers. The SUMOylation of RXR has been described in two separate studies 

(Choi et al., 2006; Lee et al., 2015), with both being based on the RXRα isotype. 

RXRα can be modified by all three SUMO isoforms, with SUMO2 modification 

occurring with the most abundance (Choi et al., 2006; Lee et al., 2015). RXRα has at 

least two experimentally defined SUMOylation sites, K108 and K245, which 

respectively lie in a non-consensus and consensus sequence motif. K245 shows a strict 

isoform preference, exclusively accepting SUMO2 modification, with K108 modified 

by all three isoforms (Choi et al., 2006; Lee et al., 2015). Regardless of the specific 

isoform, SUMOylation at either site seems to have a repressive impact on the 

transactivity of RXR homodimer, with mutation of one or both of the modification 

sites leading to an increased transcriptional responsiveness of the RXRα homodimer 

to ligand (Lee et al., 2015). Interestingly, considering its role for SUMOylation on 

VDR, PIAS4 also acts as an E3 ligase for RXRα, enhancing its SUMOylation in an 

E3 ligase activity-dependent manner. However, the degree of this dependency varies 

by SUMO isoform: the conjugation with SUMO1 and SUMO3 is entirely dependent 

on the E3 ligase activity, whereas SUMO2 modification is only partially dependent 

upon this enzymatic activity, with PIAS4 still enhancing the modification in an E3 

ligase-independent fashion, albeit to a reduced extent. These evidence postulate a 
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repressive role of SUMOylation and a potentially bimodal modulatory function of 

PIAS4 in the regulation of RXR, the effect of which possibly extend to the regulation 

of signalling by other nuclear receptors through heterodimerisation.  

 In this study, functional analyses were conducted to address the potential 

impact of SUMOylation on various aspects of RXR function, including its expression, 

transactivity and capacity to form heterodimers with other class II receptors. The 

effects of PIAS4 co-expression upon such functions were also investigated. In addition, 

the possible reversing effects of SENPs were taken into consideration and in 

combination, the resulting data intended to obtain an insight for how these 

SUMOylation-regulating factors modulate RXR-directed signalling in comparison to 

their roles targeting VDR. The findings provide important clues that helps dissect how 

SUMOylation impacts upon the activities of RXR homodimers and its heterodimeric 

complexes, which include mediation of the vitamin D response.   
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5.2. Results 

 

5.2.1. Repression of RXR homodimer transcriptional function by PIAS4 is dependent 

upon the E3 ligase activity 

 

 In previous screening experiment carried out by our laboratory, PIAS4 was shown to 

enhance the SUMOylation of RXRα in an E3 ligase activity-dependent manner. This 

raised the question of whether PIAS4 modulated the functionality of the receptor 

through a mechanism based upon this modification (Lee et al., 2015). To address this, 

we employed a reporter assay-based approach to obtain a more detailed insight into 

how this PIAS isoform may regulate the transactivity of the RXR homodimer. Also, 

to assess the dependency of any such regulation upon the PIAS4 E3 ligase activity, an 

enzymatically inactive mutant form of PIAS4, W356A, with the catalytic tryptophan 

replaced by alanine (Kotaja et al., 2002; Lee et al., 2015) was incorporated into the 

system. The reporter assay employed a firefly luciferase-based reporter plasmid with 

a promoter containing the DR1 RXRE cluster found upstream of the rat cellular retinol 

binding protein II gene (CrbpII), a gene regulated specifically by RXR homodimers 

(Mangelsdorf et al., 1991; Lee et al., 2015). HEK293 cells were transfected with an 

expression plasmid for RXRα, in combination with the RXRE-based reporter plasmid 

and the effects on transactivation assessed through exposure to increasing levels of co-

transfected expression constructs encoding HA-tagged PIAS4 (HA-PIAS4), or the 

W356A mutant. The cells were then treated with 9-cis retinoic acid (9-cis RA; 1 μM) 

or vehicle control [dimethyl sulfoxide (DMSO); 0.1%] for 24 h before the 

measurement of luciferase activity (Fig. 5.1). The data reveal that increases in 

expression of HA-PIAS4 cause a corresponding decrease in reporter activity, noted in 

both the basal (vehicle control) and readout resulting from the ligand-induced 

responses driven through transactivated RXRα, with the decrease of the latter showing 

a clear dose-dependency (Fig. 5.1A). The reduction in the ligand-induced responses 

of RXRα highly correlate to the dose of PIAS4, exhibiting approximately 55% and 

36% repression at the highest and the lowest doses, respectively. Expression of HA-

PIAS4 W356A had little effect on the liganded responses of RXRα, and indeed seemed 

to rather cause an enhancement of transactivity at higher dosages; 15 and 31% 

increases at 100 and 200 ng (P < 0.05) respectively, potentially reflecting a dominant-

negative-like effect of the mutant PIAS4 over the endogenous PIAS4 (Fig. 5.1B). 
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Western blotting analysis of whole lysates from each treatment group showed the 

varied expressions of HA-PIAS4 WT/W356, did not affect the corresponding protein 

levels of RXRα (Fig. 5.1C). The level of RXRα protein dramatically reduced in 

response to ligand, consistent with previous findings (Osburn et al., 2001), with this 

effect not impacted through the presence of an expressed PIAS4 species. The blot, 

however, also revealed that the level of expression for HA-PIAS4 W356A was 

significantly lower than HA-PIAS4 WT across all treatment. To eliminate this as a 

possible reasons for any differences noted between use of the WT and mutant forms 

of PIAS4 (Fig. 5.1C), the same experiment was performed using alternate V5-tagged 

versions of PIAS4 WT and W356A (n = 1), which were expressed at equal levels in a 

western blotting analysis (Fig. 5.1E). The V5-PIAS4 repressed the transactivity of 

RXRα as effectively as the HA-tagged counterpart, with the W356A mutant again 

having no effect on RXR-mediated reporter activity, indeed rather causing a slight 

enhancement as observed for HA-PIAS4 W356A (Fig. 5.1D). 

 Taken together, these results demonstrate that PIAS4 represses the ligand-

induced transactivity of RXRα in an E3 ligase-dependent manner. 
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Fig. 5.1. PIAS4 represses the transactivity of RXRα in an E3-ligase-dependent 

manner. HEK293 cells were transfected with an indicated amount of expression 

plasmid for HA-PIAS4 WT (A) or HA-PIAS4 W356A (B), along with an expression 

plasmid for RXRα and a reporter plasmid encoding the firefly luciferase with RXRE 

promoter. The cells were treated with 0.1% dimethyl sulfoxide (DMSO) or 1 μM 9-

cis RA for 24 h, followed by the measurement of luciferase activity. The values are 

presented as relative value to the luciferase activity in control cells (DMSO-treated, 

no HA-PIAS4 overexpression). The data represent an average of three independent 

experiments ± standard error (SE). Differences in luciferase activity were statistically 

evalutated by mean of ANOVA and subsequent Tukey’s HSD post hoc test and 

statistical significance found between values with and without HA-PIAS4 expression 

is indicated as * (P < 0.05) or ** (P < 0.01). (C) HEK293 cells were transfected with 

an increasing amount of expression plasmid of HA-PIAS4 WT or HA-PIAS4 W356A 

together with an expression plasmid for V5-RXRα, and then treated as in A and B. 

The cells were lysed and analysed by western blotting with anti-V5 and anti-PIAS4 

antibodies. The transfected species are indicated on the top, the antibodies used are 

indicated on the left. (D, E) The reporter assay was performed as in A and B, except 

for the transfection of V5-PIAS4 WT (D) or V5-PIAS4 W356A (E) instead of their 

HA-tagged counterpart. (F) HEK293 cells were transfected and treated as in D and E, 

but the lysate was analysed by western blotting with an anti-V5 antibody. The 

transfected PIAS4 species and their dose in ng plasmid are indicated at the top.  
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5.2.2. SENPs enhance the transactivity of RXRα 

 

De-SUMOylation enzymes, SENPs, provide a reversible nature to SUMO-mediated 

regulation of substrate and function within various cellular compartments in an 

isoform-specific manner (Hay, 2007; Nayak and Müller, 2014). Following the 

previous reports from our laboratory that SENP1 and SENP2 can reverse the 

SUMOylation of VDR while enhancing its transactivity (Lee et al., 2014), I then 

examined how co-expression of various SENPs may affect functionality of the RXRα 

homodimer. For this purpose, three different isoforms, SENP1, SENP2 and SENP6, 

that exhibit differing SUMO processing capacities were selected to investigate the 

involvement of SUMO1, SUMO2 and SUMO2/3-chains in the regulation of RXRα, 

respectively (Hay, 2007; Nayak and Müller, 2014). SENP3 and SENP5 were not 

included in this study, considering their rather specific localisation and function that 

were not likely to have an influence on the function of RXRα. As for the PIAS4-based 

experiments, HEK293 cells were transfected with the RXRE-based reporter in 

combination with expression constructs encoding RXR and varied amounts of 

FLAG-SENP1, FLAG-SENP2 or FLAG-SENP6. Transfected cells were treated with 

1 μM 9-cis RA or 0.1% DMSO for 24 h before measurement of firefly luciferase (Fig. 

5.2). The expressions of FLAG-SENP1 result in a trend for increased basal and ligand-

induced levels of reporter activity, in a dose-dependent manner albeit without 

statistical significance (Fig. 5.2A). For FLAG-SENP2, statistically significant changes 

are noted for both the basal and ligand-induced report readout (Fig. 5.2B). The levels 

of non-liganded basal activity increase dose-dependently showing 74, 80 and 93% 

increases at 50, 100 and 200 ng of FLAG-SENP2 (P < 0.05). The ligand-induced 

responses display a higher sensitivity to FLAG-SENP2 and are increased by 82 and 

86% at 100 and 200 ng,  respectively (P < 0.05) suggesting a potential “limit” of 

enhancement by SENP2 at those levels. In contrast, no consistent or significant effects 

are noted to result from co-expression of FLAG-SENP6  

 These results demonstrate that SENP2 is a potent enhancer of RXRα 

homodimer-mediated transcriptional responses, with SENP1 also showing a more 

limited degree of  enhancement of receptor activity, supporting the idea that 

SUMOylation has a negative impact on the transactivity of RXRα. Since SENP2 

appears to elicit the more significant effects, the results also suggest a greater 
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contribution of SUMO2 to the regulation of RXRα than SUMO1. The involvement of 

SUMO-chain in the regulation of RXRα, on the other hand, is unclear, as SENP6 did 

not show a consistent, dose-dependent enhancement of its transactivity.  
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Fig. 5.2. SENP1 and SENP2, but not SENP6, enhances the transactivity of RXRα. 

HEK293 cells were transfected with an indicated amount of expression plasmid for 

FLAG-SENP1 (A), FLAG-SENP2 (B) or FLAG-SENP6 (C), along with an 

expression plasmid for RXRα and a reporter plasmid encoding the firefly luciferase 

with RXRE promoter. The cells were treated with 0.1% DMSO or 1 μM 9-cis RA for 

24 h, followed by the measurement of luciferase activity. The values are presented as 

relative value to the luciferase activity in DMSO-treated cells with no FLAG-SENP 

overexpression (0 ng). The data represent an average of three independent experiments 

± standard error (SE). Differences in luciferase activity among groups were 

statistically evaluated by ANOVA followed by Tukey’s HSD post hoc test and 

statistical significance found between the values with and without SENP 

overexpression is indicated as * (P < 0.05) or ** (P < 0.01). 
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5.2.3. SUMOylation-deficient mutants of RXRα are unaffected by co-expression of 

PIAS4 

 

RXRα has two experimentally defined SUMOylation sites; K108 and K245 (Lee et 

al., 2015). Mutation-induced loss of SUMOylation on one or both of the two sites 

leads to an enhanced transactivity of RXRα homodimer, which occurs without altering 

the protein level of RXRα nor affecting its ligand-induced clearance (Lee et al., 2015; 

re-examined in Fig. 5.3A and B). Since PIAS4 can enhance SUMOylation of RXRα, 

the next question was if the capacity of PIAS4 to mediate repression of RXRα activity 

was a direct consequence of the SUMOylation of RXRα. This was tested through 

examining how PIAS4 modulated the respective activities of the mutant RXRα in 

which the identified SUMO acceptor lysines were replaced by an arginine (K108R 

and/or K245R). The reporter assay-based experiments depicted in Fig. 5.3C describes 

the effects of co-expressed HA-PIAS4 upon the respective activities of the SUMO-

deficient and intact (wild type) versions of V5-RXRα RXRα WT responded to 9-cis 

RA treatment through mediating a robust 6-fold increase in the RXRE-based reporter 

readout (P < 0.05). As with previous observations, the mutations did not affect the 

basal (unliganded) activity, but substantially increased the sensitivity of the mutant 

RXRα to ligand, with K108R, K245R and K108R/K245R mutants exhibiting 8-, 8- 

and 9-fold increases in transactivity, respectively. An accompanying overexpression 

of V5-PIAS4 had an equal repressive effect on the basal and liganded activities of all 

tested forms of RXRα, with the liganded activities of each lowered to approximately 

50% of the intact RXRα WT without V5-PIAS4.  

These data suggest that the PIAS4-mediated repression is not dependent on the 

direct SUMOylation of RXRα.  Rather, PIAS4 may affect other factor(s) involved in 

a fundamental process within the transactivation of RXRα, probably through 

enhancing SUMOylation of this component. 
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Fig. 5.3. PIAS4 represses the transactivity of RXRα independently of the 

SUMOylation on RXRα. (A) HEK293 cells were transfected with an expression 

plasmid for RXRα WT or SUMOylation-deficient mutant (K108R, K245R or 

K108R/K245R) along with a reporter plasmid encoding the firefly luciferase with 

RXRE promoter. The cells were treated with 0.1% DMSO or 1 μM 9-cis RA for 24 h, 

followed by the measurement of luciferase activity. The values are presented as 

relative value to the luciferase activity in DMSO-treated, RXRα WT-overexpression 

cells. The data represent an average of four independent experiments ± standard error 

(SE). Differences in luciferase activity among groups were statistically evaluated by 

ANOVA and subsequent Tukey’s HSD post hoc test and statistical significance found 

between values with WT and a mutant RXRα is indicated as * (P < 0.05) or ** (P < 

0.01). (B) HEK293 cells were transfected with an expression plasmid for V5-RXRα 

(WT, K108R, K245R or K108R/K245R) and treated as in A. The cells were lysed, 

followed by western blotting analysis with an anti-V5 antibody. RXR species and 9-

cis RA treatment are indicated on the top, and antibodies are indicated on the left. (C) 

HEK293 cells were transfected and treated as in A, except they were co-transfected 

with an expression plasmid for HA-PIAS4. The data represent an average of two 

independent experiments ± standard error (SE). 
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5.2.4. SENP enhances the transactivity of SUMOylation-deficient mutant forms of 

RXRα 

 

To investigate further the potential for SUMOylation to modulate RXRα functionality, 

I investigated the comparative impact of SENP co-expression on the transactivities of 

RXRα and its SUMOylation-deficient mutants. Since RXRα is modified primarily by 

the SUMO2 isoform (Lee et al., 2015), SENP2, which has a preference toward this 

isoform (Shen et al., 2006) and indeed causes the most effective enhancement of 

RXRα transactivity (Fig. 5.2), was selected for this analysis. The results from this 

analysis are depicted in Fig 5.4. When the activities of RXRα and its SUMO-deficient 

mutant forms, expressed as fold induction (reporter activity in presence of ligand over 

activity in presence of vehicle control), RXRα WT displayed a 7-fold increase with 

the RXRα K108R, K245R and K108R/K245R mutants exhibiting fold inductions of 

8, 8 and 9-fold, respectively. In terms of comparing the actual liganded activities 

(reporter readout in presence of ligand), the mutant RXRs show levels of 

responsiveness that are 24, 17 and 42% increased over that exhibited by WT, 

respectively, consistent with the data in Fig. 5.3A.  

The co-expression of FLAG-SENP2 results in an enhancement of both basal 

and the liganded activities for all RXRα species, though in slightly different manners 

(Fig. 5.4A). FLAG-SENP2 enhanced the ligand-induced transactivity of RXRα WT 

by 94%, while enhancing those of RXRα K108R, K245R and K108R/K245R by 12, 

31 and 31% compared to that of WT, respectively. When such effects of FLAG-

SENP2 were evaluated based on fold induction, RXRα WT, K108R, K245R and 

K108R/K245R each display 7, 7, 8 and 8-fold inductions under the expression of 

FLAG-SENP2 (Fig. 5.4B), implying that the effect of K245 SUMOylation is not 

completely cancelled by SENP2.  

 Taken together, these results suggest that SUMOylation of transcription-

related factors is involved in the regulation of RXRα, confirming the indication 

provided by the consistent repression of all SUMOylation-deficient RXRα mutants by 

PIAS4 (Fig. 5.3). Although evidence for the direct involvement of SUMOylation on 

RXRα itself is unclear, the intact K245 seems to confer RXRα a certain level of 

resistance to the SENP2-mediated enhancement, suggesting the possibility that RXRα 

may be modulated through different combinations of SUMO and SENP isoforms.  
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Fig. 5.4. SENP2 enhances the transactivity of RXRα independently of the 

SUMOylation on RXRα. (A) HEK293 cells were transfected with an expression 

plasmid for RXRα WT or SUMOylation-deficient mutant (K108R, K245R or 

K108R/K245R), along with an expression plasmid for FLAG-SENP2 and a reporter 

plasmid encoding the firefly luciferase with RXRE promoter. The cells were treated 

with 0.1% DMSO or 1 μM 9-cis RA for 24 h, followed by the measurement of 

luciferase activity. The values are presented as relative value to the luciferase activity 

in control cells (DMSO-treated, overexpressing RXRα WT, no FLAG-SENP2 

overexpression). (B) Fold induction of luciferase activity by 9-cis RA was calculated 

based on the results in A. The data represent an average of two independent 

experiments ± standard error (SE).   
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5.2.5. PIAS4 modulates interactions between RXR and transcriptional-coregulators  

 

Since all WT and SUMOylation-deficient forms of RXRα appeared to be repressed 

equally in the presence of PIAS4, I investigated the possibility that this effect may be 

mediated through PIAS enhancing SUMOylation of accessory protein factors that 

interact with RXRα, rather than actual SUMOylation of the receptor itself. For this 

reason, I investigated the effect of PIAS4 and its E3 ligase activity on the interactions 

between RXRα and a known panel of transcriptional coregulators. To undertake this, 

I employed a mammalian two-hybrid system to detect and evaluate the strength of 

those interactions, between the ligand-binding domain of RXRα (expressed as a ‘prey’ 

hybrid  fused to the activation domain of Gal4) and nuclear receptor-interaction motifs 

of coregulators (expressed as ‘bait’ and fused to the Gal4 DNA binding domain). 

Using this experimental system, I initially tested in HEK293 cells a panel of seven 

well-established coregulators of nuclear receptor activity (McKenna et al., 1999; 

Sever and Glass, 2013); steroid receptor coactivator 1 (SRC1), SRC2, SRC3, receptor 

interacting protein 140 (RIP-140), silencing mediator for retinoid or thyroid-hormone 

receptor (SMRT), small heterodimer partner (SHP) and thyroid hormone receptor 

associated protein 220 (TRAP-220). HEK293 cells were transfected with plasmid 

constructs for expression of the appropriate combinations of  AD-RXRα (prey) and 

BD-coregulator (bait), along with a reporter plasmid encoding the firefly luciferase 

under control of the Gal4 UAS (upstream activation sequence) response element. 

Transfected cells were treated with 9-cis RA (1 μM) or vehicle control (0.1% DMSO) 

for 24 h before the measurement of luciferase activity (Fig. 5.5A). Empty (insertless) 

prey and bait vectors (AD and BD vectors) were applied as controls to assess potential 

background levels of reporter activity that may be modulated through addition of 

ligand. Likewise, the combination of AD-RXRα with empty BD vector was included 

to take consideration of potential background effects to verify observed changes in 

reporter activity as truly driven by the tested combination of receptor-coregulator 

constructs. When assessed under these conditions, among the seven coregulators, 

SRC1, SRC2 and SRC3 exhibit a highly ligand-dependent interaction with AD-RXRα, 

resulting in approximate 39-, 46- and 163-fold inductions (reporter activity in the 

presence of 9-cis RA compared to vehicle control), respectively. TRAP-220 also 

exhibited ligand dependent interaction with RXRαwith more modest, but still 
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significant, levels of induction of reporter activity (11-fold) achieved in the presence 

of ligand. No interactions, in either the absence or presence of ligand, were noted for 

RIP-140, SHP nor the corepressor, SMRT.  

 Having established a panel of coregulators that exhibited detectable interaction 

with RXRα, I next asked how co-expression of PIAS4 and its E3 ligase-mutant 

(W356A) affected those interactions. In these experiments, two hybrid assays were 

performed using the appropriate combinations of AD-RXRα and BD-coregulator bait 

constructs, in the presence of expression vectors encoding either V5-PIAS4 WT or 

V5-PIAS4 W356A (or a parent vector control), and treated with 9-cis RA or DMSO 

for 24 h before the measurement of luciferase activity (Fig. 5.5B). The readouts from 

the AD/BD control combination were unaffected by neither by ligand treatment nor 

through the presence of any expressed PIAS4 species. No significant changes to the 

basal levels of interaction between coregulator and RXRα were noted for any tested 

combination, following co-expression of PIAS4 species. In the presence of 9-cis RA, 

however, there appeared a trend for V5-PIAS4 WT and/or W356A to modify 

interactions between RXRα and the tested coregulators, but none was found to be 

statistically significant. PIAS4 appeared to enhance RXRα interactions with SRC1 and 

TRAP220, but repressed association with SRC2. In terms of fold inductions, 

interactions for AD-RXRα/BD-SRC1 were enhanced by both V5-PIAS4 WT and 

W356A, a further 1.7- and 1.6-fold, respectively, while that of AD-RXRα/BD-TRAP-

220 by 2.5-fold, but only by the W356A E3 ligase deficient mutant (Fig. 5.5C).  

 Although these results do not provide definitive evidence that PIAS4 can 

modulate interaction between RXRα and its coregulators, there is implication that 

PIAS4 may have a certain influence on these processes. Since interaction with SRC1 

and TRAP-220 show indications they may be affected, the data suggest the possibility 

of these component steps within the transactivation of RXRα may be the primary 

mechanistic focus of in the PIAS4-mediated repression of RXRα homodimer 
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Fig. 5.5. PIAS4 may alter the interaction between RXRα and coregulators. (A) 

HEK293 cells were transfected with an expression plasmid for AD-RXRα (LBD) and 

an expression plasmid for indicated BD-fusion protein, together with a reporter 

plasmid encoding the firefly luciferase under UAS promoter. The cells were treated 

with 0.1% DMSO or 1 μM 9-cis RA for 24 h, followed by the measurement of 

luciferase activity. (B) A two-hybrid experiment was performed as in A, except for the 

selected panel of coregulators (SRC1, SRC2, SRC3 and TRAP-220) and for the co-

transfection of an expression plasmid for HA-PIAS4 or HA-PIAS4 W356A (or an 

empty vector). (C) Fold induction of luciferase activity by 9-cis RA was calculated 

based on the results in B. The data represent an average of three independent 

experiments ± standard error (SE). The values are presented as relative value to the 

luciferase activity in control cells (DMSO-treated, transfected only with AD and BD 

empty vectors) for the data in A and B. Differences among groups were statistically 

analysed by ANOVA and subsequent Tukey’s HSD post hoc test and statistical 

significance found by the analysis is indicated as * (P < 0.05).  
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5.2.6. SUMOylation of RXRa has impact on its association with heterodimeric 

partners 

 

Given the position of the SUMOylation sites previously identified on RXRα, it is 

conceivable that this modification could affect heterodimerisation between RXRα and 

its dimeric partners. To address the possible impact of SUMOylation on this process, 

the mammalian two-hybrid assay was employed to assess interactions between RXRα 

WT or SUMO-deficient mutant expressed as bait (BD-RXRα) and the ligand-binding 

domains of VDR, PPARγ or LXRα expressed as hybrid prey (AD-VDR, AD-PPARγ 

or AD-LXRα). Following the transfection of two-hybrid constructs, cells were treated 

with the appropriate cognate ligand for the dimeric partner for 24 h, followed by the 

measurement of firefly luciferase activity generated from co-transfected reporter 

vector (Fig. 5.6). In agreement with previously proposed model (Haussler et al., 1998), 

association between VDR and RXRα are highly ligand dependent with the presence 

of 1,25D resulting in 8-fold increase in reporter readout over that obtained with vehicle 

control (Fig. 5.6A and D). The single site mutations at K108 or K245 slightly increased 

the basal signal, but mutating both caused a substantial increase (77%) in this ligand-

independent association between the receptors. For associations in the presence of 

1,25D, the K108R or K245R mutations in RXRα appeared to diminish interactions 

with VDR (by 22 and 37%, respectively), whereas the double mutation resulted in an 

enhanced formation of the VDR-RXRα binary complex to levels 126% higher than 

that observed using the intact WT RXRα. This contradictory observation may indicate 

possible interaction between the two SUMO sites within RXRα.  

 In contrast, the dimerisation profiles exhibited by both RXRα-PPARγ (Fig. 

5.6B) and RXRα-LXRα (Fig. 5.6C) were significantly more ligand-independent, with 

their associations only modestly enhanced through the presence of cognate ligand (Fig. 

5.6D), likely reflecting the nature of PPARγ and LXRα complex formation with RXR 

engaged in the transrepression of target genes (Sever et al., 2013). For both receptors, 

the presence of mutations at the SUMOylation sites within the RXRα partner changed 

both the basal and ligand-induced readouts. The ligand-independent associations were 

increased for PPARγ-RXRα when K108, but not K245, was mutated. The K108R and 

K108R/K245R mutant RXRα forms exhibited increased levels of dimerisation with 

PPAR (40 and 54%, respectively), which suggests that SUMOylation at K108 may 
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have an inhibitory effect on PPAR-RXR heterodimerisation (Fig. 5.6B and D). For 

associations in the presence of ligand, K108R and K108R/K245R respectively elicited 

12 and 46% increased levels of dimer complex formation, while the single K245R 

mutation resulted in a 24% decrease. Similarly, the ligand-independent associations 

of LXRα and RXRα were modestly reduced as a result of the single K108R and K245R 

mutations, while the K108R/K245R double mutation resulted in a 66% increased level 

of association with LXRα compared to the SUMO intact WT RXRα (Fig. 5.6C and 

D)In the presence of ligand, the association between RXRα double mutant and LXRα 

was further enhanced by 77% compared to RXRα WT, but in contrast, single site 

mutations displayed modest but notable decreases in the association. 

The results suggest that SUMOylation on the individual acceptor sites have a 

positive influence on the LXRα/RXRα dimerisation, whereas, as noted for VDR, it 

appears that these two sites may exhibit a form of allosteric communication with 

complete loss of SUMOylation on RXRα, resulting in an opposite and enhanced level 

of heterodimerisation, an effect most potently noted for VDR/RXRα. 
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Fig. 5.6. SUMOylation on RXRα does not affect its heterodimerisation with VDR, 

PPARγ or LXRα. HEK293 cells were transfected with an expression plasmid for AD-

VDR LBD (A), AD-PPARγ LBD (B) or AD-LXRα LBD (C), together with an 

expression plasmid for BD-RXRα WT or SUMOylation-deficient mutant (K1080R, 

K245R or K108R/K245R) and a reporter plasmid encoding the firefly luciferase under 

UAS promoter. The cells were treated with vehicle control (0.1% EtOH for VDR, 

0.1% DMSO for PPARγ and LXRα) or respective ligand (10 nM 1,25D, 1 μM 

GW1929 or 1 μM TO901317 for VDR, PPARγ or LXRα, respectively) for 24 h, 

followed by the measurement of luciferase activity. The values are indicated as relative 

value to the luciferase activity of control (RXRα WT, no ligand). (D) Fold induction 

of luciferase activity by respective ligand was calculated based on the results in A-C. 

The data represent an average of two independent experiments ± standard error (SE). 
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5.3. Discussion 

 

The molecular regulation of RXR has a wide influence on the signal networks 

mediated by class II nuclear receptors through its pivotal role as an active 

heterodimeric partner, in addition to its relatively uncharacterized role as a homodimer. 

However, the mechanistic aspects of such a regulation remain poorly understood. In 

this study, aiming to obtain an insight into how SUMOylation regulates RXR, I 

performed a variety of reporter assays to investigate the involvement of SUMOylation 

and components of the SUMO pathway in the regulation of RXR, taking into 

consideration receptor transactivity, protein levels and coregulator interactions. In the 

wake of PIAS4 enhancing SUMOylation on RXRα (Lee et al., 2015), I firstly 

examined if PIAS4 had an influence on the transactivity of RXRα, which revealed that 

PIAS4 had a repressive effect in a manner highly dependent upon its E3 ligase activity 

(Fig. 5.1). This suggested that SUMOylation of RXRα is responsible for this 

repression. The notion was supported by experiments in which deSUMOylation 

enzymes, SENP1 and SENP2, but not SENP6, potentiated the RXRα response to 

ligand, with SENP2 seemingly having the greater impact (Fig. 5.2). Based on SUMO 

isoform preference of SENP enzymatic function (Hay, 2007; Nayak and Müller, 2014), 

the result suggested SUMO2 modification to be more involved than SUMO1 in this 

regulation. The data, however, suggest that the repression of RXR function by PIAS4 

does not require SUMOylation of the receptor itself, raising the possibility that the 

repression is through PIAS-directed modification on other transcriptional regulators 

associating with the receptor complex (Fig. 5.3). Aiming to address this mechanistic 

aspect, I performed a mammalian two-hybrid assay to find the influence of PIAS4 on 

RXRα-coregulator interactions, but the experiment did not produce a clear indication 

for a PIAS4-mediated, E3 ligase-dependent effect (Fig. 5.5). Finally, as an effort to 

decode the role of SUMOylation on RXRα in the wider heterodimer-based signal 

network, I compared the profiles exhibited by RXRα and its selective mutant forms 

for their capacities to form dimeric complexes with VDR, PPARγ and LXRα. The data 

provided an intriguing view that SUMOylation of RXRα can influence 

heterodimerisation in a manner that may potentially be partner-specific and subject to 

complex interactive communications between the individual SUMO acceptor sites on 

RXRα (Fig. 5.6). Although these experiments have yet to provide a definitive view for 

the responsible molecular events behind PIAS4-mediated repression, this study 
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produced an important set of data that will help decipher the molecular regulation of 

RXR and RXR-heterodimer signal network in detail in future studies. 

PIAS4 is a multifunctional protein that is involved in a number of aspects 

within nuclear biology (Jackson, 2001). With respect to transcriptional regulation, 

PIAS4 has been showing its multifaceted functionality, from providing a scaffold for 

interactions (Gross et al., 2004) to sequestering a transcription factor in an inactive 

complex, which is often dependent on its E3 ligase activity (Sachdev et al., 2001; 

Dahle et al., 2003). In this study, we noted PIAS4 to repress the transactivity of the 

RXRα homodimer in an E3 ligase activity-dependent manner. When combined with 

our previously published data that PIAS4 enhances SUMOylation of RXRα with its 

E3 ligase activity (Lee et al., 2015), this strongly suggests that the repression may 

directly result from PIAS4-mediated SUMOylation of RXRα. Contrary to this 

straightforward view, I found PIAS4 to be capable of repressing the transactivity of 

all SUMO deficient RXRα mutants to the same level (Fig. 5.3). This striking result 

provides an insight that PIAS4 and SUMOylation on RXRα, though linked, belong to 

separate regulatory mechanisms, with the former enhancing the SUMOylation on 

other factor(s) to repress the transactivity of RXRα independent of the SUMOylation 

status of the receptor itself. How PIAS4 could achieve such a regulation is, however, 

still elusive based on the current data, since PIAS4 did not critically change any of the 

RXRα-coregulator interactions tested (Fig. 5.5). Considering the strict involvement of 

E3 ligase activity in signal repression, the mechanism is still likely to involve a change 

in certain interaction(s) within the transcriptional metacomplex. A possibility is that 

PIAS4 may affect a crucial event downstream of interactions investigated in the 

experiment depicted in Fig. 5.5, such as the recruitment of RNA polymerase 

machinery to the transactivation complex. Although the interaction between RXRα 

and TRAP-220, which is a member of Mediator complex essential for the recruitment 

of the RNA polymerase complex (McKenna et al., 1999), was itself not affected by 

PIAS4, TRAP-220 might still not be able to interact with components within the basal 

machinery due to SUMOylation by PIAS4. Despite no evidence having yet been 

reported for SUMOylation of TRAP-220, it does contain multiple lysine residues that 

might be targeted for modification. Based on a sequence-based prediction (GPS 

SUMO), this protein contains three candidates lying in a consensus context (K431, 

K1442 and K1529), and of those, K431 is located in a MedI domain crucial for the 

assembly of the middle subdomain within Mediator complex, an event structurally 
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vital to the integrity of entire complex (Larivière et al., 2012). Apart from TRAP-220, 

there are multiple factors involved in the Mediator complex that bridge the promoter 

complex to the RNA polymerase machinery (McKenna et al., 1999; Larivière et al., 

2012). As such, it is conceivable that PIAS4-mediated SUMOylation inhibits the 

formation of this complex or the recruitment of RNA polymerase machinery by these 

factors, achieving a repression, completely independent of the SUMOylation on RXR. 

As the central entity within class II nuclear receptors complexes, it is imaginable that 

RXR undertakes the association with Mediator complex as a shared mechanism 

among RXR heterodimers, and therefore, pursuing this aspect may provide another 

role of RXR as the functional pivot of class II receptors signal. 

Originally directed to address the functional meaning of SUMOylation on 

RXRα itself, this study was unable to identify a clear indication for its role in the 

regulation of the RXRα homodimer, while suggesting that SUMOylation components, 

PIAS4 and SENP(s), modulate modification of other factors, most likely 

transcriptional coregulators, to regulate the transactivity of RXRα homodimer (Fig. 

5.3C and 5.4). Notwithstanding, the increase in the transactivity caused by K-R 

mutation(s) at K108 and/or K245 (Fig. 5.3A; K108R>K245R) correlate with the 

magnitude of SUMOylation on each site (Lee et al., 2015; K108>K245), and this 

quantitative consistency strongly suggests the presence of a mechanism by which 

SUMOylation on RXRα represses its transactivity in a homodimeric context. In 

addition, the protein levels of RXRα are unaffected by its SUMOylation status, 

including the ligand-induced degradation of RXRα (Fig. 5.3B), an event suggested to 

be a mechanism to maintain an efficient transactivation state by removing nuclear 

receptors, once engaged in the process, from promoters (Lonard et al., 2000; Osburn 

et al., 2001). Therefore, it is likely that SUMOylation on RXRα has an impact on 

molecular events that occur during the transactivation process, and one of the likely 

theories is that the SUMOylation affects RXRα-coregulator interactions. K108 lies in 

C-terminal region within the AF-1 domain, which mediates ligand-independent 

activities, although often in concert with ligand-dependent mechanisms (Tremblay et 

al., 1999; Freedman, 1999). Considering that K108 accepts all three SUMO isotypes, 

modification at this site may be regulated by a number of different signalling pathways 

that involve distinct E3 ligases. Therefore, it is possible that K108 SUMOylation may 

play a role in a signal-dependent repression of RXR by obstructing AF-1-coactivator 

interaction in response to various stimuli. K245, on the other hand, is located at the 
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beginning of the second of 12 helices that constitute the LBD (Peet et al., 1998; 

Gronemeyer et al., 2004). Considering its relative position within the ternary structure 

of the LBD, this helix, together with the adjacent helix 1, is not positioned to face a 

heterodimeric partner or coregulators directly (Gronemeyer et al., 2004; Dawson and 

Xia, 2012; Kojetin et al., 2015). Due to such an exposed position, the SUMOylation 

at K245 may act as a bait to allure de novo SUMO-dependent interactions with 

coregulators carrying a SIM motif. Given the repressive nature of the SUMOylation 

at this site, those coregulators may include HDACs or Daxx, which are known to 

mediate repression of SUMOylated transcription factors via SUMO-SIM interaction 

(Gill, 2005; Hay, 2005; Lin et al., 2006).  

Widening the scope to the heterodimer context, the impact of SUMOylation 

on RXRα on heterodimer formation was also evaluated. Against the expectation that 

SUMOylation on K245, which lies in LBD, may have a rather critical influence on 

this aspect, the mammalian two-hybrid assay (Fig 6) did suggest that SUMOylation 

potentially has selective effects towards particular heterodimers. PPARγ/RXR 

heterodimerisation appeared to be specifically enhanced by the K108R mutation, 

suggesting that the SUMOylation at this site prevents this particular 

heterodimerisation. VDR/RXR and LXR/RXR heterodimers, on the other hand, were 

suggested to form more efficiently when the K108R/K245R double mutation was 

present, with the single mutations (K108R or K245R) causing moderate decreases in 

heterodimer formation (Fig. 5.6A and C), implying allosteric interactions between the 

two different sites. Despite the intention of the experiment to evaluate the interaction 

between two overexpressed constructs (i.e. RXRα and a dimeric partner), it cannot be 

ruled out that the two-hybrid activity might reflect unfocused functional aspects of 

RXR heterodimers that could be altered by the mutations on RXR. It is conceivable 

that the SUMOylation on RXR may impact on DNA-binding and 

transactivation/transrepression, and to dissect those possibly intertwined effects of 

SUMOylation on RXR, the association between RXR and its heterodimer will need to 

be examined separately by, for example, investigating their affinity or localisations 

with an imaging technique. Also not addressed in the two-hybrid assay is that 

SUMOylation potentially affects the “competition for RXR” among dimeric partners, 

given especially K245 being on the heterodimeric interface. Though simply applying 

the two-hybrid system to other heterodimeric partners of RXR would provide valuable 

information, designing and implementing experiments to address the impact of 
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SUMOylation on RXR on the functionality or competition of heterodimer will help 

building up a new layer of understanding on the molecular biology of RXR 

heterodimer network.  

 Taken together, the finding in this study provides important clues to a better 

understanding of the contribution of RXR SUMOylation within the regulation of 

vitamin D signalling, as well as other components within the “RXR heterodimer 

network”. The involvement of the same SUMO modulators, PIAS4 and SENPs, in the 

regulation of the RXR homodimer implicates a significant overlap between regulatory 

systems of VDR/RXR heterodimer and RXR homodimer, and, although this study did 

not uncover a unifying mechanistic factor underlying the regulation of RXR 

homodimers, the insights provided here will lead future study to the specification of 

such factors. Besides, the differential influence of RXR SUMOylation on the 

formation of various RXR heterodimers suggests a potentially extensive and intricate 

regulatory system, which will serve as important clues that will help future study 

gradually clarify the relevance of these modifications for the specificity of regulatory 

effects on individual heterodimeric species.  
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Chapter VI – Towards Thorough Identification of SUMOylation Sites on VDR  
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6.1. Introduction 

 

The identification of modification and acceptor sites within a protein substrate is 

critical for elucidating the functional role of a post-translational modification. 

Information on the exact sites of modification allows us to take site-specific 

approaches, and among the most widely adopted is the mutation-based analysis, in 

which the amino acid residue targeted by the modification is replaced by another 

amino acid that either is not modifiable or mimics a constitutively modified version of 

original residue in chemical property/structure. A serine/threonine targeted for 

phosphorylation, for instance, can be addressed by its substitution with alanine, for a 

non-phosphorylatable form, or with aspartate/glutamate, as a mimetic of 

phosphorylated serine/threonine. A site of acetylation, on the other hand, can be 

mutated to arginine for an unmodifiable form or to glutamine for mimicking a 

constitutively acetylated form. For SUMOylation, the initial identification of a target 

lysine is typically followed by its mutation to arginine, or less commonly, to alanine, 

to generate non-SUMOylatable forms with minimal biochemical impact resulting 

from the amino acid change on the substrate. This K-R mutation strategy has been 

widely applied to SUMO substrates with experimentally defined modification sites, 

and has provided insights into the role of SUMOylation in the regulation of their 

function (Muller et al., 2000; Gross et al., 2004; Lee et al., 2014; Lee et al., 2015; Cui 

et al., 2015; Soria-Bretones et al., 2017; Chymkowitch et al., 2017). When applied in 

the context of genetically engineered mice models, this mutational approach has also 

unravelled the impact of SUMOylation at a greater physiological scale, proving its 

functional relevance in the development of diseases such as obesity, chronic 

inflammation and acute promyelocytic leukemia (Zhu et al., 2005; Kim et al., 2015). 

The generation of SUMO-substrate fusion proteins, on the other hand, has also been a 

common method to investigate a potential functional impact of SUMOylation (Cui et 

al., 2016) that may arise through de novo protein-protein interactions mediated by 

SUMO-SIM association. However, the advantage of the site-specific approach 

becomes evident when the role of SUMOylation is indeed dependent upon and varies 

between different sites, as seen in the example of the SUMOylation of NFAT1 (Terui 

et al., 2004). To increase the capacity of studies that examine the site-specific impact 

of SUMOylation, a substantial effort needs to be continuously directed for more 
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meaningful methods for identifying lysine residues that receive SUMO, while 

investigating the role of SUMOylation in the regulation of given substrate. 

Like other post-translational modifications, identifying SUMOylation sites 

consists of two major steps: nominating candidate lysine residues, followed by 

functional evaluation of the generated K-R mutant forms of substrate on their 

SUMOylation level. Candidate sites can be selected based on an amino acid sequence 

analysis, as the majority of SUMOylation is known to occur at lysines within either 

the consensus ΨKX(D/E), KX(D/E) or (D/E)XK contexts, with such a sequence-based 

strategy having led to an identification of SUMOylation site on RXRα for instance 

(Lee et al., 2015). SUMOylation can also occur at a lysine residue in an irregular 

sequence context, most likely due to the involvement of an E3 ligase, and to tackle 

this anonymity, in silico prediction engines such as GPS-SUMO (Zhao et al., 2014) 

and SUMOpre (Xu et al., 2008) have been developed, which operate based on a 

complied database of the sequence contexts encompassing known SUMOylation sites. 

Following its debut as a SUMO substrate, VDR was scrutinised for its SUMOylation 

sites through the combination of an in silico and a mutagenesis-based biochemical 

analyses (Lee et al., 2014). VDR harbours 24 lysine residues, but only three of them 

lie in a KX(D/E) or (D/E)XK context (K103, K111 and K294), with none conforming 

to the consensus format. K103 and K111 were nominated by an in silico analysis by 

SUMOplot as potential SUMOylation sites along with K91, a lysine within a 

completely non-consensus environment. Despite those sequence-based predictions, 

only K91R has been found to reduce, though modestly, the overall level of 

SUMOylation on VDR, with neither K103R nor K111R inducing any observable 

effects on this modification (Lee et al., 2014). Indeed, K91R does not have an overall 

detrimental impact on VDR SUMOylation, indicating that K91 is a minor 

modification site. As such, apart from K294 that has yet to be evaluated, the sites that 

account for the majority of SUMOylation on VDR still await identification. Tackling 

all this with the conventional mutagenesis approach can be laborious and extremely 

challenging, especially when combined with the very low stoichiometry of 

SUMOylation associated with VDR, and therefore, it is now obvious that a system to 

facilitate this aspect needs be established and applied to the context of VDR. 

Recently, amino acid sequencing by tandem mass spectrometry (MS/MS) was 

introduced into the field of post-translational modification research, aiming at a high-

throughput, proteome-wide identification of post-translational modification sites. The 
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method has been applied to functionally well-defined modifications such as 

acetylation, phosphorylation and ubiquitination (Choudhary et al., 2009; Guo et al., 

2014; Olsen et al., 2006; Povlsen et al., 2012; Peng et al., 2003), and likewise, efforts 

to apply a similar method to SUMOylation have also been made to replace the low-

throughput, laborious experiments that employ site-directed mutagenesis followed by 

biochemical evaluations. As SUMO resembles ubiquitin in terms of structure and 

molecular mechanisms of its conjugation, an effective strategy is to modify the already 

developed experimental designs that have been applied for the identification of 

ubiquitination sites. Ubiquitin leaves a small “diglycine (GG)” motif on the modified 

lysine residue following trypsin digestion and prior to MS/MS analysis, as ubiquitin 

has an arginine residue immediately N-terminal to the GG, which is covalently 

attached to the ε-amino group of the lysine. Since lysine residues with the GG remnant 

tend to be resistant to tryptic digestion, peptides harbouring a ubiquitination site will 

resultingly have an undigested lysine residue with a molecular mass shift 

corresponding to GG (114.1 Da) in MS/MS spectra (Peng et al., 2003). The method, 

however, is not directly applicable to the identification of SUMOylation sites, as 

SUMO does not possess a lysine or arginine residue near its C-terminal GG and 

therefore leaves behind a long peptide conjugated to a SUMOylation site after trypsin 

digestion, which serves as a significant obstacle to resolving such amino acid 

sequences in an MS/MS analysis. Aiming to circumvent the long remnant problem, a 

number of SUMO mutants have been designed to shorten the tryptic remnant of 

SUMO moiety, and indeed the use of such mutants has contributed to the large-scale 

identification of SUMOylation sites on target proteins (Knuesel et al., 2005; Matic et 

al., 2010; Galisson et al., 2011; Impense et al., 2014; Tammsalu et al., 2014). 

Although they rely on the expression of an exogenous SUMO, which does not 

necessarily lead to an identification of truly endogenous SUMOylation sites, the 

MS/MS approach serves as a bypass for avoiding a laborious mutagenesis-based 

procedure, and will undoubtedly accelerate SUMO research by offering a list of likely 

modification sites for subsequent functional analyses. 

 This study aims to establish such an MS/MS analysis system for identifying 

SUMOylation sites on VDR. During the course of this work, I reconfirmed the 

detection of SUMOylation on VDR, and created constructs expressing mutant SUMOs 

and performed a functional test to ensure that these mutant SUMO forms were 

functionally relevant and applicable for an MS/MS approach to identify the 
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SUMOylation sites on VDR. Also, potential MS/MS strategies that would be 

applicable to identifying modification sites on VDR were reviewed and discussed 

based on the results. 
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6.2. Review on MS/MS Strategies 

 

Mass spectrometry (MS) is an analytical system that realises an accurate 

characterisation of ions or ionised chemical compounds. An MS system consists of an 

ionisation of given compounds and their separation by mass-charge (m/z) ratios, 

providing a spectrum of signal intensities at each m/z. Since the pattern of ionisation 

and the m/z distribution of resulting ions reflect the chemical property/structure of the 

given compound, the spectrum can be used to identify, distinguish or quantify 

particular chemical substances. Tandem mass spectrometry (MS/MS) offers a further 

enhanced capability of analysing complex biomolecules with a high resolution, by 

coupling two (or more) MS analytical stages in tandem in a single system. Its high 

resolution combined with the intrinsic accuracy and sensitivity of MS analysis enables 

amino acid sequencing of proteins contained in a mixture, which leads to the 

identification of protein species. As such, it has contributed to a simultaneous 

identification of specific protein groups of interest, when coupled with conventional 

biochemical experiments such as immunoprecipitation or cell fractionation.  

The general analytical flow for this approach is summarised in Fig. 6.1A. Prior 

to an MS/MS analysis, the protein mixture is digested by a peptidase, most commonly 

trypsin, which hydrolyses C-terminal of lysine or arginine residues to resize proteins 

to peptides with MS/MS-compatible lengths. The peptides are then introduced into the 

first MS stage (MS1), undergoing ionisation in an extreme condition involving a 

violent stimulus such as a high voltage (i.e. electrospray ionisation) or an irradiation 

of laser (i.e. matrix-associated laser desorption/ionisation). The ionised peptides, with 

its received internal energy, also undergo a moderate fragmentation, and the resulting 

fragment ions are separated by their m/z ratio, providing MS1 spectra. The second MS 

stage (MS2) starts with a further fragmentation of the ions separated in MS1, most 

commonly by collision-induced dissociation (CID), in which accelerated ions collide 

with inert molecules (i.e. He, N2). CID causes the ions to undergo internal bond 

breakage, producing smaller fragments, and the fragments are again separated by their 

m/z ratio to provide MS2 spectra. Amino acid sequence of the peptides detected in the 

analysis is determined, which entails the identification of corresponding protein 

species, by using MS/MS-specialised search engines, such as Mascot (Perkins et al., 

1999), SEQUEST (Eng et al., 1994), OMSSA (Geer et al., 2004) and X!Tandem 

(Fenyö and Beavis, 2003). Those search engines perform a comparison between the 
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actual and a theoretical MS1/MS2 spectra, with the latter being calculated based on an 

amino acid sequence database.  

Taking advantage of its sensitivity to a small m/z change, MS/MS analysis has 

recently started to be introduced into the identification of post-translational 

modifications (Fig. 6.1B). A post-translational modification causes a small increase in 

molecular mass, and because of this, the peptide carrying the modification site exhibits 

a small mass shift that is unique to modification species (i.e. phosphorylation: 80 Da, 

acetylation: 42 Da, methylation: 15 Da). This mass shift approach was also found 

applicable to ubiquitination, as ubiquitin, though weighing 8.6 kDa, leaves a small 

dipeptide (GG; 114.1 Da) on the lysine residue due to a trypsin-sensitive amino acid 

(arginine) at the third position from its C-terminus (Fig. 6.2A). As such, peptides 

carrying ubiquitination sites are found to have an undigested lysine with 114.1 Da 

mass shift, which can be identified in a similar manner to the small modification 

species. Despite its similar nature to ubiquitination, SUMOylation cannot be 

approached directly by this strategy, due to the lack of a trypsin-sensitive residue near 

its C-terminal GG (Fig. 6.2B). Digesting a SUMOylated protein with trypsin leaves 

20 (SUMO1 or SUMO2) or 33 (SUMO3) residues on the modification site, and the 

long side-chain product results in a complicated pattern of spectra, obstructing an 

accurate resolution of the amino acid sequence and modification site. Therefore, 

efforts have been made to optimise the MS/MS system for the identification of 

SUMOylation sites by creating SUMO mutants that have an arginine or lysine near 

the C-terminal GG, which has led to successful outcomes (Impense et al., 2014; 

Galisson et al., 2011; Tammsalu et al., 2014). 

The simplest form of such SUMO mutants can be found in a study conducted 

by Impense et al., in which they generated SUMO1 T95R and SUMO2 T91R mutants 

by converting the residue adjacent to the C-terminal GG to an arginine, which enabled 

them to leave the same GG motif as that of ubiquitin behind on a SUMOylation site 

after trypsin digestion (Impense et al., 2014). The advantage is that it allows the direct 

application of techniques and systems that have been previously developed to facilitate 

the identification of ubiquitination sites, such as an antibody against ε-amino-GG-

modified lysine (anti-K-ε-GG) that enables a peptide-level enrichment of those 

carrying modification sites. Of similar design, SUMO2 T91K, has also been generated 

by Tammsalu et al., but this group followed a strategy that avoided co-enrichment of 

SUMOylated and ubiquitinated peptides, which SUMO1 T95R and SUMO2 T91R 
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obviously allow (Tammsalu et al., 2014; Fig. 6.3). They used lysine-C endopeptidase 

that selectively digests the C-terminal side of a lysine residue to spawn GG from 

SUMO2 T91K, but not ubiquitin, allowing a specific identification of SUMOylation 

sites through a selective enrichment of SUMOylated over ubiquitinated peptides by 

the use of anti-K-ε-GG antibody. 

Another attempt has been made by Galisson et al., where they generated 

SUMO mutants (SUMO1 Q92R, SUMO2 Q88R and SUMO3 Q87R/Q88N) that were 

designed to leave unique penta-peptides (EQTGG, QQTGG and NQTGG for SUMO1, 

2 and 3, respectively) upon trypsin cleavage (Galisson et al., 2011). These penta-

peptide signatures are distinguishable from GG motif of ubiquitination in an MS/MS 

analysis, enabling a specific identification of SUMOylation sites, and also 

distinguishable among SUMO isoforms, which has an implication of possible 

simultaneous comparison of SUMOylation among all three isoforms. The peptide-

level enrichment by an anti-K-ε-GG antibody might not be applicable to these mutants 

as its reactivity to a lysine residue tagged with the penta-peptides is unknown, however, 

the signatures are short enough to raise a specific antibody, which leaves the 

possibility of establishing an efficient SUMOylation-specific MS/MS analysis 

strategy.  
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Fig. 6.1. Strategy to identify post-translationally modified peptides. (A) General 

depiction of MS/MS analytic flow. (B) MS detection of “mass shift” derived from a 

post-translational modification. Detection of a phosphorylated peptide is presented as 

an example. P: phosphorylation. 
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Fig. 6.2. Tryptic digestion of a ubiquitin- or SUMO-modified protein. (A) Trypsin 

digestion of a ubiquitinated protein produces peptides carrying an undigested, GG-

tagged lysine residue. The GG tag causes 114.1 Da mass shift, which is detactable in 

an MS/MS analysis. (B) SUMO (SUMO2 isoform here as an example) leaves a long 

peptide chain instead of GG tag upon tryptic digestion, which adversely affects the 

outcome of MS/MS analysis. 
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Fig. 6.3. Strategy to specifically identigy SUMOylation sites. (A) The use of 

SUMO2 T91R mutant leads to a co-identification of modification sites for ubiquitin 

or other ubiquitin-like proteins such as Nedd8 and ISG15. (B) A combined usage of 

SUMO2 T91K mutant and lysine-C peptidase enables a specific identification of 

SUMOylation sites, by allowing only SUMOylated peptides to have a GG-tagged 

lysine. 
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6.3. Results 

 

6.3.1. SUMOylation assay 

 

To ensure that SUMOylation of VDR could be detected as shown in previous studies 

(Jena et al., 2012; Lee et al., 2014), I performed a SUMOylation assay on VDR, along 

with RXRα as a positive control, as SUMOylation of RXRα that typically generates a 

distinct pattern of detection to that of VDR (Lee et al., 2015). To examine if any factors 

related to the incubation time were involved in the level of SUMOylation on VDR, 

the cells were allowed to grow for 24 or 48 h after the transfection (Fig. 6.4). An anti-

V5 antibody detected a strong signal of V5-RXRα at 55 kDa from the 

immunoprecipitated fraction (Lanes 3 and 6), corresponding to the molecular mass of 

RXRα (53 kDa) conjugated to V5-tag (1.4 kDa). V5-RXRα appeared to be a doublet, 

with ~1 kDa between the two (the upper band indicated by ◄), which suggests a post-

translational modification such as phosphorylation or acetylation (Lee et al., 2000a; 

Zhao et al., 2007). Regardless of the length of incubation period, a ladder of three 

upper bands were detected at 75, 105 and 130 kDa, with diminishing intensity towards 

the uppermost. These were considered to be SUMOylated forms of V5-RXRα 

corresponding to one, two and three SUMO modifications, respectively, on this 

protein. All three upper bands had a multiplet-like appearance, suggesting that the 

difference in modification site and/or molecular mass of the endogenous and the 

exogenous SUMO2 contributed to the slight variation in their mobility within each 

band. Although only two SUMOylation sites have been identified on RXRα (K108 

and K245), the presence of the third upper band postulates that there is potentially 

another SUMOylation site to be identified on this nuclear receptor.  

 VDR, on the other hand, also gave a number of upper bands, but distinct from 

those noted for V5-RXRα (Lanes 2 and 5, indicated by *). The enriched V5-VDR was 

clearly detected at 53 kDa in the immunoprecipitated fraction, and the same anti-V5 

antibody also revealed the presence of three barely detectable upper bands at 60, 72 

and 100 kDa regardless of the length of incubation period. They were considered to 

be SUMOylated forms of V5-VDR, taking into account the low abundance and the 

molecular weight shift, but unlike the theoretically expected appearance of mono- and 

multi-SUMOylated forms such as the ones observed with V5-RXRα, the triplet 
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appeared at almost equal intensity to one another. This suggests that these bands may 

each represent V5-VDR alternately modified by a mono- or an oligo-SUMO peptide 

at different sites, each with a similar stoichiometry. There exists a mechanism through 

which a small chain of a few SUMO molecules can be transferred at once to a 

modification site by Ubc9, presumably preceding formation of a poly-SUMO chain 

(Knipscheer et al., 2007). Judging from the apparent increase in molecular weights, 

the bands at 72 and 100 kDa may represent VDR receiving such an oligo-SUMO 

transfer at a site. Apart from the triple bands, there was a more distinct upper band 

detected at 130 kDa, which appeared to be a doublet, with this pair becoming even 

more distinct with longer incubation, suggesting that they represent VDR with a 

modification that is somehow stabilised and accumulates. The large abundance 

implies that the doublet does not represent VDR modified by SUMO, but by a species 

that potentially causes a large molecular weight shift and is relatively stable, such as 

glycosylation. In fact, glycosylation of VDR has recently been reported (Hernández-

Sánchez et al., 2017), and, though the cell type used in our system are different, it is 

possible that VDR was subject to this modification during cell growth in a high 

glucose medium (DMEM with 4.5 g/L glucose).  

In addition to the confirmation and the re-definition of previously detected 

upper bands, re-probing the same membrane with an anti-His6 antibody led to 

detection of a smear signal at high molecular weight specifically above V5-VDR, but 

not V5-RXRα (Fig. 6.4, the uppermost panel). The His6 smear increased its intensity 

as the incubation period was extended, indicating that the His6-labelled species 

accumulates over time. Corresponding signals were not detected with the anti-V5 

antibody, and this, together with its accumulating nature, suggests that the smear might 

represent a VDR modified by poly-SUMO chain, which would be easily detected by 

the anti-His6 antibody, but not the anti-V5 antibody, due to a large number of His6 tag 

compared to V5. This possibility of the His6-smear being a poly-SUMOylated VDR 

offers a support to the concept that the upper bands at 72 and 100 kDa represent an 

initiation of SUMO-chain formation, which in fact appeared to occur at an extremely 

low stoichiometry when compared to the upper bands of V5-RXRα, suggestive of 

them being transient, intermediate forms. 

Collectively, these results confirm detection of SUMOylation on both VDR 

and RXRα as presented in the past studies. This SUMOylation assay also revealed that 

both VDR and RXRα appear to have unexplored SUMOylation sites yet to be 
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identified, adding to the importance of developing an MS-based experimental system 

for a thorough identification of their modification sites. 
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Fig. 6.4. VDR and RXRα display distinct pattern of SUMOylation. HEK293 cells 

were transfected with an empty vector or an expression plasmid for V5-VDR or V5-

RXRα, along with expression plasmids for His6-SUMO2, Ubc9 and HA-PIAS4. The 

cells were allowed to grow for 24 or 48 h after the transfection, and then harvested for 

SUMOylation assay. Input: The lysates were directly analysed by western blotting to 

confirm the successful transfection. HPRT was detected as a loading control. IP: 

Materials immunoprecipitated with an anti-V5 antibody were analysed by western 

blotting. The incubation time after the transfection and the transfected plasmids are 

indicated on the top, and the antibodies and the molecular weight are indicated on the 

left. All the upper bands of V5-VDR that were detected by the anti-V5 antibody are 

marked by an asterisk (*). An arrowhead (◄) indicates the position of upper band of 

V5-RXRα doublet. 
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6.3.2. Overexpression of His6-SUMO2 is integrated into and enhances SUMOylation 

of VDR 

 

Detecting SUMOylated peptides by MS/MS analysis entirely depends on the 

modification of substrates by overexpressed His6-SUMO products. To identify 

SUMOylation sites on VDR through this method, it is important to understand if and 

how effectively an overexpressed foreign SUMO contributed to the overall level of 

SUMOylation on VDR. To this end, I performed a SUMOylation assay to investigate 

how the overexpression of His6-SUMO2 changed the level and pattern of 

SUMOylation on VDR (Fig. 6.5). Directly analysing whole cell lysates confirmed the 

expression of V5-VDR and His6-SUMO2 when corresponding plasmids were 

transfected, and the analysis also showed that the protein level of V5-VDR increased 

under the presence of HA-PIAS4, as observed in previous experiments (Fig. 4.1). In 

addition, the expression of His6-SUMO2 caused a “His6-labelling” of cellular proteins, 

which was clearly detected with an anti-His6 antibody, indicating that His6-SUMO2 

was conjugated to high molecular weight cellular SUMO2 substrates. Analysing the 

immunoprecipitated fraction gave a pattern of background signal as presented by the 

control (Lane 1), unlike the previous attempt (Fig. 6.4), and some of those bands 

appeared where SUMOylated V5-VDR would be detected (i.e. 70 and 100 kDa). 

When V5-VDR was expressed alone, only the pair of distinct bands at 130 kDa were 

detected besides the enriched V5-VDR itself (Lane 2), but co-expressing Ubc9 and 

HA-PIAS4 with V5-VDR enabled the detection of the upper bands at 60, 72 and 100 

kDa (Lane 3, indicated by *), though at a barely detectable level, suggesting that the 

overexpressed Ubc9 and HA-PIAS4 enhanced SUMOylation of V5-VDR by the 

endogenous SUMO. On the other hand, the pair of upper bands at 130 kDa appeared 

the same regardless of the co-expression of the two SUMOylation enzymes. Adding 

the expression of His6-SUMO2 clearly strengthened the upper bands at 60 and 72 kDa, 

while not affecting the one at 100 kDa (Lane 4), demonstrating that the overexpressed 

“foreign SUMO2” has access to VDR and enhances its modification. 

 The result here redefined the three upper bands as SUMOylated forms of VDR, 

and also provided promising evidence that an overexpressed His6-SUMO2 contributes 

to SUMOylation, consolidating the methodological foundation of MS/MS analysis, 

which strictly requires the SUMOylation by overexpressed mutant His6-SUMOs. 
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Fig. 6.5. Overexpressed His6-SUMO2 is integrated into SUMOylation of VDR. 

HEK293 cells were transfected with indicated expression plasmids and allowed to 

grow for 24 h after the transfection. The cells were lysed and subjected to 

SUMOylation assay. Input: The lysates were directly analysed by western blotting to 

confirm the successful transfection. β-actin was detected as a loading control. IP: 

Materials immunoprecipitated with an anti-V5 antibody were analysed by western 

blotting. The transfected plasmids are indicated on the top, and the antibodies and the 

molecular weight are indicated on the left. Asterisks (*) indicate the positions of upper 

bands and an arrowhead (◄) indicates the position of His6-SUMO2.  
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6.3.3. Creation of SUMO mutants 

 

VDR is a substrate for ubiquitination (Masuyama and MacDonald, 1998; Chi et al., 

2009; Peleg and Nguyen, 2010), and therefore VDR will naturally spawn peptides 

with GG-tagged lysine upon trypsin digestion. To specifically detect SUMOylation 

sites, I decided to apply strategies based on use of SUMO2 T91K together with lysine-

C peptidase (Impense et al., 2014) and “pentapeptide” SUMO mutants (SUMO1 

Q92R, SUMO2 Q88R) with trypsin (Galisson et al., 2011). Since VDR, as well as 

RXRα, appear to be primarily modified by SUMO2 (Jena et al., 2012; Lee et al., 2015), 

the creation of SUMO2 mutants were prioritised. Procedure was described in 2.14. 

Site-directed mutagenesis. Fig. 6.6 shows nucleotide sequence alignments that 

confirmed the introduction of desired mutation(s) (indicated by ▼). The alignments 

also revealed other mismatches between the generated constructs and respective 

CCDS database sequence, but none of them was considered to affect the expression 

of mutant SUMO proteins. SUMO2 Q88R construct appeared to lack an adenine that 

corresponded to the adenine position 14 (A14) in the SUMO2 CCDS sequence (Fig. 

6.6C; indicated by ), but A14 represented one of four consecutive adenines in this 

region, which resuted in an irregular chromatogram pattern (Fig. 6.6D; indicated by 

□), suggesting an error in resolving the sequence. Besides, a similar chromatogram 

pettern was shown by SUMO2 T91K, which did not miss the adenine (Fig. 6.6B; 

indicated by □), by which it was concluded that SUMO2 Q88R likely retained the 

adenine. Both SUMO2 mutant constructs were also found to have a different stop 

codon (TAG) from the one found in the CCDS SUMO2 sequence (TGA) (Fig. 6.6A 

and C; difference indicated by *). The TAG stop codon was likely derived from the 

template SUMO2 WT construct, and even otherwise, TAG and TGA were expected 

to function similarly as stop codon, causing no significant change in the expression of 

mutant proteins. On the other hand, SUMO1 Q92R construct was shown to have 

cytosine instead of adenine at position 18 (A18) within the SUMO1 CCDS sequence 

(Fig. 6.6E; indicated by ). Although it was unclear that the difference was originated 

from the template SUMO1 WT construct, the A18C variation was considered to have 

no significant impact on the expression of SUMO1 mutant protein, as the change did 

not affect the amino acid sequence. 
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Fig. 6.6. Global alignments confirmed the introduction of intended mutations. 

(A,C,E) Alignments between nucleotide sequencing reads of SUMO2 T91K (A), 

SUMO2 Q88R (C) or SUMO1 Q92R (E) (Query) and CCDS database sequence of 

SUMO1 (E) or SUMO2 (A,C) (Subject). The sites of intended mutations are indicated 

by ▼, and other mismatches are indicated by  or *. (B,D) Part of chromatogram 

data for SUMO2 T91K (B) or Q88R (D) that shows an irregular chromatogram pattern 

(indicated by □) resulting from consecutive adenines. 
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6.3.4. Mutant SUMO isoforms are attached to cellular target proteins as efficiently as 

their wild type counterparts 

 

Since all the generated mutant SUMOs contain the mutation near their C-termini, it 

was conceivable that such alterations may potentially affect their capacity to attach to 

substrate. To confirm the intact abilities of the mutant SUMOs to modify cellular 

target proteins as efficiently as the wild type form, I performed a SUMO functional 

test to examine how WT or mutant His6-SUMO induced “His6-labelling” of cellular 

proteins when expressed alone or together with Ubc9 (Fig. 6.7A). When cells were 

transfected with an empty vector as control, a major band at 55 kDa and several minor 

signals at 35-100 kDa were detected and designated as background (indicated by *). 

Overexpressing Ubc9 alone, as expected, did not result in any additional bands to be 

detected (Lane 4). When expressed alone, His6-SUMO1 was detected at 15 kDa as a 

faint, singular band, as expected from the molecular mass of SUMO1 and His6 tag 

(Lane 2). Apart from the small amount of “unattached” His6-SUMO1, there was a 

substantial increase in His6-labelling of cellular proteins over 70 kDa (compare lanes 

1 and 2), indicating that His6-SUMO1 was efficiently attached to those cellular 

proteins. Co-expression of Ubc9 with His6-SUMO1 reduced the unattached His6-

SUMO1 to a barely detectable level while marginally increasing His6-labelling of 

cellular proteins (Lane 5), which suggested that there were insufficient levels of 

unattached His6-SUMO1 remaining for Ubc9 to enhance His6-labelling. His6-SUMO1 

Q92R appeared more abundant in its unattached form than its WT counterpart when 

expressed alone, although yielding a comparable level of His6-labelling to that induced 

by WT (Lane 3). Co-expression of Ubc9 with His6-SUMO1 Q92R, on the other hand, 

resulted in a substantial increase in the His6-labelling, while significantly reducing the 

level of unattached form (Lane 6), confirming that the mutant can be attached to 

cellular substrates as efficiently as wild type. The clearer increase in His6-labelling 

compared to WT was likely due to the larger abundance of the mutant. 

 Then I performed the same functional test for His6-SUMO2 mutants (Fig. 

6.7B). The same pattern of background signals (indicated by *) were detected across 

all lanes and noted in lysates from cells that received an empty vector (Lane 1) with 

this pattern unchanged through expression of Ubc9 alone (Lane 4). When His6-

SUMO2 was expressed alone, its unattached form appeared as a faint, singular band 

at 15 kDa, corresponding to its estimated molecular mass, and a small amount of His6-
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labelling was also observed on cellular proteins above 100 kDa (Lane 2). Co-

expression of Ubc9 did not affect the levels of unattached His6-SUMO2, but 

noticeably increased the His6-labelling of higher weight cellular proteins (Lane 6). 

Besides, I also noted that this combination yielded two barely detectable, but distinct 

bands at 35 and 37 kDa that did not appear when His6-SUMO2 was expressed alone 

(indicated by ◄). These may represent Ubc9 carrying His6-SUMO2 molecule and a 

SUMO-modified form of Ubc9 (Knipscheer et al., 2008). In the absence of Ubc9, both 

the unattached forms of the His6-SUMO2 mutants exhibited higher levels of 

expression than the comparative wild type version (compare lanes 3+4 with 2) but 

again exhibited comparable abilities to label cellular protein (Q88R and T91K). 

Overexpression of Ubc9 marginally reduced the levels of the unattached His6-SUMO2 

Q88R/T91K, while increasing the His6-labelling of cellular proteins, but the effects on 

the T91K mutant did not appear as robust as the Q88R construct (Lanes 7 and 8), 

possibly indicating that these mutants may behave differently. The two bands at 35 

and 37 kDa also appeared when Ubc9 was co-expressed with the mutants, but His6-

SUMO2 Q88R preferred the one at 37 kDa to the other, while His6-SUMO2 T91K 

showed the opposite. Considering that those two bands appeared at the same strength 

when His6-SUMO2 WT and Ubc9 were co-expressed, it is conceivable that the 

mutations affected SUMO2-substrate compatibility to some context. Apart from the 

two bands, there were distinct bands that specifically appeared when one of the 

mutants, but not WT, was expressed with Ubc9, suggesting that the mutations 

conferred SUMO2 a specificity to particular substrates. Despite these differences, the 

two mutants were considered to modify cellular proteins as efficiently as WT, judging 

from the overall pattern and strength of His6-labelling. 

 Taken together, the His6-SUMO functional test confirmed that the mutant 

His6-SUMO1 (Q92R) and His6-SUMO2 (Q88R and T91K) were all capable of 

modifying cellular proteins as efficiently as their WT counterparts, demonstrating that 

the mutations do not have a detrimental effect on the SUMO conjugation process. 

However, there was an indication that those mutations may affect their specificity 

towards substrates, and therefore, the conjugation of mutant SUMOs to specific targets, 

VDR and RXRα, needs to be individually evaluated in the future study.  
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Fig. 6.7. Mutant SUMOs are attached to cellular targets as efficiently as WT. (A) 

HEK293 cells were transfected with an empty vector or an expression plasmid for 

His6-SUMO1 WT or Q92R, alone or in combination with an expression plasmid for 

Ubc9. The cells were allowed to grow for 24 h after the transfection, and then lysed 

for western blotting analysis, in which the lysates were probed with an anti-His6 

antibody. (B) The same experiment as A, except an expression plasmid for His6-

SUMO2 WT, Q88R or T91K was transfected instead of the expression plasmid for 

His6-SUMO1. The transfected plasmids are indicated on the top, and the molecular 

weight is indicated on the left. Major background signals and the doublet signal that 

probably represents SUMO-Ubc9 conjugate are indicated by asterisks (*) and 

arrowheads (◄) on the right, respectively. 
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6.4. Discussion 

 

Aiming to establish an MS/MS-based experimental system to effectively identify 

SUMOylation sites on VDR, in this study, I reconfirmed the pattern of SUMOylation 

on VDR, created plasmid constructs encoding SUMO mutants adapted for MS/MS 

identification of acceptor sites, and examined their functionality in our cell-based 

assay system. The SUMOylation assay revealed that VDR had multiple SUMOylation 

sites with differing character, which potentially include a SUMO-chain accepter site 

(Fig. 6.4). The same experiment also implicated that the RXRα dimeric partner had 

another SUMOylation site in addition to the two that have already been defined, 

adding to the need and expectation for a thorough identification of modification sites 

by MS/MS analysis. Another SUMOylation assay proved that an overexpressed His6-

SUMO2 modified VDR along with the endogenous SUMO (Fig. 6.5), which is 

necessary for an MS analysis to identify SUMOylation sites. Being designed and 

created according to the predetermined strategy, His6-SUMO1 Q92, His6-SUMO2 

Q88R and His6-SUMO2 T91K mutants were examined for their ability to modify 

cellular SUMO target proteins, and the functional assay demonstrated that all the 

mutants were able to modify their cellular targets (Fig. 6.7), proving that the mutations 

do not hinder the modification process. However, their ability to modify the target of 

MS/MS analysis, VDR, is to be specifically examined. These experiments together 

proved that these constructs could be applied within an MS/MS-based system and may 

be of great use in identifying yet unexplored SUMOylation sites on VDR, as well as 

those on RXRα. Although there are other steps that need to be examined, such as the 

modification of VDR by the mutants and the enrichment of SUMOylated peptides, 

this study certainly offers the foundation to proceed to those further examinations to 

ensure a successful attempt of MS/MS-based identification of SUMOylation sites 

within our target receptors. 

 A successful MS/MS approach to identify post-translationally modified sites 

within target proteins requires a certain amount of modified peptides and a high ratio 

of modified to unmodified peptides. Post-translational modifications can be stripped 

during the violent ionisation environment, and, since an MS/MS analysis does not 

necessarily detect all the peptides equally, there is a possibility that peptides carrying 

modifications are not detected as sensitively as others, or in the worst case, omitted. 

Therefore, the enrichment of modified proteins/peptides serves as an important 
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determinant of the outcome of analysis and is indispensable while attempting a 

thorough detection of modification sites. An overexpressed His6-SUMO2 enhanced 

SUMOylation on VDR (Fig. 6.5), and this, to an extent, increases the ratio of modified 

to unmodified VDR, which would raise a chance of the MS/MS detection of 

SUMOylated VDR peptides. However, considering the obviously low stoichiometry 

of the modification (Fig. 6.4), it is essential to discuss and examine a method to 

specifically enrich SUMOylated VDR or its associated peptides, as it is highly 

conceivable that peptides derived from non-SUMOylated VDR will dominate the 

resulting mass spectra. The use of SUMO mutants is typically accompanied by an 

affinity enrichment of His6-tagged proteins by nickel column chromatography, which 

achieves an effective condensation of SUMOylated over non-SUMOylated substrates 

without a use of antibody, which would necessitate a consideration of effective elution 

process. Though originally planned, this rather chemistry-oriented method does not 

seem to be applicable to nuclear receptors. Zinc finger motifs are structured to chelate 

metal ion, and the specific metal-associating property possibly causes a VDR-nickel 

association, leading to a His6-tag-independent enrichment of VDR. In fact, a previous 

attempt in our lab suggested its occurrence, and moreover, nickel column has actually 

been used to enrich a zing finger protein (Voráčková et al., 2011). On the contrary, 

there is an example in which pregnane X receptor (PXR) modified by His6-SUMO 

was successfully enriched by using nickel column (Staudinger et al., 2011), implying 

that metal ion columns might be applicable to certain nuclear receptors, especially in 

their ligand-unbound state. Nonetheless, probably more suitable to the current 

experimental setting is a peptide-level enrichment, such as the ones employing 

antibodies such as anti-K-ε-GG (Impense et al., 2014) or, potentially, an anti-K-ε-

pentapeptide (Galisson et al., 2011) that yet has to be raised. The direct enrichment of 

peptides carrying SUMOylation sites is, obviously, an ideal method to obtain a high 

modified to unmodified ratio, and also by itself serves as a countermeasure to the 

unequal detection of different peptides in an MS/MS analysis. Moreover, the 

popularity of anti-K-ε-GG peptide enrichment system among ubiquitination research 

has led to a development of convenient experimental kits, such as PTMScan Ubiquitin 

Remnant Motif (K-ε-GG) Kit (Cell Signalling Technologies), allowing an application 

of already established materials and procedure to the identification of SUMOylation 

sites. Although the antibody may exhibit a varying reactivity to GG-tagged lysine 

within different amino acid sequence contexts, which could lead to a biased 
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enrichment of particular peptides over others, it is unquestionable that the anti-K-ε-

GG method will be the primary strategy for the MS/MS-based identification of 

SUMOylation sites on VDR. 

Despite its obvious utility, the MS/MS-based identification of SUMOylation 

sites does not displace the need for the mutagenesis-based, biochemical approach. 

Individual modification sites need to be functionally addressed by use of mutation 

substitution of the lysine residue in question. Besides, as suggested by the experiment 

in Fig. 6.4, VDR displays a unique pattern of SUMOylation, which may involve poly-

SUMO chains and oligo-SUMOylation(s) somehow occurring at almost the same 

stoichiometry as mono-SUMOylation, and the high-throughput analysis does not offer 

responsible clues to specific sites for those modifications. Therefore, ensuring a 

consistent detection of SUMOylation in a conventional setting will remain unchanged 

to be an essential requirement in SUMO research regardless of the introduction of 

MS/MS system. Represented by the images in Figs. 6.4 and 6.5, however, the detection 

of SUMOylation is highly subject to experimental variation, adding to the difficulty 

in achieving a standard of consistency together with the low stoichiometry of the 

modification. SUMOylation is related to cellular stress response, and therefore it 

would not be surprising if the condition of cultured cells (i.e. confluency, transfection 

condition/reagent, cell culture handling/incubating condition) affected the 

experimental outcome. In a technical aspect, the detection of SUMOylation is 

sensitive to the transfection efficiency, especially of expression plasmids for 

SUMOylation enzymes (i.e. Ubc9 and E3 ligases), as well as the quality and quantity 

of the plasmids. Missing overexpression of Ubc9 can lead to lack of detection of 

modified substrates, as exemplified by the result with the use of a defective Ubc9 

plasmid, which was mislabelled as Ubc9 plasmid but turned out to be an empty vector 

(Fig. 6.8). With no Ubc9 overexpression, even detecting the His6-labelling of cellular 

proteins can be difficult, stressing the low stoichiometry of SUMOylation and the 

sensitivity of the experimental system. In addition, the detection of SUMOylation 

involves other sensitive procedures, such as cell lysis with N-ethylmaleimide, an 

irreversible inhibitor of cysteine proteases including SENPs, and sonication, which 

potentially can shred poly-SUMO chains to undetectable levels. With no doubt, 

establishing the MS/MS system will accelerate the identification of SUMOylation 

sites, but it will be as important to optimise the condition for detecting SUMOylation 

of a given substrate biochemically in order to characterise the MS/MS-identified sites. 
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 Collectively, this study formed a link bridging the conventional biochemical 

analysis on SUMOylation and the recently introduced, omics-type methodology, 

MS/MS amino acid sequencing, through establishing the fundamental settings 

necessary for an MS/MS analysis to be successfully implemented on the 

SUMOylation of VDR. Simultaneously, the findings here also offer a unique insight 

into the nature of SUMOylation on VDR that potentially involves oligo-

SUMOylations and poly-SUMO chain formation, as well as the presence of another 

yet unexplored SUMOylation site on RXRα, which stresses the value of implementing 

the omics analysis on these nuclear receptors. Despite the unchanging demand for 

biochemical analysis, MS/MS-based mapping of SUMOylation sites will add a huge 

momentum to the characterisation of each sites on those nuclear receptors, which will 

contribute to a more profound understanding of the role of SUMOylation in vitamin 

D signalling.  
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Fig. 6.8. Functional test reveals that the expression plasmid for Ubc9 does not 

express functional Ubc9. HEK293 cells were transfected with an empty vector or an 

expression plasmid for His6-SUMO2, Ubc9 or HA-PIAS4, alone or in various 

combination. The cells were allowed to grow for 24 h after the transfection, and then 

lysed for western blotting analysis, in which the lysates were probed with an anti-His6 

antibody. The transfected plasmids are indicated on the top, and the molecular weight 

is indicated on the left. Major background signals are indicated by asterisks (*) on the 

right. 
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Chapter VII – General Discussion 
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Vitamin D response, classically involved in calcium homeostasis, is now known to 

have an influence on a wide spectrum of physiological events in a cell type/tissue-

specific manner. That the same hormone triggers such a variety of responses suggests 

potential variations in the molecular regulation of its mediator, VDR, and in fact, past 

studies have revealed that VDR is under the influence of various molecular signalling, 

being controlled through post-translational modifications (reviewed in chapter III). In 

the wake of recent findings that vitamin D signalling is modulated by SUMOylation 

enzymes, PIAS4 and SENPs, with VDR being post-translationally modified by SUMO 

in the process (Jena et al., 2012; Lee et al., 2014), this study was aimed to obtain 

further insights into how those factors regulate vitamin D signalling. Detailed 

biochemical analyses revealed that PIAS4 alters the pattern of VDR-coregulator 

interaction in an E3 ligase activity-dependent manner, which suggests an involvement 

of PIAS4-mediated SUMOylation of VDR and/or coregulators in this process (Fig. 

4.7). In addition, cellular/nuclear fractionation analysis uncovered the potential ability 

of PIAS4 to sequester VDR into a specific subnuclear compartment that closely 

associates with nuclear matrix, with SENP2 counteracting it, though it is unknown 

whether this occurs at the endogenous level (Fig. 4.3). With a scope that molecular 

regulations of RXR possibly affect vitamin D signalling through heterodimerisation, 

series of transcriptional and/or functional reporter assays were implemented to 

investigate the regulation of RXR homodimer signalling by SUMOylation, PIAS4 and 

SENPs, which elucidated a strictly E3 ligase activity-dependent repression of RXRα 

homodimer by PIAS4 (Fig. 5.1), along with a potentiation of the homodimer by 

SENP1 and SENP2 (Fig. 5.2). While failing to uncover the molecular mechanism 

underlying the PIAS4-mediated repression, the experiments provided an implication 

that SUMOylation on RXRα alters the efficiency of heterodimerisation with specific 

dimeric partners (Fig. 5.6). In addition, during an attempt to establish a MS/MS-based 

method to identify SUMOylation sites on VDR, it was rediscovered that VDR is 

SUMOylated in an atypical manner, possibly involving poly-SUMO chain formation, 

with an en bloc transfer of di- or tri-SUMOs preceding the chain formation (Fig. 6.4). 

These results together offer a great deal of evidence that help postulating a multi-

layered molecular regulation of vitamin D signalling by SUMOylation and its 

regulators, PIAS4 and SENPs, and such a working model spawned by this study will 

serve as a foundation in the future studies aimed at further detailing the molecular 

mechanism, as well as providing an important implication as to how possibly the 
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diversity and specificity of vitamin D response is achieved through post-translational 

modifications on the involved receptors.  

Based upon the evidence offered in this study along with those provided by the 

previous reports, potential roles of PIAS4 and SENP2, as well as SUMOylation 

modulated by them, within the regulation of vitamin D signalling were summarised in 

Fig. 7.1. In this model, PIAS4, considering its primary subcellular localisation at the 

endogenous level, does not interfere with nuclear translocation of VDR and RXR, at 

least not directly, including the nuclear translocation of VDR/RXR heterodimer in 

response to ligand. However, since both VDR and RXR are nucleo-cytoplasmic 

shuttling proteins (Prüfer and Barsony, 2002), PIAS4 might have an influence on their 

cytoplasmic behaviour by enhancing their SUMOylation. As implicated by the hybrid 

assay (Fig. 5.6), for instance, SUMOylated RXR could form VDR/RXR heterodimer 

with an altered efficiency, depending on the site of SUMOylation, and this mechanism 

possibly plays a role in modulating the transactivity of the heterodimer. On the other 

hand, PIAS4 seems to have a more direct impact on intranuclear behaviour of 

VDR/RXR heterodimer. Particularly on the promoter, this SUMO E3 ligase is 

suggested to enhance the association between VDR and SRC1 in a manner dependent 

on its enzymatic activity, although how exactly this enhanced interaction with the 

coactivator leads to an attenuation of the transactivity of VDR/RXR heterodimer is 

elusive. Judging from the strict dependency upon E3 ligase activity, a SUMO-

mediated process is likely to be involved, such as a recruitment of HDAC that can 

directly associates with SUMOylated transcription factor (Yang and Sharrocks, 2004; 

Gill, 2005). Apart from the suggested mechanism on the promoter, part of this study 

provided an implication that PIAS4 is potentially involved in another layer of 

molecular regulation of vitamin D signalling: sequestration of VDR into nuclear 

matrix-associated compartment (referred to as insoluble compartment in Fig. 7.1). In 

concert with SENP2 specifically reversing this process, the sequestration is considered 

to represent a mechanism to control the volume of VDR pool available for vitamin D 

signalling, with both PIAS4 and SENP2 possibly further controlled by external cues. 

This mechanism, however, needs a verification on its actual occurrence at the 

endogenous level. In addition to these mechanisms directed to VDR, VDR/RXR 

heterodimer is considered to be under the influence of molecular regulation of RXR. 

Given the effective repression of transactivity of RXR homodimer by PIAS4, it is 

conceivable that part of the mechanism underpinning such a PIAS4-mediated 
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repression may apply to RXR moiety within VDR/RXR heterodimer context. The 

model depicted here illustrates a multi-layered regulation of vitamin D signalling by 

PIAS4, SENPs and SUMOylation, with a close association with the molecular 

regulation of RXR-mediated signalling.  

This study expanded the view provided by the previous reports and established 

the unique, multifaceted role of PIAS4 within the regulation of vitamin D signalling. 

Apart from the detailed molecular interplays involved in such PIAS4-meidated 

regulation, the physiological implication of the involvement of PIAS4 in this 

regulation yet remains as a major challenging question to answer in the future study. 

PIAS4 may simply serve as a negative-feedback regulator of vitamin D signalling, 

considering that PIAS4 is quantitatively regulated through ubiquitination and 

subsequent proteasome-mediated degradation, with a ubiquitin E3 ligase TRIM32 

(tripartite motif protein 32) involved in this process (Albor et al., 2006; Locke et al., 

2009). Although a direct association of TRIM32 with vitamin D signalling is unknown, 

the involvement of an unknown E3 ligase besides TRIM32 is also suggested (Albor et 

al., 2006), implying that this regulation of PIAS4 protein level has an association with 

multiple signalling. Other than such a negative-feedback system, PIAS4 may represent 

a mediator of crosstalk between vitamin D signalling and others, positioning at the 

convergence of multiple signalling. As a likely mechanism, PIAS proteins are known 

to receive post-translational modifications such as phosphorylation and SUMOylation 

in response to stimuli, and indeed there are examples where these modifications are 

found to affect PIAS-mediated regulation of transcription factors (Weber et al., 2009; 

Liu et al., 2007; Yang and Sharrocks, 2006; Stehmeier and Muller, 2009). PIAS2a, for 

instance, has been shown to be phosphorylated by p38 mitogen-activated protein 

kinase (MAPK), with this modification modulating the regulatory function of PIAS2a 

on Elk-1 (Yang and Sharrocks, 2006; Chowdhury et al., 2019). Activation of p38 

MAPK by a stimulus such as heat shock leads to p38-mediated phosphorylation of 

S113 and S116 on PIAS2a, and this causes PIAS2a to repress the transcriptional 

activity of Elk-1, whereas without the phosphorylation, PIAS2a rather enhances  

extracellular signal-regulated kinase (ERK)-activated Elk-1 transcriptional potential 

(Yang and Sharrocks, 2006). In another case, PIAS protein itself is targeted by 

SUMOylation, with this modification serving as a switch that controls its regulatory 

function. PIAS4 enhances the transactivity of Tcf-4, and this positive regulation is 

highly dependent upon SUMO1, but not SUMO3, modification of PIAS4 at K35 
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(Ihara et al., 2005). However, the signal that triggers the K35 SUMOylation is 

unknown, though the exclusive requirement of SUMO1 isotype suggests an 

involvement of specific signal. In line with its involvement in JAK/STAT signalling, 

PIAS4 is also suggested to receive phosphorylation, presumably by CK-II, and the 

modification has a certain regulatory role within PIAS4-mediated inhibition of IFNβ 

promoter activity (Kubota et al., 2011). Through those post-translational 

modifications, PIASs play an important role as a bridging agent that integrates various 

cellular signalling into the regulation of transcription factors, and it is highly possible 

that a similar regulatory model is applicable to the PIAS4-mediated regulation of 

vitamin D signalling. Further investigation on the potential role of the post-

translational modifications on PIAS4 in the regulation of transactivity of VDR/RXR 

heterodimer will be one of the primary options to tackle the physiological relevance 

of the PIAS4-mediated, E3 ligase-dependent regulation of vitamin D signalling.  

Being central within the class II nuclear receptor, molecular regulation of RXR 

can have an influence on the signalling mediated by all RXR-centred heterodimers 

including the one with VDR. In fact, a mammalian two-hybrid assay in this study 

provided an insight into such an RXR-oriented effect on heterodimer, with 

SUMOylation status of RXR potentially affecting the heterodimerisation with VDR 

(Fig. 5.6). The possible role of SUMOylation in this aspect, however, may have an 

even wider implication, considering that there are three RXR isoforms with varying 

primary structure and domain composition (Laflamme et al., 2002). Although the 

SUMOylation of RXRβ and RXRγ has not been assessed, relative position of lysine 

residues equivalent to the SUMOylation sites on RXRα varies among isoforms, and it 

is possible that a SUMOylation on those sites have a different impact on the 

heterodimerisation or even other aspects of RXR functionality in an isoform-

dependent manner. Particularly, the lysine residues equivalent to K245 of RXRα, 

K314 and K249 on RXRβ and RXRγ, respectively, may possibly play a distinct role, 

since both K314 (β) and K249 (γ) are located within the hinge domain, which is a 

different disposition compared to K245 (α) that lies in LBD. As the hinge domain 

potentially has various influence on the dimerisation and DNA-binding, the 

SUMOylation on those sites, if it occurs at all, may affect the molecular behaviour of 

RXR in a different manner from K245 SUMOylation. Moreover, K314 lies in a non-

consensus context, while both K245 and K249 conform to the consensus motif, and 

this small diversion from the strict consensus sequence might result in the absence of 
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SUMOylation specifically on RXRβ at this lysine, which could further enhance the 

inter-isoform functional variation that arises from SUMOylation. Of note, there is 

another consensus lysine that is shared among the three isoforms, K201, K275 and 

K205 on RXRα, RXRβ and RXRγ, respectively, and all of them are located at the C-

terminal end of DBD (Laflamme et al., 2002). Although the absence of SUMOylation 

on RXRα at this lysine has already been suggested (Lee et al., 2015), it is conceivable 

that a SUMOylation occurs on RXRβ or RXRγ at this conserved lysine, which would 

play a distinct role in the regulation of RXR. Besides the SUMOylation, RXR also 

receives other post-translational modifications such as phosphorylation (Jusu et al., 

2017; Zhao et al., 2007; Adachi et al., 2002; Mann et al., 2005), and, in a similar 

manner to how VDR can be intricately modulated by post-translational modifications, 

this mechanism may also add another level of complexity to the regulation of RXR, 

hence the signalling mediated by heterodimers. Serine 260 phosphorylation, for 

instance, is mediated by ERK1/2 and located in the coregulatory interaction interface 

on LBD, suggestive of an impact of S260 phosphorylation on RXR-coregulator 

interaction (Jusu et al., 2017). Indeed this S260 phosphorylation has a negative impact 

on the function of VDR/RXR heterodimer such as its DNA-binding (Jusu et al., 2017). 

The sequence context surrounding this serine, despite itself being conserved among 

isoforms, is again subject to an inter-isoform variation, with only S260 of RXRα, but 

not the equivalent serine of RXRβ or RXRγ, lying in the ERK target context, PXSP 

(X can be any amino acid; Davis, 1993), and the variation can lead to a differential 

regulation of RXR by the particular signalling pathway. These potential variation in 

its pattern of post-translational modifications can be a major factor that adds another 

layer of complexity to the regulation of RXR itself and class II heterodimers including 

VDR/RXR, and, together with the differential expression pattern of three RXR 

isoforms, may be contributing to the cell type/tissue-specific vitamin D response. As 

this study was solely based on RXRα, future investigations on this possible functional 

variation derived from isoform-specific pattern of post-translational modifications will 

bring an important clues to the regulatory mechanism underpinning the diversity and 

specificity of vitamin D response. 

In summary, this study provided a valuable evidence that illuminates how 

SUMOylation regulates vitamin D signalling, with a particular focus on the role of a 

multifunctional E3 ligase, PIAS4, within the process. Although the details in 

molecular mechanisms are yet to be elucidated, the regulatory model that this study 
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offered will serve as a ground to decipher multifaceted communication between 

vitamin D and other signalling that gives rise to the diversity and specificity of vitamin 

D response. Together with an implementation of MS/MS analysis that will provide an 

important clue to the actual SUMOylation sites on VDR, future studies, with a special 

focus on the role of post-translational modifications on PIAS4 and isoform specificity 

of RXR, as well as further clarification of molecular mechanisms, will lead to a better 

model depicting the molecular regulatory network of vitamin D signalling, which will 

certainly contribute to the clarification of the nature of diverse vitamin D response. 
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Fig. 7.1. The proposed model for the regulation of vitamin D signalling by PIAS4 

and SENP2 through SUMOylation. Bold arrows represent the primary movement 

of VDR and RXR when engaged in transactivation process. Arrows with dashed line 

indicates hypothetical movement of VDR and RXR that has not been explored, 

including nucleo-cytoplasmic trafficking of SUMOylated RXR and recruitment of 

repressive factors to the promoter where VDR and SRC1 interact in an enhanced 

manner probably due to SUMOylation. 
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Chapter VIII – Achievements and Future Development 
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8.1. Achievements 

 

8.1.1. Presentations 

 

FEBS Advanced Lecture Course ALC17-012 ‘Nuclear Receptors and Epigenomic 

Mechanisms in Human Disease and Aging’ (2017) Poster session 

Ishii T, Jena S, Venkatesh J, and Thompson P. 

Delineating the role of small ubiquitin-like modifier (SUMO) within the biological 

responses to vitamin D and metabolic pathways regulated through retinoid X receptor 

(RXR). 

 

21st Workshop on Vitamin D (2018) Plenary poster session 

Ishii T, Jena S, Venkatesh J, and Thompson P. 

The Role of SUMOylation in the Regulation of Vitamin D Response. 

 

22nd Workshop on Vitamin D (2019) Oral session 

Ishii T, Jena S, Venkatesh J, and Thompson P. 

The Role of PIAS4-mediated SUMOylation in the Regulation of Vitamin D Response. 

 

 

8.1.2. Awards 

 

FEBS Youth Travel Fund grant for FEBS Advanced Lecture Course ALC17-012 

(2017) 

 

Elsevier Poster Award at 21st Workshop on Vitamin D (2018) 

 

 

8.1.3. Publications (ongoing) 

 

Chapter III: Review article 

Chapter IV and V: Experimental articles 
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8.2. Future Development 

 

8.2.1. VDR and SUMOylation 

 

8.2.1.1. Mechanism underlying PIAS4-mediated regulation of vitamin D signalling 

 

(A) Validate the increased VDR-SRC1 interaction under PIAS4 overexpression on 

cellular chromatin DNA – by using microscopic observation to obatain spatial 

information or chromatin immunoprecipitation (ChIP) to address direct interaction on 

VDRE. 

 

(B) Examine the impact of post-translational modifications of PIAS4 on PIAS4-

mediated regulation of vitamin D signalling – by generating and using PIAS4 mutants 

that are unable to receive particular modifications. 

 

(C) Exmaine intestinal epithelial cells for potential PIAS4-mediated “sequestration” 

of VDR into insoluble nuclear compartment – by performing a similar experiment to 

Fig. 4.4 but using Caco-2 cells  

 

 

8.2.1.2. Functional relevance of PIAS4-mediated regulation of vitamin D and 

androgen signalling in the context of androgen-sensitive prostate cancer 

 

Examine how PIAS4 and PIAS4-dependent SUMOylation regulate the activity of both 

VDR and AR to control proliferative property of LNCap cells – by investigating how 

PIAS4 affects the expression of their respective target genes in response to individual 

or co-treatment of cells with ligands for VDR and AR. 

 

 

8.2.2. RXR and SUMOylation 

 

8.2.2.1. Investigate the impact of SUMOylation of RXR on RXR-coregulator 

interaction 
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Examine the impact of K-R mutations on RXRα on RXR-coregulator interaction by 

using mammalian two-hybrid assay. 

 

 

8.2.2.2. Mechanism behind PIAS4-mediated repression (SENP-mediated 

enhancement) of RXR homodimer activity 

 

Further pursue the impact of PIAS4-mediated SUMOylation on RXR-coregulator 

interaction. 

 

 

8.2.2.3. RXR isotype, SUMOylation and heterodimerisation 

 

Examine if RXRβ RXRγ are also SUMOylated at lysine residues equivalent to K108 

and K245 of RXRα, and if so, further examine the impact of such SUMOylation on 

heterodimerisation employing K-R mutants. 

 

 

8.2.3. Mass Spectrometry Analysis 

 

Perform MS/MS analysis on VDR, and optionally, RXR 
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